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Editorial on the Research Topic

MEDICIS-promed: Advances in radioactive ion beams for
nuclear medicine

This special issue highlights advances in the availability of radionuclides for
medical application based on developments of the production methods using ion beam
and separation technologies. MEDICIS-Promed, a project funded within the H2020
framework program of the European Commission, aimed to train young scientists
to provide the basis for novel production methods and for systems for personalized
medicine, combining functional imaging and treatments based on radioactive ion
beam mass-separation.

MEDICIS is an extension of the ISOLDE class A laboratory at CERN. It is a
facility dedicated to the production of radionuclides for research in the medical field.
It comprises an irradiation station located in the beam dump of the HRS target
station, a remote handling system, an isotope mass separation system and a simple
radiochemistry laboratory (Figure 1).

In Martinez Palenzuela et al., details of the MEDICIS beam lines are provided. It
consists of a simple target station and related beam optics, along with a slit system and
an isotope collection system. The required modifications to operate a laser ion source
with a (laser-) beam window and impact of the modified magnetic field homogeneity
are described. Operated with 1+ ion sources suitable for Radioactive Ion Beams used in
ISOLDE, a mass resolving power dm/m~400 is simulated and experimentally verified
with a VADIS ion source, allowing to achieve enrichment factors of x1,000-10,000 as
shown with subsequent examples of this topical Frontiers article, enabling the production
of radionuclides with high molar activities, e.g., Tb, Sm, or Er, that was not possible
until then.

In Duchemin, Ramos et al., an overview of the operation of MEDICIS as a
collaboration with external institutes is provided, starting with a 1st Radioactive Ion
Beam commissioned in 2017. The operation of the facility with proton irradiations in

frontiersin.org
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from Radioactive Beams Treatment
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Medical Cyclotrons P Isotope Pairs
Nuclear Reactors
FIGURE 1
MEDICIS-Promed overview of innovative treatments based on radioactive ion beams: from production, transport to preclinical and clinical
studies.

2018, with external sources provided by neutron irradiation
in reactors and proton irradiation in cyclotrons during
2019-2020 in LS2 is described. The separation of small
batches of radionuclides implanted in gold foils coated with
zinc allowed to show the potential of the facility and
collaboration—providing non-conventional radionuclides both
for diagnostic and therapeutic applications. More specifically,
radio-lanthanides were produced, as well as alpha emitting and
Auger emitting radionuclides such as 22°Ac and 6°Er. They
were shipped across Europe, including UK partners such as NPL
and researchers in Lisbon, depending on the half-lives of the
radionuclide under consideration. 14°Tb, with its ~4 h half-life,
must follow similar logistics constraints as '8F and was shipped
to the neighboring CHUYV research groups in Lausanne.

The newly started MELISSA laser ion source allowed to
extend the scope and the efficiency of the radionuclide beams
separated from different targets. With its element specific
scheme developments, it reached high efficiency with stable
elements such as Er, Tb, Yb, Ac as shown in Gadelshin et al..
Reaching 50% and more, it matches the best efficiencies achieved
to date for radioelements investigated in facilities using the ISOL
method, demonstrating the proper implementation of the new
MELISSA source with 2 Ti:Sa lasers used in combination.

A few examples are provided by Heinke et al. and Talip
et al,, in which the target irradiation and later the separation
performances are shown for '“Tm and !®°Er. 19%Er is
a well-known radionuclide applied in nuclear medicine for
radiosynovectomy. However, its scope of application had been
limited because of its very low specific activity, preventing its use
in targeted molecular therapy and in the field of theranostics.

153Sm by Van Voorde et al. is another example for which
its application in nuclear medicine is restricted to pain relief
treatments used for bone metastases of advanced stage prostate
cancer. Its high molar activity grade made available by mass
separation has allowed the synthesis of radiopharmaceuticals

Frontiersin Medicine

such as 1°3Sm-DOTA-HSA in a proof-of-concept experiment,
paving the way toward the application of this radionuclide
with suitable half-life, imaging properties as well as therapeutic
properties to be tested and compared to, e.g., well-known 177 Lu-
PSMA radiobioconjugates presently investigated in several
clinical trials.

The production and related cross-sections of terbium
radionuclides with high energy proton beams on tantalum
targets and of ©’Cu with deuteron beams on 70Zn targets is
presented by Nigron et al. and Duchemin, Cocolios et al,
respectively. High energy beams and targets with limited
enrichment factors lead to the production of radionuclidic
impurities which are quantified there to find the best parameters
to reach high activity, purity, and manage the required
associated chemical or mass separation steps.

Penescu et al. extends the scope of the present topical
Frontier issue to external radiotherapy, considering the
diagnostics potential of PET-emitting ! C ions for treatment and
dose distribution monitoring. While the success of treatments
with Carbon-ions relies on the proper delivery of the dose
to targeted tumors while preserving organs at risk, this paper
reviews the requirements for facilities able to combine a
11C source with present-day operating synchrotron treatment
facilities such as CNAO or MEDAUSTRON. In particular, the
coupling of a medical cyclotron to such facility allows to develop
the appropriate acceleration scheme with high efficiencies
required to translate the cyclotron produced batches of '1C
toward treatment and diagnostics hadron pulses.

In advancing applications derived from novel radionuclide
production approaches there are essential steps also in the
development of novel radiopharmaceuticals toward their clinical
application. This covers aspects of modifying suitable targeting
molecules for radiolabelling. In an interesting approach
D’Onofrio et al. described the evaluation of a DOTA-Tetrazine,
and its radiolabelling with trivalent metals, exemplified by *°Y
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and "'!In. Their compound allows the application for pre-
targeting approaches which have found applications especially
in the context of using antibodies for targeting.

Optimization of radiolabelling procedures 1is also
an important step in the development of novel
radiopharmaceuticals, especially when sensitive targeting
molecules are involved. Many trivalent radiometals included
in this special issue require heating steps for conventional
radiolabelling approaches which are not compatible with many
targeting molecules. Cassells et al. describe radiolabelling
experiments with 161Tb, using albumin as a model of a heat
sensitive molecule and evaluated their stability in vitro, finally
proposing DOTA, DOTAGA, and NETA derivatives as being
suitable for terbium-radioisotopes.

Besides extensive testing of target interaction of novel
radiopharmaceuticals, it is also essential in particular in the
context of novel approaches in Theranostics to consider the
biological effects in relation to the specific radiation emitted.
In this context Pouget and Constanzo provided a mini
review of revisiting the radiobiology of targeted alpha therapy.
Even though it is recognized the alpha particles are highly
cytotoxic producing complex DNA lesions and therefore the
cell nucleus is seen as the primary target, recent research has
shown that this paradigm is no longer valid and that alpha
therapies are also effective in larger tumors or when a ligand
carrying the alpha-emitter only binds to the cell surface. Also,
bystander effects and immunological responses are increasingly
recognized to play an important role for radionuclide therapy
approaches, which is excellently summarized in this review.
This, however, not only holds true for alpha emitters but also
for other novel radionuclides emitting low energy electrons (e.g.,
Auger emitters).

Even if a new radiopharmaceutical has been developed and
characterized preclinically, also logistics should not be forgotten,
in particular considering the shipment of highly radioactive
materials both in the context of the radiopharmaceutical
preparation, but also for the clinical application. In the case of
novel radionuclides there are limitations due to conservative
radiation transport safety approaches when no coeflicients are
available to calculate the appropriate shipment category. In
their paper Maietta et al. use Monte Carlo simulations for
novel terbium radioisotopes, which can be expanded to other
radionuclides, and allows simulation doses in different exposure
scenarios, from which relevant coefficients can be derived.

In the process of the development of a novel
radiopharmaceutical, the clinical translation process requires
compliance with regulations not only related to radiation
safety, but also from pharmaceutical legislation. Decristoforo
et al. discuss the main regulatory framework for novel
radionuclides and the hurdles involved. They identify the
limitations in the current legislation, in particular in relation
to the legal definitions of radionuclides for pharmaceutical
applications. Within the PRISMAP project the requirements
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for pharmaceutical standardization and harmonization in
the context of developing radiopharmaceuticals using novel
radionuclides, including those derived from new ion beam
applications, have been summarized and specified (1), and can
guide this development process to the clinical application.
Closer to clinical application, Burkhardt et al. present
a mini-review of potential medical application of novel
radioisotopes to treat pancreatic cancer. Within the CERN
MEDICIS collaboration, the authors present a non-
exhaustive list of potential applications of the wide isotope
production of this facility. These radioisotopes can potentially
be used for targeted application (using neurotensin or
fibroblast
activation protein [FAP] or FAP-specific enzyme inhibitors
[FAPI], and integrin-based antibodies) or brachytherapy
applications ~ (CT-guided
endoscopic ultrasonography-guided, or robotic minimally

somatostatin  receptors, radioimmunotherapy,

percutaneous  implantation,
invasive implanted).

Finally, Naskar and Lahiri present the theranostic
quadruplet of terbium radionuclides (!°*Tb and >>Tb for
diagnostics and '#°Tb and '°'Tb for therapy) which have
promising applications, provided they can be produced in
suitable quantities and adequate purity. The authors describe
production pathways and show the role of CERN MEDICIS
with spallation technique coupled with mass separation as a
possible way to contribute to this endeavor.

Overall, this special issue on Advances in Radioactive Ion
Beams for Nuclear Medicine provides an excellent overview with
examples from different aspects of research areas involved in the
translation of novel radionuclide production methods to clinical
applications in Nuclear Medicine.
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The B~ -particle-emitting erbium-169 is a potential radionuclide toward therapy of
metastasized cancer diseases. It can be produced in nuclear research reactors,
irradiating isotopically-enriched '®8Er,O3. This path, however, is not suitable for
receptor-targeted radionuclide therapy, where high specific molar activities are required.
In this study, an electromagnetic isotope separation technique was applied after neutron
irradiation to boost the specific activity by separating '6°Er from '68Er targets. The
separation efficiency increased up to 0.5% using resonant laser ionization. A subsequent
chemical purification process was developed as well as activity standardization of the
radionuclidically pure '89Er. The quality of the '®°Er product permitted radiolabeling
and pre-clinical studies. A preliminary in vitro experiment was accomplished, using a
169E-PSMA-617, to show the potential of '69Er to reduce tumor cell viability.

Keywords: Er-169, electromagnetic isotope separation, lanthanide-separation, activity standardization, in vitro
studies, laser resonance ionization

INTRODUCTION

Radiolanthanides are of particular interest in the field of nuclear medicine, offering attractive
decay properties for both diagnosis and therapy (1-6). One of the most intriguing features of the
radiolanthanides, other than having promising physical decay properties, is that they have similar
chemical characteristics, and analogous coordination chemistry, which allows one to perform
comparative pre-clinical studies. A significant disadvantage of lanthanides, however, is that they
are difficult to chemically separate and isolate.

Currently, the f~-emitting !””Lu is used on a routine basis in clinics for targeted radionuclide
therapy. The Center of Radiopharmaceutical Sciences (CRS) at Paul Scherrer Institute (PSI) has
recently introduced 1°!'Tb as a potentially better alternative to ””Lu due to its co-emission of
conversion and Auger electrons (Table 1). There is good reason to assume that conversion and
Auger electrons emitted by '6'Tb, in addition to B~ -particles, have an additive therapeutic effect
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TABLE 1 | Comparison of decay properties and Auger electron/Conversion
electron energies of 1% Th, 8°Er, and '%°Er, respectively.

Radionuclide t12 Bo (keV) Electrons
Energy (keV) Intensity (%)

1 Th 6.96 d 154 CEK 34 17.5
Auger L 5.2 87.9
CEL 16.6 41.0
CEK 20.8 5.7
CEM 23.6 9.2
169y 9.39d 100 CEM 6.1 36.0
CEN 7.9 8.2
165gr 10.36h Auger L 5.3 65.6
Auger K 38.4 4.8

Only the high intensities are shown (data are taken from').

(7). However, further studies are needed to investigate the
contribution of conversion and Auger electrons in more detail.
In this regard, the use of radionuclides with either B~ - or Auger-
electron emission would be ideal to investigate. The matched
pair of 'Er (pure B~ -particle emitter) with the pure Auger-
electron emitter % Er can, thus, represent an ideal model system
to evaluate the additive therapeutic effect of Auger electrons on
targeted B~ therapy.

19Er (112 = 9.39 d, EB,, = 100 keV?') and Er (¢, =
10.36 h) have promising decay properties toward radionuclide
therapy of metastasized cancer diseases (Table 1). Dosimetry
calculations showed that '®Er displayed higher tumor-to-
normal-tissue absorbed dose ratio (TND) values than the
currently clinically-used radiolanthanide '”’Lu (8) for tumor
sizes from 10% to 10~° g (3), which is ascribed to its soft -
radiation and the negligible photon dose (only 0.017eV per
decay'). Its low-energy B~ -particles have an average soft tissue
range of 0.3 mm (9). Moreover, the relatively long half-life of
169Er is considered as an additional advantage to avoid activity
loss during transport and storage. On the other hand, !®°Er is
an attractive radiolanthanide for pure Auger-electron therapy. It
decays by electron capture, followed by the emission of Auger
electrons without accompanying y-radiation, but emission of X-
rays with an average energy of 48.8 keV. Systematic pre-clinical
studies, by combining '°Er and 6°Er with varying activity
ratios, would help in understanding the additive therapeutic
effect of Auger electrons, which requires the availability of these
radionuclides in a suitable quality for pre-clinical studies.

Erbium-169 is currently produced by neutron irradiation of
highly-enriched (98.2%) 168Er, 05 targets in nuclear reactors. In
this way, it can only be produced with low specific activity in
the carrier-added form due to the relatively low neutron capture
cross-section of 198Er (o: 2.3 barn) (10). To date, '°Er has
only been used as a colloid in citrate form for the treatment
of chronic rheumatoid arthritis, inflamed synovium by means
of irradiation and to improve joint function (9, 11-18). For
this purpose, low-specific activities are acceptable. However, for

1https://www.nndc.bnl.gov/nuclatZ/ (accessed March 3, 2021).

tumor-targeted radionuclide therapy, '®Er is required as a high-
specific activity product.

A combination of mass and chemical separation, to obtain
high-purity radionuclides for nuclear medicine applications,
represents an innovative approach to achieve this goal (19-
21). As proof-of-principle experiments, the ISOLDE (Isotope
Separation On-Line) facility at CERN was used for the mass
separation of medically-researched terbium radionuclides (22-
25). Neutron-deficient diagnostic and therapeutic terbium
radionuclides [">2Tb (19, 20, 26-29), 1*>Tb (27, 30), and *°Tb
(21, 27, 31, 32)], were separated at ISOLDE and, after chemical
separation at PSI, utilized for pre-clinical in vitro and in vivo
studies. Similar mass separation techniques have recently been
used at the CERN-MEDICIS facility with off-line mass separation
capabilities (33-40). An '®Er mass separation proof of concept
(up to 17 MBq), obtained from reactor-irradiated enriched
18y targets, was previously performed using an electromagnetic
isotope separation (EMIS) method (37).

In the present work, an offline mass separation technique was
used in combination with a resonance laser ion source (34, 39,
41, 42), which ensured the increase of efficiency and selectivity
for '9Er. The activities produced were sufficient to perform
one preliminary in vitro assay. Previously, ionization efficiency
values in the order of 20-50% (on mass separators equipped
with laser ion sources) were reported for holmium, dysprosium
and lutetium (38, 43, 44). Similar results were also obtained
at the CERN-MEDICIS facility for 'Tm (45), indicating
room for separation efficiency improvements for *°Er. In
addition to higher separation efficiencies, longer irradiation times
and minimum activity loss during radiochemical separation
and transport will allow one to produce '®Er in much
higher activities for comprehensive pre-clinical studies and, to
evaluate the potential of this novel radionuclide for future
clinical applications.

This systematic study consisted of several steps, namely,
irradiation, mass separation, radiochemistry, quality control, and
radiolabeling, to obtain a standard procedure for the production
of 1%Er in view of its use for receptor-targeted radionuclide
therapy (Figure 1). After the mass separation process, the
subsequent chemical separation method was developed to obtain
169Er in a solution of sufficient quality to enable radiolabeling of
tumor-targeting agents. The activity standardization of '®Er was
completed using the triple-to-double-coincidence ratio (TDCR)
technique to perform precise activity measurements (46). A
preliminary in vitro experiment was carried out to assess
tumor cell viability upon exposure to 1°Er-labeled PSMA-617
using cancer cells expressing the prostate-specific membrane
antigen (PSMA).

MATERIALS AND METHODS

Production of Carrier-Added 16°Er

Enriched '®®Er,03 (98.0%, ISOFLEX, USA and 98.2% Trace
Sciences Int., Canada) was used as target material for the
production of 1Er via the 1%8Er(n, y)'*Er nuclear reaction. The
168E 05 samples (7.9-14.2 mg) were sealed in quartz ampoules
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Irradiation

Mass Separation

3

license number: ch_0GVAvIOI-QUEVNWJrWcOvos9).

Radiochemistry

FIGURE 1 | Stepwise production of '9Er for receptor-targeted radionuclide therapy (chemical set up image was taken from https://thenounproject.com/ under the

Radiopharmaceutical

Quality control

TABLE 2 | The list of the used and characterized samples.

Samples Characterization
Enriched '®8Er, 03 (Isoflex) ICP-MS
Enriched '®8Er, 03 (Trace Sciences)  ICP-MS

Carrier-added '%°Er (b.e. Imaging) Activity standardization (TDCR)

Seven samples after mass separation y-ray spectrometry

Seven samples after mass and
chemical separation

Quiality control analyses (section Quality
Control)

and irradiated in the V4 irradiation position of the high-
flux reactor at Institute Laue-Langevin (ILL), Grenoble, France
(thermal neutron flux ~ 1.1 10**> n.cm?.s~!, irradiation time: 7
days, 1%%Er theoretical yield: 25-48 GBq). After irradiations, the
ampoules were transported to the CERN-MEDICIS facility for
the offline mass separation of A = 169.

Carrier-added '®Er, supplied as a colloidal suspension of
189Er-citrate from Curium (Swiss distributor: b.e. imaging
GmbH), was used as a representative sample for post-irradiation
and after chemical separation for activity standardization. The
list of all the characterized samples, using different techniques,
is given in Table 2.

Mass Separation

MEDICIS’ Laser Ion Source for Separator Assembly (MELISSA)
(39) was utilized for the offline mass separation of 169y,
169Er-containing ampoules were opened and transferred into an
ISOLDE standard tantalum target container (25). The container
was connected to a rhenium ion source via a transfer line.
The extraction electrode was positioned after an acceleration
gap of 60mm from the ion source’s exit. Respective currents
of 250 A and 300 A were applied to heat the target, as well
as the line, and to allow for preliminary optimization steps
on stable '%®Er. 1%Er was extracted from targets that were
heated up to 2,200°C (corresponding to a current of 730 A). The
current laser setup consists of two Z-cavity Ti:sapphire lasers,
designed by Mainz University (47), each pumped by a dedicated
commercial InnoLas Nanio 532-18-Y laser system. The two-
step laser resonance ionization scheme for erbium was used;
the optimized wavelengths during the collections were 24943.95
cm™! for TiSa n°2 and 24337.32 cm™! for TiSa n°1, as reported

in (37, 44, 48). The ions were electrostatically accelerated to 60
keV and mass-separated with a magnetic sector field.

The mass-separated A = 169 beam, containing '®’Er, was
implanted into a solid catcher (zinc-coated gold foil). Gold
foils (thickness: 0.1 mm, purity: 99.95%, Goodfellow Cambridge
Ltd. Huntingdon, UK) were coated with 500 nm Zn (99.995%
Zn granulate from Neyco, France) layer using physical vapor
deposition (PVD) technique. In total, seven mass-separated
samples were shipped to PSI for chemical separation, quality
control, and an in vitro proof-of-concept experiment.

Radiochemical Separation

The radiochemical separation method was developed for
the separation of macro amounts of Zn and as well as
isobaric 'Yb and !'®Tm from the desired ¢°Er. The
gold foil obtained from CERN (Supplementary Figure 1) was
introduced into a reaction vial and the '®Er-implanted Zn
layer dissolved in 7mL 6 M HNOj The resulting solution
was directly loaded onto a column containing N,N,N’,N’-tetra-
n-octyldiglycolamide, non-branched resin (DGA, particle size
50-100 wm, TrisKem International, France; volume 0.08 mL),
which is based on tetraoctlyldigycolamide as sorbent. The
column was rinsed several times with 6.0M HNO;3; and
the Zn concentration in each fraction determined using an
Agilent 5110 Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES).

After removal of the macro amounts of Zn; Er, Yb, and
Tm were eluted using 0.05M HCI and loaded onto a column
containing Sykam macroporous cation exchange resin (Sykam
Chromatographie Vertriebs GmbH, Germany; particle size 12—
22 um, NH4+ form; column volume: 2.5 mL). Separation of '*Yb
and '%%Er was performed with 0.06-0.08 M a-hydroxyisobutyric
acid (a-HIBA, Sigma-Aldrich GmbH, Germany) using the Sykam
cation exchange resin separation system. Subsequently, LN3
resin (Triskem International, France; column volume: 0.04 mL)
was used to remove the complexing agent (a-HIBA), be an
additional means of Zn removal and to obtain the final product
in chloride form. The use of 2mL 0.02M HCI removed the
Zn from the system, prior to the elution of ®*Er (I mL 2.0
M HCI).

As an extra, and final, separation step, **Er 1mL 2M
HCI solution was passed through a TK200 resin [Triskem
International, France; based on TriOctylPhosphine Oxide

Frontiers in Medicine | www.frontiersin.org

1"

April 2021 | Volume 8 | Article 643175


https://thenounproject.com/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Talip et al.

Production of Mass-Separated Erbium-169

Activity

)
= Calibrati — measurement
= > Calibration[Z > >
of LSC E Lsc

Er2

4 )

”

¥

165Er in 0.1 M HCI % p— = Activity
stock solution ) standardization
: H ':\I> TDCR

Erl

N 2

FIGURE 2 | Scheme of the samples used for the activity standardization and
calibration of the LSC (liquid scintillation counting).

(TOPO), column volume: 0.06 mL], for the complete removal of
Zn from the final product. The eluant was, then, heated until
dryness and redissolved in 250 L 0.05M HCI solution, which
was used for the radiolabeling of PSMA-617.

Quality Control

Activity Standardization

Gamma-ray spectra of the gold foils were taken before and
after leaching of the Zn layer, using a high-purity germanium
(HPGe) detector (Canberra, France), in combination with the
Inter-Winner software package (version 7.1, Itech Instruments,
France) (Supplementary Figure 2).

Purified '°Er in 0.1 M HCI (stock solution) was divided
into two parts, named Erl and Er2, respectively (Figure 2).
They were accurately weighed using a Mettler-Toledo XS225DU
balance. Sample Er1 was sent to the Institute of Radiation Physics
(IRA, Lausanne) for activity standardization using the TDCR
technique. The activity concentration of the Erl solution was
used to prepare 'Er quench series to calibrate LSC using Er2
solution (Supplementary Figure 3A). The counting efficiency
for typical samples was ~97%.

The '®Er activity measurements of the mass-separated
samples were performed after chemical separation using
liquid scintillation counting (LSC; LSC Packard Tri-Carb 2250
CA) (Supplementary Figure 3B). Further details about activity
standardization measurements of '®Er are described in the
Supplementary Material.

Radionuclidic Purity
After chemical separation, the radionuclidic purity of the samples
was determined using a HPGe detector, as described in section
Activity Standardization.

Isotopic Ratio Measurement

Enriched '®Er,03 (98.0%, ISOFLEX, USA, and 98.2% Trace
Sciences Int. Canada) and four mass-separated '®Er samples
(S1-S4) were analyzed using a Thermo Fisher Scientific Sector
Field Inductively Coupled Plasma Mass Spectrometer (SF-ICP-
MS) Element II®. The measurement solutions were prepared
from Suprapur nitric acid (Merck GmbH, Germany) and Milli-
Q-water, which were also measured and subtracted as blank.
Rhenium standard solution (10 mg/L, ESI, Elemental Scientific,

Omaha, NE, USA) was added to each measurement solution as
an internal standard, to account for plasma instabilities during
the measurement. Instrument settings, such as gas flows, were
tuned daily.

The measurement was performed in low-resolution mode,
scanning the masses 149-170 and for the internal standard 185
and 187. A standard solution containing stable isotopes of rare
earth elements, including Er, was measured at the start of the
measurement sequence as a performance check.

Chemical Purity

The chemical purity of the sample was determined using ICP-
OES (Agilent ICP-OES 5110). Zn- and Er-containing standard
solutions (0.1, 0.5, 1, 5 ppm, respectively) were prepared in 2%
HNO3 (Merck Suprapur), using Sigma-Aldrich TraceCERT®,
1,000 mg/L Er and Zn ICP standards.

Radiochemical Purity

Radiochemical purities of Sample 5 and Sample [6-7 (dissolved
together to obtain higher activity)] were determined by
radiolabeling, using PSMA-617 as a model compound. The
percentage of '”Er-PSMA-617 obtained was determined using
High-Performance Liquid Chromatography (HPLC) with a C-
18 reversed-phase column (Xterra™ MS, C18, 5um, 150 x
4.6 mm; Waters). The mobile phase consisted of MilliQ water
containing 0.1% trifluoracetic acid (A) and acetonitrile (B) with
a gradient of 95% A and 5% B to 20% A and 80% B over a
period of 15min at a flow rate of 1.0 mL/min. A sample of the
radiolabeling mixture was diluted in MilliQ water containing
sodium diethylenetriamine-pentaacetic acid (Na-DTPA; 50 wM)
prior to injection into the HPLC instrument.

System evaluation

169Er has a negligible emission of photon radiation. Therefore,
before labeling experiments, the detection of ®Er using a
radio-HPLC detector was assessed by comparison to 7’Lu.
Supplementary Figure 4 shows the comparison of the HPLC
chromatograms of ~0.3 MBq free activity for 'Er and !"’Lu,
respectively. Before injecting the samples, the HPLC column was
cleaned by running several blanks using DTPA solution to ensure
the detection of 1*°Er.

Preparation of radioligands

PSMA-617 (ABX GmbH, Radeberg, Germany) was labeled with
19Er under standard conditions at a molar activity of 10
MBg/nmol. A stock solution of PSMA-617 (1 mM) was mixed
with a solution of '’Er in 0.05M HCI and the pH adjusted
to 4.0 with the addition of sodium acetate solution (0.5M, pH
8). The reaction mixture was incubated for 20 min at 95°C.
Quality control of 169 PSMA-617 was performed using HPLC,
as reported above.

As a control compound, PSMA-617 was labeled with !”’Lu
(carrier-free in 0.04 M HCI; ITM, Germany) at a molar activity
of 10 MBq/nmol, according to a previously-published procedure
(49). Quality control of "’Lu-PSMA-617 was also performed
using HPLC.
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In vitro Viability Studies

Cell Culture

Sublines of the androgen-independent PC-3 human prostate
cancer cell line, PSMA-positive, PC-3 PIP tumor cells were kindly
provided by Prof. Martin Pomper (Johns Hopkins University
School of Medicine, Baltimore, MD, USA) (50). The cells were
grown in RPMI cell culture medium supplemented with 10% fetal
calf serum, L-glutamine and antibiotics, as well as puromycin
(2 pg/mL), to maintain PSMA expression (51-53).

A tumor cell viability assay was performed using PC-3
PIP/flu tumor cells treated with ®Er-PSMA-617 and '"’Lu-
PSMA-617 (0.01-10 MBq/mL), respectively. The assay was
performed according to a previously-published method using
a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay (7). PC-3 PIP tumor cells (2,500 cells in 200 pL
RPMI medium with supplements) were seeded in 96-well plates
and incubated overnight (37°C; 5% CO;) to allow adhesion
of the tumor cells. 'Er-PSMA-617 or 77Lu-PSMA-617 (10
MBg/nmol, the highest achievable molar activity for ®°Er-
PSMA-617) were diluted in RPMI medium without supplements
to an activity concentration of 0.1-10 MBg/mL. The tumor cells
were washed with 200 pL phosphate buffered saline (PBS, pH 7.2)
prior to the addition of the radioligand dilutions (200 pL/well).
Control cells were sham-treated with RPMI medium without the
addition of radioligands. After a 4 h incubation period (37°C; 5%
CO,), tumor cells were washed with 200 L PBS and fresh PRMI
medium (with supplements) was added to each well. Tumor
cell viability was determined after 6 days of incubation at 37°C,
5% CO;. MTT reagent (5 mg/mL in PBS, 30 pL per well) was
added to each well, followed by incubation of the well plates for
4h. The dark-violet formazan crystals were dissolved with 200
nL dimethyl sulfoxide. The absorbance was measured at 560 nm
using a microplate reader (Victor X3, Perkin Elmer). Cell viability
was quantified by expressing the absorbance of the test samples as
a percentage of the absorbance of untreated tumor cell samples,
which was set to 100%.

RESULTS
Irradiation and Mass Separation

In total, five ampoules containing 168Er,03 were used for
199Er production at the ILL nuclear reactor, with a theoretical
yield between 25 and 48 GBq. After the irradiations, the
ampoules were transported to the CERN-MEDICIS facility.
Supplementary Figure 5A shows the vy-ray spectrum of
commercially-available ~carrier-added !®Er (supplied by
b.e. Imaging GmbH) as a representative spectrum for
post-irradiation. The product had a reported radionuclidic
impurity <0.38% of the 1%°Er activity, with 77Lu (0.02%) the
main impurity.

The mass 169 ion beam was implanted into seven solid
catchers (two collections were performed for two ampoules). The
mass separation was combined with resonant laser ionization
to enhance element selectivity for the erbium ionization, as
well as the overall separation efficiency. Thus, '*°Er activities
were increased up to a factor of four compared to the surface
ionization technique (37). The presence of trace quantities of

Yb (<400 ppm) in the target material (1%8Er,03) led to the co-
production of 169y (1, /2 =32d) due to the high thermal neutron
capture cross-section of 168YD (0: 2400 b) (10). As a result, after
the mass separation process, "% Yb (isobar of 'Er) was observed
as a radionuclidic impurity (Supplementary Figure 5B). The
average collection time was 63 hours, with separation efficiencies
of up to 0.5%. To the best of our knowledge, to date, only a
few measurements were reported for the emission probabilities
of 1%°Er, with large discrepancies (20%) for the two lines at
109.8 and 118.2 keV (54). Moreover, '*Er has the same y-ray
peak (109.78 keV, 0.0013%) as '6°Yb (109.78 keV; 17.39%) with
much lower intensity (8), which made difficult to perform precise
169Er activity measurements of the samples by means of y-ray
spectrometry. Therefore, separation efficiencies were determined
based on the theoretical initial and final '*Er activities measured
using LSC (after chemical separation). Since activity loss during
the ampoule opening and transferring were not taken into
consideration, the actual separation efficiencies are expected to
be higher than the reported values.

Radiochemical Separation

The zinc layer, containing the implanted '®Er activity and
the isobar 1®Yb, was dissolved from the gold foil. Cation and
extraction chromatographic resins were used for the effective
separation of '®Er from isobars and macro quantities of zinc
to obtain chemically and radionuclidically pure '®Er. DGA
extraction resin was used for the first separation step, which
required the use of concentrated nitric acid as a loading solution
for the separation of macro quantities of Zn from the lanthanides.
ICP-OES results showed that traces of zinc (300 ppb) were
retained on the resin (Supplementary Figure 6) and eluted
together with ' Er and '*Yb using 0.05 M HCL. The separation
of lanthanides (Er and Yb) was, subsequently performed using
Sykam cation exchange resin. An example of the separation
profile is presented in Figure 3A. The a-hydroxyisobutyric acid
(a-HIBA), used as a complexing agent to separate lanthanides,
was removed by passing the eluent through LN3 extraction resin.
It was also important to use this resin to eliminate Zn from the
desired product, as well as to concentrate the desired product
in a small volume. This three-step separation process (DGA,
Sykam, and LN3 resin) was initially applied to obtain *Er with
high radionuclidic and chemical purity. However, quality control
analysis of the final product (section Quality Control) showed
that a three-step separation process was not sufficient to reach the
required high chemical purity. Thus, an additional purification
step, using the TK200 resin, was added to separate the remaining
Zn from the final product (Figure 3B).

Quality Control

Assessment of the quality control steps is crucial for the
development of novel radionuclides toward nuclear medical
applications (55). As part of the quality control processes, activity,
radionuclidic purity, isotope ratio, radiochemical purity and
chemical purity measurements were performed to evaluate the
success of the mass and chemical separation methods (Figure 4).
In total, seven '®°Er samples were analyzed using different
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FIGURE 3 | (A) Separation profile of '®9Yb and '8°Er using Sykam cation exchange resin and a-HIBA as eluent, (B) scheme of the chemical separation process for

Activity measurement

Radionuclidic purity
(gamma-ray
spectrometry)

Chemical purity
(ICP-OES)

Isotope ratio
(ICP-MS)

Radiochemical purity
Radiolabeling
(HPLC)

FIGURE 4 | Quality control analyses applied to the '9Er samples after
chemical separation (LSC, Liquid Scintillation counting, ICP-MS, Inductively
Coupled Plasma Mass Spectrometry; HPLC, High-Performance Liquid
Chromatography; ICP-OES, Inductively Coupled Plasma— Optical Emission
Spectrometry).

techniques (Table 3). Samples 6 and 7 were dissolved together to
obtain higher activity toward an in-vitro experiment.

Activity Standardization

Gamma-ray spectrometry measurements were performed before
and after dissolving the zinc layer from the gold foils to evaluate
the fraction of the '°Er implanted into the zinc layer and the
gold backing, respectively. Except for the first sample, the *°Er
activities that remained on the gold foils were negligible.

TABLE 3 | Quality control analysis and results obtained for the mass-separated
samples post-chemical processing.

S1 S2 S3 S4 S5 S6-7
Activity measurement (MBg) 52.9 23.4 859 4.70 73.2 93.4
Radionuclidic purity (%) >99.9 >99.9 >99.9 >99.9 >99.9 >99.9
Isotopic ratio (168/169) 166 1.60 14.62 11.94 n.d n.d
Chemical purity n.d n.d n.d nd 049pgzZn nd
Radiochemical purity (%) n.d n.d n.d n.d 0" >98%

n.d., not determined.
"The radiolabeling of PSMA-617 was not possible.

In order to perform precise '*Er activity measurements, a
purified '®Er solution was used for the activity standardization
using the TDCR technique and its activity concentration was
measured as 798.5 & 5.9 kBq/g (0.33%, k = 1). The uncertainty
budget of the measurement is given in Supplementary Table 1.
An efficiency calibration curve was constructed based on the
activity concentration determined by the TDCR technique
and stored in the LSC software to enable routine activity
measurements. Subsequently, activity measurements of all the
purified 'Er samples were performed using calibrated LSC.

Radionuclidic Purity

Figure 5 shows an example of a y-ray spectrum of '®Er after
chemical separation. Thanks to the effective removal of 1°°Yb
(Figure 3A), no radionuclidic impurity was determined after 15
days counting time. The background spectrum was taken shortly
after the measurement to check for its interference. The two
169Er y-ray peaks at 109 and 118 keV were observed (the inset
of Figure 5), as well as the intense peaks at 50 keV and 57-59
keV, which correspond to the X-ray lines of '*Er.
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FIGURE 5 | Representative y-ray spectrum of '®°Er product after chemical
separation (counting time: 15 days, sample detector distance: 15cm) and
background spectrum (counting time: 2 days). The inset shows a zoom of the
two lines at 109 and 118 keV, respectively.

Isotopic Ratio

After the mass and chemical separation processes, four samples
were analyzed to determine the mass 168 and 169 ratios using
a Sector Field Inductively Coupled Plasma Mass Spectrometer
(SE-ICP-MS). The results showed that the tail of '8Er was
more pronounced in Samples 3 and 4 than Samples 1 and 2
(Table 3). Sample 5 and Sample 6-7 were not analyzed, since
these samples were used for radiolabeling. The analytical method
was validated by measuring the 1°®Er enriched materials, which
were in good agreement with their certificate of analysis (CoA)
(Supplementary Table 2).

Chemical and Radiochemical Purity

After the three-step separation process, Sample 5 was used
to test the preparation of '’Er-PSMA-617 at a molar activity
of 10 MBg/nmol. The radiolabeling of PSMA-617, failed due
to the presence of 0.49 pg Zn impurity (determined by
ICP-OES) competing with the ®Er for the DOTA chelator
of PSMA-617.

To investigate the quantity of Zn that will affect the labeling
efficiency, labeling experiments were performed with non-
carrier-added ’Lu (as a surrogate for 169Er) and DOTANOC
in the presence of different masses of non-radioactive Zn
(Supplementary Figure 7). These experiments revealed that
radiolabeling of the compound was not possible in the presence
of >0.2 pg Zn. Thus, samples 6 and 7 were dissolved together and
purified, utilizing TK200 resin to separate the remaining Zn.

Preparation of radioligand

Samples 6 and 7 were dissolved, combined, and used to prepare
169Er-PSMA-617 at a molar activity of 10 MBg/nmol with a
radiochemical purity of >98% (Figure 6).

. 19Er-PSMA-617 .

Counts

4 tr=8.6 £0.1 min

10 15
Retention time (minutes)

20

FIGURE 6 | Representative HPLC radiochromatogram of '®9Er-PSMA-617
prepared at 10 MBg/nmol, demonstrating the product peak and its retention
time in minutes (tg = 8.6 £ 0.1 min) (pH: 4.5, T: 95°C, 20 min incubation).
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FIGURE 7 | Results of PC-3 PIP tumor cell viability study performed with

169Er-PSMA-617 (n = 1, SD refer to intraexperimental variation) and
77Lu-PSMA-617 (n = 3, SD refer to interexperimental variation).

In vitro Viability Studies

The radioligand '®Er-PSMA-617 was tested in a tumor cell
viability assay (in vitro) to investigate its therapeutic potential
in comparison to the clinically-established !””Lu-PSMA-617.
Exposure of PC-3 PIP tumor cells to ' Er-PSMA-617 resulted in
reduced tumor cell viability (89 £ 4% and 69 & 7%) when 5 and
10 MBq/mL, respectively, were applied. At lower concentrations
of the applied radioligand (0.1-2.5 MBq/mL) the cell viability
was unaffected compared to sham-treated control cells. 177 Lu-
PSMA-617 had a greater effect on tumor cell viability, resulting
in 72 &£ 1% and 62 £ 3% viable cells after exposure to 5
and 10 MBg/mL, respectively. Also, tumor cell viability was
reduced at lower applied activity concentrations of 1.0 and 2.5
MBg/mL resulting in 80 £ 1% and 79 & 1% viable tumor
cells, respectively (Figure 7). It is important to note that, due
to the limited availability of '®Er, the experiment could only
be performed once in a setting that does not fully reflect the
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therapeutic potential of this novel radionuclide. The molar
activity of '?Er-PSMA-617 was relatively low (10 MBq/nmol),
and hence, receptor saturation effects were likely to occur. In
order to enable effective cell killing, the radioligand should
be prepared at higher molar activity and applied at higher
activity concentrations.

DISCUSSION

In the previous mass separation experiment at the CERN-
MEDICIS facility, 'Er was thermally ionized (37).
This ionization method, however, was prone to isobaric
contamination from elements with similar or lower
ionization potential (37). Different studies performed on
other radionuclides demonstrated that element-selective laser
resonance ionization can provide significantly higher ionization
efficiency for the element of interest and, thus, reduce the
concentration of isobars in the final product (38, 42). As a result,
the surface ionization technique used at MEDICIS was upgraded
with a resonant ionization laser ion source. Although higher
activities of 1% Er were extracted compared to the previous study
(19Er activities were increased up to a factor of four) (37), there
is still room for further improvement of the overall efficiency and
beam purity by developing an ad hoc isotope-selective ionization
process for '%Er. The quantity of '%®Er target material is several
orders of magnitude greater than the '*Er produced; the erbium
ionization led to a broad ®8Er ion beam after the electromagnet,
which tailed on neighboring masses, namely, at mass 169. As
one can see from Table 3, it resulted in a prevalence of °®Er
over 1%°Fr still after mass separation. A first trial to increase the
169Er isotopic ratio, by narrowing laser linewidth, failed, and the
results worsened (collected samples S3 and S4). Furthermore, the
parallel ionization of bulk amounts of '*®Er can reduce the ion
source performance, impeding the proper separator adjustment.
This can be solved with the application of an isotope-selective
laser ionization scheme or optimization of the mass separator for
high-flux ion-beam operation (40).

During the mass separation process, isobaric contaminants
can also be extracted due to surface ionization and non-
resonant laser ionization. They could also be collected in the
Zn-coated gold foils, such as '®*Yb, which was observed by
y-ray spectrometry after the mass separation process. The
presence of '°Yb would affect the dosimetric evaluation of the
189Er radiopharmaceutical. Moreover, the chemical purity of the
final product would have a direct effect on the radiolabeling
of the desired radionuclide to a target molecule (56, 57).
Thus, a radiochemical separation process was necessary for
the separation of 169Er from the isobaric contaminants (1°Yb)
and soluble residues of the Zn-coated gold foil to make the
desired radionuclide available in a purified form suitable for
radiolabeling procedures.

As mentioned previously, separation of lanthanides is a
particularly challenging issue, due to their similar chemical
behavior. Previously, Chakravarty et al. used an electrochemical
separation method for the complete removal of '*Er from '%Yb
(58). The method was based on a two-step electro-amalgamation

technique, the selective reduction of Yb** to Yb?* followed by
its preferential amalgamation on to a mercury cathode. To date,
considerable effort has been expended on the testing of various
chelating agents for lanthanide separation (59). It was shown that
a-hydroxy-isobutyric acid (a-HIBA) exhibits a consistent trend
across the entire lanthanide series (60-64). In the present study,
the complete removal of '°Yb from '®°Er was accomplished
using Sykam macroporous cation exchange resin and a-HIBA
eluent. Zinc separation was achieved using different extraction
resins (DGA, LN3, and TK200). It is worth mentioning that the
Zn quantity reported in the commercially-available non-carrier-
added 7’Lu (ITM, Germany) is <0.1 j.g/GBq with an activity
concentration of 37.5 GBq/mL (80 wL 3 GBq ”’Lu can contain
0.3 g Zn). This quantity of Zn does not affect labeling due to the
high activity concentration of the !”’Lu solution. However, the
activity concentration of the mass-separated '®Er solutions are
much lower than the commercially-available non-carrier-added
177Lu solution. Thus, even ppb levels of Zn impurity could affect
the labeling efficiency (Table 3).

In order to characterize '’Er with regard to its potential
as a therapeutic radionuclide, extensive in vitro and in vivo
studies will be necessary. In this regard, the stability of DOTA
complexes has to be assessed to confirm stable coordination of
169Er using biomolecules that are currently used with 1””Lu. This
will, however, only be possible once the radionuclide can be made
available in larger quantities and at a quality that allows the
preparation of radioligands at high molar activity as it is feasible
with other therapeutic radionuclides, including 7 Lu and ' Tb.

A typical clinical dose of Er (EB, = 100 keV) is expected
to be several GBq, comparable to that of clinically applied }”’Lu
(EB;, = 133.6 keV) labeled PSMA-617. As was presented, the
activities obtained were sufficient for a preliminary in vitro assay,
however, still fall well short for extensive pre-clinical studies.
If the overall efficiencies could be improved from 0.5 to 20%
(39, 43-45), it will be possible to reach higher 169K activities.
Moreover, for the present study, irradiations were performed
for 7 days. For an industrial production, one could irradiate
for longer, minimizing the activity loss during transport and
chemical separation, and increasing the yield of '*°Er.

CONCLUSION

In this study, radionuclidically pure '®Er was produced at high
specific activities by means of neutron irradiation, followed
by mass and chemical separation processes, respectively. By
combining surface ionization with resonant laser ionization,
169y activities were increased up to a factor of four compared
to the previously-published study. Further developments of
the mass separation process, such as the application of an
isotope-selective laser ionization scheme and optimization of the
mass separator for high-flux ion-beam operation, are needed to
increase the overall separation efficiencies and to provide higher
activities of '®Er in future. The availability of the f~-particle-
emitting '*°Er is particularly important to perform pre-clinical
studies, in combination with the pure Auger electron emitter
165Er, This combination will help us explore the additional
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therapeutic effect of Auger electrons to B~ -particles, as in the
case of '°'Tb, which will certainly be of scientific relevance.
Enhanced knowledge of the additive therapeutic effects of Auger
electrons will likely be well-received by the nuclear medicine
community and ought to pave the way toward more efficient
cancer treatment, particularly, for the treatment of single cancer
cells and small metastases.
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This work presents the production cross-sections of Ce, Tb and Dy radionuclides
produced by 300 MeV to 1.7 GeV proton-induced spallation reactions in thin tantalum
targets as well as the related Thick Target production Yield (TTY) values and ratios.
The motivation is to optimise the production of terbium radionuclides for medical
applications and to find out at which energy the purity of the collection by mass separation
would be highest. For that purpose, activation experiments were performed using the
COSY synchrotron at FZ Julich utilising the stacked-foils technique and y spectrometry
with high-purity germanium detectors. The Al-27(p,x)Na-24 reaction has been used as
monitor reaction. All experimental data have been systematically compared with the
existing literature.

Keywords: spallation, protons, tantalum, medical applications, terbium, cross-sections

INTRODUCTION

Radionuclides are used in medicine as radiopharmaceutical components to target cells and/or
follow the metabolism for diagnosis and/or therapeutic purposes. A specific molecule can be
linked to different radioisotopes with similar chemical behaviour. In this case, a theranostic
approach is possible if two isotopes have properties suitable for either diagnostics or therapy. Since
four terbium radioisotopes have properties suitable for medical applications, terbium is regarded
as the “Swiss army knife of nuclear medicine” (1). Tb-152 is of interest for imaging through
Positron Emission Tomography (PET) and Tb-155 emits y-rays compatible with the Single Photon
Emission Computed Tomography (SPECT) method. Tb-149 has properties suitable for targeted
alpha therapy and PET imaging, while Tb-161 is a good candidate for targeted - therapy and
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also suitable for SPECT imaging. These radionuclides can be
produced e.g., by proton, deuteron or alpha induced reactions
on natural or enriched gadolinium (2-7), by neutron irradiation
of enriched Gd-160 (8, 9) or spallation reactions on materials
like tungsten or tantalum (10-13). The latter production method
has been studied in this work in the framework of the ISOLDE
facility at CERN, producing radioactive ion beams from 1.4
GeV proton-induced spallation reactions on a solid Ta target.
It has been motivated by the observed discrepancies between
different experimental cross-section measurements available in
the EXFOR data base, especially for Tb-149 and Tb-152. Several
collections of Tb-149, Tb-152 and Tb-155 have been carried out
at CERN-ISOLDE between 2011 and 2018. Moreover, since 2017,
the MEDICIS (Medical Isotopes Collected from ISOLDE) facility
focuses on the collection of radionuclides of interest for bio-
medical research (14). This installation has already shown the
feasibility of providing radionuclides such as Tb-149, Tb-155,
Er-169 and Yb-175 for innovative medical research programmes
(15). For this purpose, an irradiated target is heated up to high
temperatures (above 2,000°C) to allow for the diffusion and
effusion of the atoms out of the target to an ion source for
subsequent jonisation. The ions are then accelerated and sent
through an off-line mass-separator. The radionuclide of interest
is mass-separated and subsequently implanted into a support,
e.g., a thin metal foil. However, the drawback of this approach
is the possible contamination by pseudo-isobars such as, in the
case of a Tb-155 collection, the isobaric molecule contaminant
Ce-1390-16, which is also implanted into the foil (16). As a
consequence, isolation and purification of the Tb-155 collection
by radiochemical means is required (17). In the case of a Tb-149
collection, the same issue is observed with a contamination by the
Ce-1330-16 molecules (18). With the purpose of optimising the
energy to get the highest purity in the Tb isotope production, this
article gives cumulative production cross-section data and Thick
Target production Yield (TTY) values. It covers the following
neutron-deficient radionuclides produced by proton induced
spallation of Ta: Tb-149 and its pseudo-isobar Ce-133m, Tb-152,
Tb-155, its precursor Dy-155 and its pseudo-isobar Ce-139. It
also includes new values in the energy range of interest for the
future ISOL@MYRRHA facility at the Belgian Nuclear Research
Centre SCK CEN, which will operate at 600 MeV (19).

EXPERIMENTAL SET-UP AND METHOD

The spallation cross-section data have been experimentally
obtained by irradiating thin metallic foils at the COSY accelerator
facility at FZ Jiilich in Germany. Thin foils of natural tantalum
and aluminium were irradiated in the form of stacks with protons
of 300 MeV, 500 MeV, 600 MeV, 700 MeV, 900 MeV, 1 GeV, 1.1

GeV, 1.3 GeV and 1.7 GeV. The average proton-beam current
ranged from 50 pA up to 300 pA and the irradiation time spanned
from 2 up to 5h for each assembly. Pure tantalum foils of
natural isotopic composition (99.988% Ta-181, 0.012% Ta-180)
were used as target material to measure the spallation cross-
sections of Ta, whereas aluminium foils were used to quantify the
average beam current through the Al-27(p,x)Na-24 reaction used
as monitor as described in (20) and available from (21). As stated
in (20), a maximum uncertainty of 0.20 mb has been applied to
the monitor cross section values. It should be noted that these
values are not officially endorsed by the IAEA and might be
subject to a re-evaluation in the future. For that reason the cross
section values used in the calculation are given in Table 1.

For each foil the mass was obtained with a precision of £
0.1 mg. The foils were arranged as stacks of 7 Ta foils (with
thicknesses of 2, 6, 10, and 25pum) and 3 Al foils (thickness
of each foil of 50 um). The first and last Ta foils (10 wm each)
only served to equilibrate recoil losses of spallation products
and were not analysed by y-ray spectrometry; the first and last
Al foils were discarded as well for the same reason. For each
stack, the two Ta foils representing very thin layers of 2 um
(2.7mg on average) and 6 um (9.2mg on average) thickness
were measured in a separate study via a-decay spectrometry to
retrieve the activity of Tb-149 with an independent method (13).
In the present work, the three 25pum thick foils of Ta (with
an average mass of 33.6mg) and the middle 50 um thick Al
foil (with an average mass of 10.4 mg) of each stack have been
analysed by y-ray spectrometry at different times after the end of
irradiation, ranging from 30 min to several days, with a counting
time ranging from 1 to 24h. In addition, the 6 um thick foils
of Ta were measured by y-ray spectrometry few months after
the experiment (13) and analysed to quantify the longest-lived
isotopes such as Ce-139. For these purposes single coaxial high-
purity germanium detectors were used. The calibration of the
detectors has been performed with certified sources of Am-241,
Ba-133, Co-57, Co-60, Cs-137, Eu-152, Hg-203, Mn-54, Na-22,
Ra-226 and Y-88, leading to a wide range of efficiency values
from 60 keV to 1.8 MeV. The sources have been placed and
measured at distances of 3, 5, and 10 cm from the detector. The
same positions have been used to measure the irradiated foils.
The activity values of each produced radionuclide were derived
from the recorded y-ray spectra using the FitzPeaks spectroscopy
software (22) as well as half-lives and y-lines based on the ENSDF
database (23). For each radionuclide, all y-lines with an intensity
> 1% and an energy ranging from 60 keV to 1.8 MeV have
been considered to build the FitzPeaks library. For the specific
cases of Ce-139 and Tb-149 mentioned above, additional activity
values were measured in (13) and have been considered in this
work via a weighted average. The production cross-section of

TABLE 1 | Production cross-section values of the Al-27(p,x)Na-24 reaction used as monitor.

Energy (MeV) 300 500 600 700

900 1,000 1,100 1,300 1,700

Na-24 cross section (mb) 9.88 (0.20) 10.53 (0.20) 10.61 (0.20)

10.60 (0.20)

10.41(0.20)  10.26(0.20)  10.11(0.20)  9.78 (0.20)  9.25 (0.20)

The maximum uncertainty applied to the cross-section values is given in parentheses.
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TABLE 2 | Production cross-section for Ce-133m, Ce-139, Tb-149, Tb-152, Tb-155 and Dy-155, for different proton-irradiation energies between 300 and 1,700 MeV.

Energy 300 500 600 700 900 1,000 1,100 1,300 1,700
(MeV)
Nuclide T2 [23] Production cross-section (mb)
Ce-133m  4.9h4 - - - - 0.95* 1.70* 2.92 4.23 5.03
(1.08) (0.55) 0.73)
Ce-139 137.64d2 - - 2.83 4.26 1.8 - 22.9 28.3 23.0
(0.57) 0.77) (1.9) 4.0) 3.5) 2.9)
Tb-149 4.118h 25 0.07 4.13 6.62 9.76 10.7 12.4 13.6 13.4 1.4
(0.02) ©0.51) (0.67) (1.08) (1.3) (1.4) 2.0) (1.1) (1.2)
Tb-152 17.5h 1 3.65 19.9 22,5 336 40.2 34.1 35.9 34.8 24.4
(0.53) ©2.4) ©2.3) 3.8) (5.2) (3.6) (5.6) 3.0) 2.5)
Tb-155 532d6 2.81 25.6 32.5 40.9 49.4 41.2 38.5 41.4 30.1
(0.89) (3.1) (3.4) 4.7 (8.5) (6.1) (5.9 4.2) (3.4)
Dy-155 9.9h2 2.79 25.1 31.2 417 37.7 435 441 412 29.8
(0.36) (3.0) (3.6) 4.8) 4.6) (5.1) 6.8) @.1) 3.4)
*upper limits calculated using minimum detectable activity (MDA) values extracted with FitzPeaks (22).
Absolute uncertainties including statistical and systematic errors are enclosed with the parentheses.
a radionuclide produced in tantalum o, (see Equation 1) is _ "
. . 21
calculated relative to the cross-section value of the Al-27(p,x)Na- % £ o | Tanat(px)Ce-133m 02011, YuE Titarenko et al,
24 reaction o5 used to monitor the beam current; both quantities % 2021 This work
are expressed in units of mbarn. This also requires knowledge of ‘g 8¢
the activity of the radionuclide of interest produced in the Ta foils, & T
Actr, (expressed in Bq) and of the activity of the radionuclide 8 6F
of reference (in our case Na-24) produced in the Al foil, Acty 8 s E %{
(expressed in Bq). The mass of the aluminium and tantalum S 4t * 5
foils, my; and mry, respectively, are expressed in grammes while 3 f &
the atomic masses, Ar, and A,j, are expressed in g/mol. The 2k
production cross-section calculation also takes into account the Lk
radioactive decay constant of the radionuclides considered (in 5 ) I )

second™!) as well as the irradiation time (in seconds).

ActTyk ATy kmppk (1 — exp (—AAl*tirr))

OTa = OAl *
ActppkAppkmy* (1 — exp (—ATa*tirr))

Equation 1: production cross-section calculation for the
radionuclides produced in the Ta foils

The statistical uncertainties on the measured activity in the
Ta foils, ATa, and in the Al foils, AAl, as well as the systematic
uncertainty on the monitor cross-section values (13), Aoy, have
been considered in the calculation of the absolute error applying
Gaussian error propagation (see values in Table 2). It should be
noted that the Ta and Al foils have the same diameter. The beam
position as well as his shape was verified before the irradiations
through the use of a radiographic film. The aluminium and
tantalum foils are considered as being subject to the same
primary beam intensity and same beam energy. The latter is
justified since the energy loss is <0.5 MeV across each entire
stack (24).

0 500 1000 1500 2000 2500 3000

Proton energy (MeV)

FIGURE 1 | Independent cross-section for Ce-133m production as a function
of the proton beam energy.

RESULTS AND DISCUSSIONS

Cross-Sections

The cross-section results for Ce-133m, Ce-139, Tb-149, Tb-152,
Tb-155, and Dy-155 are presented and discussed in this section.
All numerical values are summarised in Table 2.

Ce-133m

Ce-133m has a half-life of 4.9h and its main detectable y-line
is observed at 477.2 keV (I = 39%). There is no known feeding
by precursor decays and thus, data in Table2; Figurel can
be regarded as the independent production cross-section for
Ce-133m. The only data set available in the literature is the
one published in 2011 by Titarenko et al. (12) showing a very
good agreement with the additional points contributed by this
work. No activity could be detected in the foils irradiated at an
energy lower than 1.1 GeV since the produced activities were
below the minimum detectable activity (MDA). These MDA
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FIGURE 3 | Cumulative cross-section for Tb-149 production as a function of
the proton beam energy.

values extracted from the FitzPeaks software (22) were used to
give an upper limit estimate of the production cross-section
at 900 MeV and 1 GeV. The corresponding values are plotted
as arrows pointing downwards in Figure 1. The Ta-nat(p,x)Ce-
133m excitation function shows a maximum at 1.7 GeV with
5 mb.

Ce-139

Figure 2 presents the cumulative production cross-section of Ce-
139. Ce-139 has a half-life of 137.64 days and decays to La-
139 (stable) by emitting an intense y-ray at 165.9 keV (I =
80%). Its activity has been deduced from y-ray spectrometry
measurements performed several days and several months after
the end of irradiation to ensure the decay of Pr-139 (T, =4.4h)
and its precursors into Ce-139 (13). Two data sets are available
in the literature for the cumulative production of Ce-139 in
tantalum (11, 12). Our new cumulative production cross-section
data presented in Figure 2 generally show good agreement with
the trend indicated by the values obtained by Michel et al. (11)
and by Titarenko et al. (12), considering the reported errors. Yet,
our points at 1,100 and 1,300 MeV are about 20% higher than
the overall tendency. Ce-1390-16 is an isobaric molecule which
during the mass separation step is collected at the same time as
Tb-155, generating a radioactive impurity in the final product.

Tb-149

Tb-149, with a half-life of 4.1 h, is an a-emitter of high interest for
a-therapy (low a-energy at 3.97 MeV) which has also sufficient
positron emission for PET imaging (mean B+ energy of 730 keV
and total B+ intensity of 7%). The feasibility of performing PET
images with this radionuclide, produced at CERN-ISOLDE and
labelled with a biomolecule, has been successfully demonstrated
(25). Figure 3 presents the cumulative cross-section for the
production of Tb-149 by proton-induced spallation reactions in
tantalum. This radionuclide is produced directly and through the
decay of the mother radionuclide Dy-149 that has 4 min half-
life and thus its majori will have decayed into Tb-149 only a
few hours after the end of an irradiation. Three data sets are

available in the literature for the production cross-section of Tb-
149 from proton induced spallation reactions in Ta. Considering
the general tendency of the existing data, the values published
by Winsberg (26) generally overestimate the cross-section. It
has to be noted that the author states that the activities were
retrieved by a-spectrometry. In the original publication one reads
that “the branching ratio for alpha decay of the ground state is
approximately 10%” (26). According to the latest evaluations, the
branching ratio is currently known to be 16.7%, as can be seen in
(23) aswell as in (27). As a consequence, Winsberg’s cross-section
values should be re-evaluated. After applying a correction factor
of 1.67 to Winsberg’s values, one can conclude that our results are
in good agreement with all available data sets (12, 26, 28).

Tbh-152

Tb-152 (T2 = 17.5h) is a radionuclide useful for PET imaging.
It has already been used for first-in-human demonstrations with
DOTATOC and PSMA-617 radiopharmaceuticals, respectively,
from mass-separated Tb-152 provided by CERN-ISOLDE (29,
30). These studies have shown at late time points improved
diagnostic quality with respect to Ga-68. Tb-152 can be directly
produced by spallation but is also fed by internal transition (with
78.8% branching ratio) of its metastable state Tb-152m (T, =
4.2m) and the decay of Dy-152 (T, = 2.4h). Figure 4 shows
the cumulative production cross-section of Tb-152. Data sets
available in the literature (11, 12) are compared with our new
values. Differences can be observed between the values obtained
by Michel et al. (11) and the data measured by Titarenko el al.
(12), in the energy range going from 1 to 1.5 GeV. Our data lie
between both data sets and are consistent with the previous values
considering the uncertainties. The maximum of the cross-section
is estimated to be located at 1 GeV with a cross-section value of
40 mb.

Tb-155

Tb-155 (T12 = 5.3 days) is a longer-lived terbium isotope
suitable for SPECT imaging (16). It decays into stable Gd-155 by
emitting four main y rays at 86.5 keV (I = 32.0%), 105.3 keV
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FIGURE 4 | Cumulative cross-section for Tb-152 production as a function of
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FIGURE 5 | Cumulative cross-section for Tb-155 production as a function of
the proton beam energy.

(I = 25%), 180.1 keV (I = 7.45%) and 262.3 keV (I = 5.29%)
which are easily detectable by y-ray spectroscopy. Figure 5 shows
the Tb-155 cumulative production cross-section, measured after
the decay of Dy-155 whose production cross-section is shown in
Figure 6. Our new data set is in very good agreement with the
existing data published by Michel et al. (11) and Titarenko et al.
(12). The maximum of the cross-section is located at 900 MeV
with 45 mb.

Dy-155

Figure 6 shows the cumulative production cross-section for Dy-
155. Dy-155 has a half-life of 9.9 h and decays to Tb-155 (T2 =
5.3 days) by electron capture and B+ emission, also emitting an
intense main y-ray at 226.9 keV (I = 68.4%). Dy-155 may also
be used as a precursor to Tb-155 in on-line conditions where
its extraction efficiency is superior to that of Tb-155 (16). Two
data sets are available in the literature for the production of Dy-
155 via proton-induced spallation of tantalum (11, 12). As can be
seen, our new data set is in very good agreement with the existing
data, within error bars. The maximum of the cross-section values
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FIGURE 6 | Cumulative cross-section for Dy-155 production as a function of
the proton beam energy.
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FIGURE 7 | Difference [ocum, Th-155-0cum, Dy-155] based on the
cross-section data measured in “This work (2021)” and the ones available in
the literature.

is located around 1 GeV with 45 mb, similarly to the Tb-155
cross-section.

The Difference: ogym.Tb-155-0cym.Dy-155

The previously presented cumulative cross-sections ocym, Tb-
155 and ocym, Dy-155 show rather similar values over the entire
energy range, the former being dominantly created by decay
of the latter. In an attempt to illustrate the individual cross-
section of Tb-155 without the contribution from the decay of
Dy-155, Figure 7 depicts the difference [0cymTb-155-0cumDy-
155] performed between the available experimental results. While
the individual production cross-section of Tb-155 could also
be deduced by correcting for the contribution originating from
the Dy-155 decay, it requires access to the raw experimental
activities. As these are not available for the reference values
from literature, the authors chose to illustrate the direct Tb-155
production via the aforementioned difference of the cumulative
cross-sections. In the case of our measurements the direct
production cross-section has nevertheless been derived via the
Dy-155 decay as well and results consistent with Figure 7 have
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been found. It should be pointed out that negative values in the
graph are artefacts due to the subtraction of measurement results
that are numerically very close with statistical and systematic
errors larger than the differences between the two data sets.
Although this result can’t be taken as an individual cross section,
the convergence of the differences towards 0 confirms that the
direct production probability of Tb-155 is minor. Therefore, for
an online! collection process as it is performed at ISOLDE, this
motivates the exploitation of indirect production via the decay
of Dy-155.

Thick Target Production Yields (TTYs)

The equation to be solved in order to calculate a thick target
production yield (31) is shown in Equation 2.

Emax
o®) g

Na.
ACT(E) = ¢ - ip

: (1 - eXP(—)» . tirr)) :

Emin

Equation 2: Thick Target production Yield formula

The thick target yield values are normalised per pAh.
Therefore, ¢ is the number of particles in 1 pwA. The irradiation
time tj; is set to 1h. It implies an integral calculation over a
defined energy range, Epnin-Emax, on the available production
cross section data 6(E) and on the deposited energy x = dE/dx.
One has to keep in mind that the formalism of Equation 2 and
the results presented hereafter, do not account for the production
of radionuclides due to ensuing secondary particle showers. In
cases where production originating from secondaries become
of importance a full Monte Carlo simulation would have to be
carried out.

In this work, cubic smoothing-spline fits have been performed
using the Scientific Python module with the cross-section data,
utilising variable smoothing factors and taking into account the
uncertainties of the data. The fits have been performed on the
cross-section values extracted from “This work (2021)” as well as
on all the data available in the literature including our new data
set referred to as “All data” in the following figures. Additional
information can be found in the Supplementary Materials. In
addition, energy loss calculations have been performed using the
SRIM software (24) and FLUKA simulations (32, 33). FLUKA
is of particular interest for our study with proton energies
exceeding 300 MeV, as it allows to take energy loss effects due
to hadronic interactions into account. Respective simulations
have been carried out between 1 MeV and 2.7 GeV considering
thin tantalum foils with a density p of 16.6 g/cm?, which is
the nominal density of tantalum used as target material during
the COSY experiment. Using this energy range and similar
target characteristics also the SRIM software has been used
for evaluating the energy loss. Table 3 gives the ratios between
the dE/dx values calculated by FLUKA (statistical uncertainties
<0.9%) and the values obtained with the SRIM software, for some
specific beam energies.

Figures 8-10 show the Thick Target production Yields for Ce-
133m, Ce-139, Tb-149, Tb-152, Tb-155 and Dy-155. There are

Lonline refers to a collection performed at the same time as the target irradiation,
as is done at CERN-ISOLDE.

four scenarios which have been studied. The black lines stand
for a TTY calculation performed using dE/dx given by the SRIM
software, whereas the grey lines show the results from dE/dx
values computed using FLUKA. The full lines use the spline fit
performed on all the data found in the literature. The dashed lines
give results based on the new production cross section data set
calculated in “This work (2021)”. The uncertainties are shown
in the graphs as grey shaded areas. They have been calculated
by evaluating the minimal and maximal cubic smoothing-splines
from the cross-section data. The same colour and pattern scheme
have been applied to the following figures. Depending on the
radionuclide, a maximum difference ranging from 27 to 33% can
be seen in the case of the TTY calculations performed using SRIM
in comparison with FLUKA, the latter giving higher dE/dx values
for E > 100 MeV. For all radionuclides there is good agreement
between the TTY calculated based on the cross-section values
measured in “This work (2021)” and based on all the data sets
available in the literature.

Ce-133m and Ce-139 Thick Target Production Yields
Figure 8 shows the thick target production yields calculated for
Ce-133m and Ce-139. Among the four scenarios discussed
before, the Ce-133m TTY values at 1.4 GeV (CERN-
ISOLDE/MEDICIS energy) range from 2.3 GBq/(nAh) =+
24% to 3.5 GBq/(jLAh) % 22%.

At 600 MeV (ISOL@MYRRHA energy), the Ce-139 TTY
values are found to be between 38 and 43 kBq/(iwAh), with an
uncertainty of & 29%. At 1.4 GeV this value is between 32 and 49
MBq/(itAh) with an uncertainty of & 15%.

Tb-149 and Tb-152 Thick Target Production Yields
Figure 9 shows the thick target production yields calculated for
Tb-149 (left graph) and Tb-152 (right graph). At 600 MeV, the
Tb-149 TTY values range from 1.5 to 2.1 GBq/(itAh) (with
an uncertainty of & 13%) and at 1.4 GeV are between 21 and
27 GBq/(nAh) (£ 10%), which represents a difference larger
than a factor of 10. The Tb-152 TTY calculations show very
good agreement between the fit performed on our new cross-
section data set and the one performed taking into account
all cross-section data available in the literature. At 600 MeV
a TTY value between 2.0 and 2.5 GBq/(jtAh) can be derived
with an uncertainty of 10 and 15%, respectively. This value is
ranging from 16 to 20 GBq/(iAh) at 1.4 GeV with an uncertainty
of £ 12%.

Tb-155 and Dy-155 Thick Target Production Yields

Figure 10 shows the thick target production yields calculated
for Tb-155 and its precursor Dy-155. It should be noted that
the Tb-155 TTY is coming from experimental data measured
after the complete decay of Dy-155. Figure 10 shows that for
both radionuclides there is very good agreement of the TTY
values obtained from the spline fit performed on our data set
only and from the one including all data sets. The difference
between the values calculated using FLUKA and using SRIM is
up to 27% for both radionuclides. At 600 MeV the Tb-155 TTY
value ranges from 390 MBq/(jtAh) (£12%) to 450 MBgq/(jLAh)
(£15%) whereas, for the same energy, the Dy-155 TTY values
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TABLE 3 | Comparison among the stopping power (dE/dx) calculated with SRIM and FLUKA.

Energy 1 50 100 300 500 600 1,000 1,400 1,500 2,000 2,500
(MeV)
Ratio dE/dx 1.0 1.0 1.0 1.1 1.1 1.2 1.3 1.4 1.5 1.6 1.6
FLUKA/SRIM
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range from 4.9 to 5.4 GBq/(vAh) with a relative uncertainty of
15%, which would become 300 to 340 MBq/(jLAh) (£15%) of Tb-
155 after 40 h. At 1.4 GeV, the Tb-155 TTY values are between
2.7 GBq/(nAh) (£12%) and 3.5 GBq/(iAh) (£13%). The Dy-
155 activity values are more than 10 times higher and range from
33 to 42 GBq/(lLAh) (£12%), which would scale to between 2.1
and 2.6 GBq/(lwAh) (£12%) of Tb-155 after 40 h.

Thick Target Yield Ratios and Assessment
of Tb-149, Tb-155 and Dy-155 Purity

Tb-149 and Dy-155/Tb-155 collections can be contaminated by
their pseudo-isobaric oxide forms, Ce-1330-16 and Ce-1390-
16, respectively, when collecting these radionuclides through

mass separation. This section presents purity levels expressed in
terms of activity which are based on the in-target production
TTY values (in Bg/pwAh) presented in section Thick Target
Production Yields (TTYs) and on Ce isotopes as only isobaric
contaminants of Tb-149, Tb-155 and Dy-155. The other collected
isobars will either decay into the radionuclide of interest (e.g.,
Ho-155 decaying into Dy-155, decaying itself to Tb-155) or be
a decay product of the collected isotope (e.g., Gd-155 from Tb-
155 decay). In both cases, isobars can be chemically separated
after the mass separation and the collection. It should be noted
that these in-target TTY ratios are not equal to those of the
actually collected samples at it is done at ISOLDE/MEDICIS,
since the diffusion, effusion and ionisation efficiencies have to be
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considered, which differ for each element and isotope. Efficiency
values of the order of 1% have been achieved with Tb at CERN-
MEDICIS in 2018 (15) and further developments have been
carried out to increase this value up to 10% in 2019 and 2020 (34).

Tb-149 Purity

Figure 11 allows for assessing the purity of Tb-149 calculated as
the TTY ratio between Tb-149 and Ce-133mO-16 production:
TTY 1149/ (TTYCe—133m+TTY1p_149). Slightly lower values are
calculated in the case of the spline fit performed on the data set
from “This work (2021)” in comparison with the values obtained
when considering all data sets. The extracted activity ratios show
that considering only Ce-133m as in-target contaminant for the
collection of Tb-149, a purity higher than 99% can be reached if
the proton beam energy is below 940 MeV. Keeping the beam
energy below 900 MeV allows for achieving a purity higher than
99.9%. At 1.4 GeV ratios between 88 and 89% are expected. It
has to be noted that Ce-133m and Tb-149 have similar half-lives
with 4.9 and 4.1 h, respectively. Therefore, the purity levels shown

in Figure 11 are representative of the activity purity of the final
product that will not vary substantially as a function of time.

Tb-155 and Dy-155 Purity: Considerations on Offline
and Online Mass Separation

Figure 12 shows the Tb-155 (left) and Dy-155 (right) activity
purity levels, for which the collection by mass separation can
be affected by the presence of Ce-1390-16 molecules. Figure 12
(left) shows that a Tb-155 purity higher than 99% can be reached
if the beam proton energy is below 1,200 MeV. With a beam
energy below 660 MeV a purity higher than 99.9% can be reached.
At 600 MeV and 1.4 GeV the purity level would reach >99.9 and
98.6% respectively. Figure 12 (right) shows that a Dy-155 purity
higher than 99.9% can be achieved with a proton beam impinging
a tantalum target with an energy below 1.4 GeV. With an energy
above 1.4 GeV and up to 2.6 GeV Dy-155 is produced in the target
with a purity higher than 99.8%, once again considering Ce-139
as the only contaminant of Dy-155 in the target.

However, it should be noted that, in practise, an offline
collection (i.e., offline refers to a collection performed after
the target has been irradiated) of Tb-155, as performed at
CERN-MEDICIS, starts few days after the end of irradiation
to allow for the decay of part of the Dy-155 nuclei into Tb-
155 nuclei in the target. Therefore, one has to keep in mind
that the Dy-155/Tb-155 ratio will evolve with time. The Dy-155
activity will be considerably higher than the Tb-155 activity at
the end of irradiation. Then, 40h after the end of irradiation,
both radionuclides will show similar activities which lead to a
radionuclidic purity close to 0.5. After this period the relative
proportion of Dy-155, being the main impurity in the sample,
decreases while continuously feeding Tb-155 through its decay.
A decay time above 40 h will reduce the Tb-155 activity but will
significantly increase its isobaric purity.

Online collections of Dy-155, producing Tb-155 by decay,
have been already performed at CERN-ISOLDE (16) from a Ta
target irradiated with a 1.4 GeV proton beam. After a Dy-155
collection performed in 2013 at CERN-ISOLDE, a sample has
been successfully shipped and processed at the Paul Scherrer
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TABLE 4 | TTY values for Th-149, Th-152, Tb-155 and Dy-155 (in GBg/pAh) and purity levels of Tb-149, Tb-155 and Dy-155 based on Ce-133m and Ce-139 as

isobaric contaminants.

Thick Target production Yield (GBq/iLAh)

Purity levels based on Ce-133m and Ce-139 as isobaric contaminants

Tb-149 Th-152 Tbh-155 Dy-155 Th-149 Tbh-155 Dy-155
600 MeV 1.5-21 2.0-2.5 0.39-0.45 4.9-5.4 100% > 99.9% > 99.9%
1.4 GeV 21-27 16-20 2.7-3.5 33-42 88-89% 98.6% > 99.8%

Institute in Switzerland. Three days after the end of the collection,
the Dy-155 activity was 280 kBq, the Tb-155 activity was 136 MBq
and the Ce-139 activity was 4.7 MBq (16). This results in a Tb-155
activity purity of 96.5% 3 days after the end of collection. It also
gives a Dy-155 purity level of 99.99% at the end of the collection,
which corresponds to an amount of Ce-139 impurities 10 times
lower than estimated above using the in-target TTY values. Yet,
one has to take into account the corresponding diffusion, effusion
and ionisation efficiencies of Dy-155 and Ce-1390-16 and the
additional efficiency of the CeO molecular formation.

One may conclude that collections of Tb-155 with ion ratios as
observed here will invariably require a chemical post-separation
to assure sufficient radionuclidic purity for clinical use. The
issue of Dy-155 as a contaminant of Tb-155 could be resolved
by a decay time much longer than 40h [e.g., 3 days as done
in (16)] but at the expense of a rising contribution of the
Ce-139 activity.

Table 4 summarises the previously discussed TTY values
expressed in GBq/pAh, as well as the purity levels based on Ce-
133m and Ce-139 as isobaric contaminants, at 600 MeV and 1.4
GeV.

CONCLUSIONS

Spallation cross-sections have been measured at the COSY
synchrotron at FZ Jilich with fixed energies between 0.3 and
1.7 GeV. This article focuses on the production of three terbium
radioisotopes of medical interest Tb-149, Tb-152 and Tb-155 as
well as on Dy-155, which feeds Tb-155 by decay, and Ce-133

and Ce-139, which are collected by mass separation as molecular
isobaric radioactive contaminants. Some discrepancies between
the existing data sets could be highlighted but an overall good
agreement has been found between our new data set and the ones
available in the literature. In the light of more recent findings for
branching ratios, an official re-evaluation of Winsberg’s cross-
section values could be of interest. Thick Targets production
Yield (TTY) values and ratios have been calculated at different
energies, using our new experimental cross-section data set as
well as the ones available in the literature. These calculations
have been carried out using the different computational models
of SRIM and FLUKA to determine the energy deposition. One
sees the onset of hadronic effects which become more important
with increasing energies above 100 MeV. Depending on the
energy, neglecting these effects can lead to an overestimation
of the calculated TTY. Using their corresponding TTY, activity
purity levels of the Tb-149, Tb-155 and Dy-155 radionuclides
have been assessed, considering their pseudo-isobaric molecules
as sole contaminant. The production of these radionuclides of
medical interest via spallation reactions in tantalum is now
better known and it will allow for optimising their production
at proton energies available at ISOLDE and MEDICIS at CERN
(Switzerland), but also at ISAC or ARIEL at TRIUMF (Canada)
as well as at the future ISOL@MYRRHA facility at the Belgian
Nuclear Research Centre SCK CEN and other high energy proton
accelerators worldwide. While this article focusses on terbium
isotopes for medical applications, the complete analysis of all
radionuclides quantified from the measured y-spectra will be
discussed in a forthcoming article.
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Recent years have seen the establishment of several radionuclides as medicinal
products in particular in the setting of theranostics and PET. ['77Lu]Lutetium Chloride or
[64Cu]Copper Chloride have received marketing authorization as radionuclide precursor,
[(8Ga]Gallium Chloride has received regulatory approval in the form of different
68Ge/%8Ga generators. This is a formal requirement by the EU directive 2001/83,
even though for some of these radionuclide precursors no licensed kit is available
that can be combined to obtain a final radiopharmaceuticals, as it is the case for
Technetium-99m. In view of several highly promising, especially metallic radionuclides
for theranostic applications in a wider sense, the strict regulatory environment poses the
risk of slowing down development, in particular for radionuclide producers that want
to provide innovative radionuclides for clinical research purposes, which is the basis
for their further establishment. In this paper we address the regulatory framework for
novel radionuclides within the EU, the current challenges in particular related to clinical
translation and potential options to support translational development within Europe
and worldwide.

Keywords: radionuclides, regulatory, medicinal product, directive 2001/83, radionuclide precursor, theranostics,
European Pharmacopeia

INTRODUCTION

Nuclear Medicine is rapidly advancing, novel targets are exploited and provide new opportunities
for molecular imaging but in particular also targeted radionuclide therapy (1, 2). The driving
forces clinically are advances in oncology and in this context especially Theranostics (3). The
marketing authorization of the theranostic pair [*8Ga]Ga-DOTATOC (as SomaKit TOC®) and
['77Lu]Lu-DOTATATE (as Lutathera®) in 2017 both in Europe and the US have boosted the
interest in this field also of big pharma (4), the success of PSMA inhibitors in prostate cancer has
added substantially to this development (5). So far, the clinical application is dominated by the
use of Gallium-68 for diagnosis using PET, to a lesser extent Indium-111 and Technetium-99m for
SPECT, as well as Lutetium-177 for the therapeutic use. In Europe these radionuclides are available
in pharmaceutical form as licensed products with marketing authorization, either in the form of
radionuclide generators (°8Ga and *°™Tc) or as radionuclide precursor formulations (}””Lu, '''In,
64Cy, 20Y),

However, advances are not limited to wider use of these established radionuclides, research
on theranostics also was stimulated by investigation of alternative radionuclides to improve
therapeutic efficacy, to adapt the physical half-life to the target under investigation or to improve
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the “matched pair” concept, i.e., eliminating differences in
chemistry between a diagnostic and therapeutic radionuclide
(6, 7). A high interest emerged in the use of alpha emitters,
to a great extent driven by the impressive results of using
Actinium-225 labeled PSMA ligands, even when 7’Lu-analogs
had failed (8) with an ever increasing number of publications on
radionuclide production, preclinical and clinical results (9). The
development of intracellular targeted agents drives the interest
in using radionuclides with a subcellular therapeutic range, in
particular Auger electron emitters (10). The need for appropriate
dosimetry calculation in the diagnostic application stimulated in
particular the development of Positron emitters with longer half-
lives such as Scandium-44 (11), this also in combination with
its matched pair Scandium-47. Other matched pairs of interest
are **Cu/*’Cu or the Terbium-isotopes 14%/152/155/161 T} even
providing the possibility to combine SPECT, PET, beta and alpha
therapy (12). The combination of radionuclide production with
mass separation techniques may allow to obtain radionuclides
in improved quality for novel applications, e.g., high specific
activity '®Er (13). Most of these emerging radionuclides
require special production techniques, such as high energies,
and highly specialized infrastructure, only available in certain
research institutions.

Besides such technological challenges and economic
considerations, the development of these emerging radionuclides
and radiopharmaceuticals thereof, in particular in the context of
theranostics, is also driven by the requirement to comply with
pharmaceutical regulations and guidelines, which is in particular
challenging in a research setting. In this paper we address the
pharmaceutical framework in relation to radionuclides and
radiopharmaceutical development in Europe and finally discuss
limitations and prospects related to this.

REGULATORY FRAMEWORK RELATED TO
RADIONUCLIDES AND
RADIOPHARMACEUTICALS IN EUROPE

In Europe medicinal products are regulated in Directive
2001/83/EC (14, 15). It defines a medicinal product as “any
substance or combination of substances presented for treating
or preventing disease in human beings... and any substance
or combination of substances which may be administered to
human beings with a view to making a medical diagnosis....”
Radiopharmaceuticals are covered by the directive including
both diagnostic and therapeutic applications, unless they are
viewed as a sealed source, then the Medical Device regulation
applies (16), such as in the case of SIR-Spheres (Y-90
resin microspheres, SIRTEX®). The main consequences of
inclusion of radiopharmaceuticals in Directive 2001/83/EC is
the requirement to marketing authorization (Article 6) and the
production process according to Good Manufacturing Practices
(GMP) (Article 48f), the GMP guidelines are specified in a
separate Directive 2003/94/EC (17). Exemptions to the Directive
exist, in particular related to pharmacy practices (18) and for
investigational medicinal products (IMPs) used in clinical trials

(see below). The requirements for radiopharmaceuticals within
the Directive are extended toward radionuclide generators, kits
and so-called radionuclide precursors. A radionuclide precursor
is defined as “Any other radionuclide produced for the radio-
labeling of another substance prior to administration.” This rather
general definition includes practically all radionuclides and
brings high requirements for radionuclide producers intending
to supply radionuclides to a hospital or research facility for
preparation of a radiopharmaceutical, which recently has been
addressed in detail (19).

Besides by this central pharmaceutical directive
2001/83/EC the process of development and production of
radiopharmaceuticals and radionuclides is regulated by a
complementing pool of directives, regulations, guidelines
and guidance documents (15). Whereas, additional directives
amend the central directive with respect to specific topics,
e.g., pharmacovigilance or GMP, often with no direct relation
to radiopharmaceuticals or radionuclides and are released by
the European Parliament and the Council, some important
guidelines are coming from the European Medicines Agency
(EMA). In view of radiopharmaceuticals and radionuclides
they can be viewed as documents in relation to quality of
the Medicinal Product or rather related to safety issues.
Among other more general guidelines a central document
related to quality documentation is the Guideline for
Radiopharmaceuticals (EMEA/CHMP/QWP/306970/2007),
defining the specific requirements for radiopharmaceuticals
(also potentially including radionuclide precursors) in the
application dossier for a Marketing authorization and provides
some guidance to data to be included within a dossier. This
can also serve as a reference e.g., in the case of a clinical
trial application. A number of documents for EMA describe
the format of application dossiers in relation to clinical
trials or marketing authorization, as well as with specific
topics e.g., requirements of validation processes. In relation
to safety documentation a central document is the ICH
guideline M3 (20), which defines the requirements for non-
clinical safety studies that are recommended for Clinical
Trial and Marketing Authorization processes. Based on
discussions within the radiopharmaceutical community (21),
EMA recently has released specific guidance for non-clinical
requirements related to safety of radiopharmaceuticals (22) and
is one of the few examples on a dedicated guidelines dealing
with radiopharmaceuticals.

Apart from laws and guidelines for Medicinal products
coming from the EU, the Council of Europe provides the legally
binding framework of the European Pharmacopeia (see below).
Also, non-binding documents from international organizations
such as the Pharmaceutical Inspection Co-operation Scheme
(PIC/S) or professional associations such as the European
Association of Nuclear Medicine (EANM) complement
with legally non-binding, but more specific documents the
pharmaceutical regulations of radiopharmaceuticals and
radionuclides in Europe, examples thereof are found in the
following chapters and an overview of legally binding and
guidance documents is given in Table 1.

Frontiers in Medicine | www.frontiersin.org

32

May 2021 | Volume 8 | Article 678452


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Decristoforo et al.

Emerging Radionuclides in Pharmaceutical Regulations

TABLE 1 | Overview of legally binding and guidance documents for radiopharmaceuticals.

Origin Aim/Content Legal status
Directive 2001/83/EC EC Community Code directive, establishment of the Legally binding after transfer into national law
basic principles for manufacture and marketing of
medicinal products in the EU
Directive 2001/20/EC EC Harmonization of the requirements for the conduct Legally binding after transfer into national law
of Clinical Trials in the EU, introduction of EudraCT
database, adoption of GCP rules
Directive 2003/94/EC EC Obligation of manufacturers to comply with the Legally binding after transfer into national law
principles of GMP for production of medicinal
products
Guideline for Radiopharmaceuticals EMA Requirements for radiopharmaceutical for obtaining Guidance document by European authority, not
(EMEA/CHMP/QWP/306970/2007) marketing authorization for the European single legally binding
market
Guideline on the non-clinical requirements EMA Requirements for preclinical safety testing of Guidance document by European authority, not
for radiopharmaceuticals radiopharmaceuticals legally binding
(EMA/CHMP/SWP/686140/2018)
Regulation EU 536/2014 EC Improvement of administrative requirements for the Immediately binding for EU member states
conduct of clinical trials in the EU
Guide to Good Manufacturing Practices of ~ PIC/S Description of the requirements for in house Guidance document by international
preparation of medicinal products in production of medicinal products in hospitals and pharmaceutical association, not legally binding
healthcare establishments other healthcare establishments
ICH guideline M3 (R2) ICH Requirements for non-clinical safety studies for the Guidance document by European and
conduct of human clinical trials and marketing non-European authorities, not legally binding
authorization for pharmaceuticals
Monographs of the European EDQM, Council Monographs for medicinal products, reagents and Legally binding
Pharmacopeia of Europe starting materials
General text 5.19 on Extemporaneous EDQM, Council Description of the requirements for Guidance document by European institution,
preparation of radiopharmaceuticals of the  of Europe extemporaneous, non-industrial preparation of not legally binding
European Pharmacopeia radiopharmaceuticals
Guideline on current good radiopharmacy EANM Description of the requirement for small-scale, Guidance document by professional society,
practice (cGRPP) for the small-scale non-industrial preparation of radiopharmaceuticals not legally binding
preparation of radiopharmaceuticals
EANM guideline for the preparation of an EANM Structure and content of an IMPD for Guidance document by professional society,

Investigational Medicinal Product Dossier

radiopharmaceuticals

not legally binding

(IMPD)

EC, European Commission;, EMA, European Medicines Agency, EDQM, European directorate for quality of medicines; ICH, International Council for Harmonization of Technical
Requirements for Pharmaceuticals for Human Use; GCF, Good clinical practice; EANM, European Association of Nuclear Medicine.

RADIONUCLIDES AND GMP

Medicinal products must be prepared according to GMP, the
GMP guidelines of the EU have legal status as stated both
for medicinal products in directive 2001/83 (23) and IMPs in
the clinical trials directive 2001/20/EC (24). Specific reference
to radiopharmaceuticals is given in Annex 3 on “Manufacture
of Radiopharmaceuticals,” however, with little specific guidance
to radionuclide production or quality control. The term
“radioactive precursor” is used and it remains inconclusive
whether this term covers radionuclides in general or only
“ready for use” radionuclide precursors. A clear statement is
included that for cyclotron or reactor production GMP is not
applicable, whereas processing, purification and formulation are
to be taken into account. This perspective for manufacturing
may, however, not always meet specific requirements especially
for small scale preparation settings (18). For this dedicated
practice guidance for a suitable quality framework has been

released. PIC/S has published a dedicated Guidance for Good
practices in Healthcare establishment (25) with a separate
Annex to radiopharmaceuticals, referring to radionuclides also
produced on site via cyclotron, interestingly also mentioning
the use of radionuclides being supplied as radiochemicals for
preparation of radiopharmaceuticals. Another guidance for an
appropriate quality framework was released by EANM (26),
however without specific additional relations to radionuclides in
particular. Recently, a Chapter on “Extemporaneous preparation
of radiopharmaceuticals” (27) has been published within the
European Pharmacopeia (see below). Even though chapters
are not legally binding, it provides guidance on the quality
framework of small-scale radiopharmaceutical preparations and
contains a dedicated sub-chapter on production of radionuclides
and e.g., how to ensure the quality of a target material. Overall,
the guidance on how to ensure a suitable quality framework in the
context of production and quality control of novel radionuclides
in particular is rather scarce.
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RADIONUCLIDES AND CLINICAL TRIALS

To date most novel theranostic radionuclides have not been
applied, yet, within prospective controlled Clinical Trials.
Clinical Trials are strictly regulated within the EU, but also
internationally (28). Within the EU currently the Clinical Trials
Directive 2001/20/EC is in force, that should be replaced
by the new Regulation 536/2014 (29). This new regulation
provides an exception from GMP compliance for diagnostic
radiopharmaceuticals, which may have an impact also on the
use of novel radionuclides, albeit, not in the therapeutic setting
(30). To initiate a clinical trial with novel radionuclides requires
generation of data both on the quality of the radionuclide
as well as on its safety, to address the requirements for the
submission dossier of the IMP, i.e., the radiopharmaceutical
under investigation. This investigational Medicinal Product
Dossier (IMPD) describes on the one hand the chemical and
pharmaceutical quality documentation. For this part detailed
guidance is given and also specifically been provided for
radiopharmaceuticals (31). For the radionuclide the production
route, decay characteristics and quality aspects have to be
described. On the other hand, the IMPD needs to contain data
on the safety, including pharmacology and toxicology as well as
efficacy, if available. Regarding radionuclides, pharmacology, of
course is dependent on the radiopharmaceutical itself. Related to
toxicity, a recent draft guideline describes specific requirements
for the so called non-clinical safety of radiopharmaceuticals
(22), stating the requirements for the non-radioactive part
of a radiopharmaceuticals. The challenges in fulfilling toxicity
requirements for radiopharmaceuticals have recently been
summarized (21). It clearly excludes definitions related to
radiation related toxicity, which is covered by respective radiation
protection guidelines. However, a main part of the IMPD
addresses the risk benefit analysis of a new radiopharmaceutical
and with it a novel radionuclide that is applied. The risk analysis,
of course, has to take into account the potential radiation damage
induced by application of the radiopharmaceutical, which has
to be derived from dosimetry studies. Therefore, dosimetry data
need to be included in an IMPD. Detailed discussion on this
topic is out of scope of this paper and requires separate in-
depth discussion (32). Overall, the submission of a dossier for
a clinical trial involving a novel radionuclide requires extensive
data compilation, whereby only limited guidance is available
from the regulatory side.

RADIONUCLIDES AND THE EUROPEAN
PHARMACOPEIA

The European Pharmacopeia [Pharm Eur, most recent 10th
edition (33)] releases monographs and chapters related to the
quality of medicines. It is in the responsibility of the European
Directorate for quality of Medicines (EDQM), which is a body
of the Council of Europe. Within the “Convention on the
Elaboration of a European Pharmacopeia” member states agree to
implement Pharm Eur in their national drug regulation, thereby

monographs become legally binding documents. The convention
covers a wider range of countries, not only the European Union.

Pharm Eur has a number of monographs specifically dealing
with radiopharmaceuticals. In contrast to chemical precursors,
where a dedicated monograph exists, there is no monograph
dedicated to radionuclides or radionuclide precursors. However,
the general monograph “Radiopharmaceutical preparations”
(monograph 0125) specifically also includes radionuclide
precursors and provides general definitions and tests including
e.g., radionuclidic and radiochemical purity testing as well as
specific provisions for sterility and bacterial endotoxin testing.
A table of “Physical Characteristics of Radionuclides mentioned
in the European Pharmacopeia” complements this monograph,
however, does not include emerging novel radionuclides, such
as Copper, Scandium or Terbium isotopes. A dedicated chapter
on “Detection and Measurement of Radioactivity” provides the
pharmaceutical view on specific radioanalytical methods for
radiopharmaceuticals and radionuclides.

A number of specific radionuclide precursor monographs
(containing “for radiolabelling” in the title) are available
for established radionuclides such as Fluorine-18, Iodine-123
and —131, or Indium-111. More recently Lutetium (7Lu)
solution for radiolabelling (monograph 2798) and Yttrium
(°°Y) chloride solution for radiolabelling (monograph 2803) as
therapeutic radionuclides were added. For Gallium-68 even 2
monographs are available Gallium (°®Ga) chloride solution for
radiolabelling (monograph 2464) and Gallium (°8Ga) chloride
(accelerator-produced) solution for radiolabelling (monograph
3109). These monographs describe the quality requirements
for these radionuclides. The challenges in defining these are
manifold. First, the quality of the radionuclide is also dependent
on the production route and especially radionuclidic impurities
or impurity levels can be completely different. This is, e.g.,
reflected in the two aforementioned Gallium-68 monographs.
Whereas, the “traditional” route of generator production
requires definition of a limit for Germanium-68, in the case
of accelerator-produced pathway radionuclidic impurities are
mainly Gallium-66 and—67. Second, the quality is also dependent
on the actual radiopharmaceutical being prepared from a
certain radionuclide. E.g., the administered activity may vary
considerably dependent on whether a long circulating antibody
is labeled or a small, rapidly excreted peptide is applied, even
in several administrations. The radionuclidic impurity, most
likely, will biologically behave in the same manner. Therefore,
a certain limit calculated for a certain application may not
necessarily be valid for another and has to be viewed on
a case-by-case basis. Similar considerations apply e.g., to the
chemical purity of a radionuclide. If the molar activity of a
certain radiopharmaceutical to be labeled with a radiometal in
question has to be high, impurity levels for interfering metals
should be low. This also depends on the chemistry, or, more
precisely, the chelator used for attachment of a radiometal. A
chelator, which is highly specific for a certain radiometal, may
allow for higher impurity levels then a more general chelator
such as DOTA. Other quality requirements can also not be
generalized. E.g., testing for sterility of a radionuclide may not
be required if the production process ensures suitable removal of
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microbiological contamination, the same is true for endotoxins.
However, the existing monographs already provide a good
basis of understanding on how to define quality requirements
also for novel radionuclides intended for radiopharmaceutical
preparations. A good overview on this topic can also be found
in a recent publication on Radiopharmaceutical Precursors for
Theranostics (34).

OUTLOOK

Introducing novel radionuclides into clinical practice is
a challenging process from a pharmaceutical regulatory
perspective. Good practices should be followed in this process
including GMP, GDP, GLP and GCP (35). The EU has set
a number of initiatives to ensure the development of novel
radionuclides including the SAMIRA study (36) or by support of
infrastructure projects such as CERN-MEDICIS (37). Another
initiative aimed at identification of methods and technologies
as well as supply of medical radioisotopes in use and expected
to be in use by 2030 in support of Europes beating cancer
plan (38). However, efforts to provide support in relation
to the pharmaceutical regulatory framework are scarce. The
translation of novel radionuclides and with them respective
novel radiopharmaceuticals especially for theranostics has
to be performed within the constraints of this framework,
which remains one of the major challenges. Initiatives to
provide guidance for radiopharmaceuticals have been made
by professional organizations such as the EANM with e.g,
dedicated guidelines for good practices in the small scale
preparation of radiopharmaceuticals (39). A recently granted
EU project (PRISMAP) brings together many non-profit centers
with the infrastructure and know-how in the production
of novel radionuclides including high energy accelerators,
reactors and mass separation facilities with the aim to provide
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Theranostic Terbium Radioisotopes:
Challenges in Production for Clinical
Application

Nabanita Naskar and Susanta Lahiri*

Chemical Sciences Duvision, Saha Institute of Nuclear Physics, Kolkata, India

Currently, research on terbium has gained a momentum owing to its four short-lived
radioisotopes, '9Th, 192Tb, 155Tb, and 81 Tb, all of which can be considered in one or
another field of nuclear medicine. The members of this emerging quadruplet family have
appealing nuclear characteristics and have the potential to do justice to the proposed
theory of theranostics nuclear medicine, which amalgamates therapeutic and diagnostic
radioisotopes together. The main challenge for in vivo use of these radioisotopes is to
produce them in sufficient quantity. This review discusses that, at present, neither light
charged particle nor the heavy ion (HI) activation are suitable for large-scale production
of neutron deficient terbium nuclides. Three technological factors like (i) enrichment of
stable isotopes to a considerable level, (i) non-availability of higher energies in commercial
cyclotrons, and (i) non-availability of the isotope separation technique coupled with
commercial accelerators limit the large scale production of terbium radionuclides by light
charged particle activation. If in future, the technology can overcome these hurdles, then
the light charged particle activation of enriched targets would produce a high amount
of useful terbium radionuclides. On the other hand, to date, the spallation reaction
coupled with an online isotope separator has been found suitable for such a requirement,
which has been adopted by the CERN MEDICIS programme. The therapeutic '1Tb
radionuclide can be produced in a reactor by neutron bombardment on enriched
160Gd target to produce '8'Gd which subsequently decays to 61 Th. The radiochemical
separation is mandatory even if the ISOL technique is used to obtain high radioisotopic
purity of the desired radioisotope.

Keywords: 149152155161Th  theranostic radioisotopes, light charged particle activation, heavy ion activation,
spallation reaction, radiochemical separation

INTRODUCTION

The discipline of “Nuclear Medicine” has passed through a “series of growth phases” since its
inception. The present growth phase of nuclear medicine is about the fascinating progress of the
discipline in the direction of theranostics (1).

Theranostics = Therapeutic + Diagnostic

The term “theranostics” was first coined by John Funkhouser in a 1998 press release, in the
context of personalized treatment (2, 3). It is a holistic and tailor-made pharmacotherapy that
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enhances the therapeutic effects with efforts to reduce treatment
toxicities. In nuclear medicine, theranostics refers to the pairing
of therapeutic-diagnostic radioactive candidates chelated to a
compound (carrier/vector) and targeted toward any particular
clinical condition. Therapeutic radioisotopes decay by releasing a
particle like o/~ /auger electrons, which are capable of ionization
or bond-breakage, whereas diagnostic radioisotopes decay by
releasing gamma rays or emit gamma rays after annihilation of
BT, which are used for imaging purposes. Ideally, a theranostic
pair in nuclear medicine should be composed of radioisotopes
derived from the same element, one serving as a therapeutic agent
and another aiding in diagnosis. Practically, such conjugation
has to pass through stringent scrutiny before being referred
to as a proper theranostic radiopharmaceuticals (RP), (RP =
Radiotracer + Carrier/Vector).

While explaining such theranostic candidates, Schottelius et
al. (4) have used the term “twins in spirit” for a pair which may or
may not be chemically or biologically identical but the diagnostic
counterpart can effectively predict the bio-distribution of the
therapeutic radionuclide. A few examples would be helpful to
visualize the concept of a “matched pair.” So-called matched pairs
or theranostic pairs include: *¥/44Sc-47Sc, ®4Cu-"Cu, 7?As-
77 As, 835r-895y, 86y 90y, 1241 1317 203pp,_212pp, egc. (5-8). All
of these pairs have the combination of B+-p~. 8Y-0Y was
the first matched pair being used for theranostic purposes. In
this pair, Y (T, = 14.7h) provided the p* (B* = 31.9%,
EC = 68.1%) used for imaging and 0y (T1/2 = 2.7 d) is the
B~ emitter (100%) that acted as the therapeutic part. Presently,
the theranostic pair of ®Ga-17Lu has achieved great success
and is in routine use for treatment of neuroendocrine tumors
(NET). %Ga (T12 = 67.6min; 89% positron branching) is
a common PET candidate and is readily available from the
8Ge/%8Ga generator system. *®Ga-tracers, chelated with ligands
like peptides, proteins, or antibodies, are in use for several
diagnostic applications (9). On the other hand, the therapeutic
counterpart, '’Lu (T} s2 = 6.7 d) is a beta-emitter. In a %8Ga-
77Lu combination, ®®Ga does the imaging along with receptor
visualization and antigen expression and '”/Lu is utilized for
radiotherapy (10). For treatment of NET in patients, peptide
receptor radionuclide therapy (PRRT) is usually preferred. In
PRRT, peptide molecule like octreotide (somatostatin analog),
covalently bound to chelators (DOTA, NOTA, etc.), enables the
coordination of B+ (®8Ga)-p~(177Lu) candidates.

Though matched pairs hold a brighter prospect and some
combinations are in the pre-clinical or trial phase, broad

Abbreviations: ALARA, As Low As Reasonably Achievable (taking economic
and social factors into account); DNA, Deoxyribonucleic Acid; DOTA, Dodecane
Tetraacetic Acid (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid); DTPA,
diethylenetriamine pentaacetic acid; EC, Electron Capture; EOB, End of
Bombardment; EOC, End of Collection; HDEHP, di-(2-ethylhexyl) phosphoric
acid; HI, Heavy Ion; HIBA, «-hydroxy butyric acid; ISOL, Isotope Separation
Online; LBE, Lead Bismuth Eutectic; LET, Linear Energy Transfer; LLX,
Liquid Liquid Extraction; Mab, Monoclonal Antibody; NCA, No-Carrier-
added; NET, Neuro Endocrine Tumor; NOTA, Nonane Tetraacetic Acid (1,4,7-
triazacyclononane-1,4,7-triacetic acid); PET, Positron Emission Tomography;
PRRT, Peptide Receptor Radionuclide Therapy; RBE, Relative Biological
Effectiveness; RIB, Radioactive Ion Beam; RP, Radiopharmaceutical; SPECT,
Single-Photon Emission Computed Tomography; TAT, Targeted Alpha Therapy.

level administration is still a constraint and requires more
experiments, practical knowledge, and easy availability of the
concerned radioisotopes.

In recent years, research on various terbium radionuclides
has been carried out mainly by the physics and chemistry
community in and around Geneva. Terbium is referred as
the “Swiss knife” because of its four valuable radioisotopes,
149, 1527Tb, 155Tb, and '®'Tb. Despite their lucrative nuclear
properties useful in diagnosis and therapy and their evolvement
as successful theranostic pair; radionuclidic therapy with terbium
radionuclides is still a challenge due to their low production
cross section. Due to unavailability of these radionuclides in
sufficient quantities, at the moment, only few works have
been reported related to pre-clinical and clinical studies with
terbium radionuclides.

After a brief introduction of these four radionuclides, this
review discusses the methods of production of important terbium
radionuclides by light and heavy ion induced reactions as well
as a spallation reaction followed by the separation of these
radionuclides from the target matrix whenever required.

BRIEF INTRODUCTION TO
RADIOTHERAPY

Radiotherapy can be achieved in conjugation with a-, p-, or
Auger electron emitters. The a-particles have high energy (~4-
9 MeV), and high linear energy transfer (LET >20 to hundreds
of keV/pum). The possibility of ionization per unit path length is
very high for a-particles and therefore cytotoxicity is 5-100 times
higher as compared to p-particles. Because of higher cytotoxicity
and the probability of a large number of ionizations, only
with few a-particle emissions, effective cell killing is achieved
(11) (Figure 1). Alpha particles are generally suitable for small
tumors, isolated, or micro-clustered tumors because of their
short path-length (40-100 wm; ~1-3 cell diameter). The a-
emitting radionuclides like 2! At (7.21 h), 212Bi (60.55 min), 23 Bi
(45.6 min), 22°Ac (10 d), 2!2Pb (10.64h), 2%3Ra (11.43 d), and
M9Th (4.12h) can essentially be used in cancer therapy.

On the other side, the B-particles have medium to high mean
energy (0.5-2.3 MeV) and low LET (~0.2 keV/pm). They have a
longer path-length (pum to few cm, i.e., ~5-150 cell diameter), are
approximately in tissue-level range, and therefore may be suitable
for large tumors or macro-clusters.

Use of Auger electrons was first proposed by Feinendegen
(12). The Auger electrons are very low-energy electrons (eV-
keV) having considerable LET. Their path-length is at subcellular
range (few pm). If the Auger electron emitting radionuclide is
internalized in the cell nucleus with the help of a suitable vector,
then maximum energy deposition occurs close to the cell nucleus.
The conversion or Auger electrons are generally suitable for
isolated or micro-clusters (13-15). Therapy with Auger electrons
is still at its nascent phase and requires much more understanding
related to its bio-distribution kinetics at the subcellular level.

The alpha particles have high LET, lower path length/range
and high relative biological effectiveness (RBE) (16). Alpha
particles are capable of creating dense ionization tracks on DNA
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FIGURE 1 | Path lengths of alpha- and beta- particles at target site.

TABLE 1 | Some potential radio-lanthanides proposed in nuclear medicine.

Radio-lanthanides Decay modes Gamma-energy, keV (I, %)* Bend point €nergy, keV (I, %)* Application
(half-life)* (branching ratio)*

134 a (6.5 min) Bt (63%); EC (37%) 605 (5.0), 511.0 (127.2) 2,709 (62.0) Imaging
140La (1.7 d) B~ (100%) 328.8 (20.3), 487.0 (45.5), 815.8 (23.3), 1,239 (11.0), 1,348 (43.9), 1,677 Therapy

1596.2 (95.4) (20.2)
41Ce (32.5 d) B~ (100%) 145.44 (48.2) 435 (69.7), 580 (30.3) Tracer studies
140Pr (3.4 min) Bt (51 %); EC (49%) 511.0 (102.0) 2,366 (51.0) Imaging
143pr (13.6 d) ~ (100%) No good gamma-energy 934 (100) Therapy
144Pr (17.3 min) [5 (100%) No good gamma-energy 2,997 (97.9) Therapy
49pm (53.1h) B~ (100%) 285.9 (3.1) 1,071 (95.9) Therapy
57Dy (8.1 h) EC (100%) 326.2 (92) - Imaging
165Dy (2.3 h) B~ (100%) 94.7 (3.6) 1,192 (15), 1,287 (83.0) Therapy
166Dy (81.6 h) B~ (100%) 82.5 (14) 404 (97.0) Therapy
166Ho (26.8 h) B~ (100%) 80.6 (6.7) 1,774 (49.9), 1,855 (48.8) Therapy
87Tm (9.2 d) EC (100%) 207.8 (42) - Imaging
170Tm (128.6 d) B~ (99. 86%) EC (0.13%) 84.2 (2.5) 968 (81.9) Therapy
72Tm (63.6 h) - (100%) 1093.6 (6.0), 1387.1 (5.6), 1529.7 (5.1) 414 (10.1), 1,801 (36), 1,880 (29) Therapy
169Yp (32.0 d) EC (100%) 109.8 (17.5), 130.5 (11.3), 177.2 (22.2), - Therapy
197.9 (35.8), 307.7 (10.0)
7Ly 6.7 d) B~ (100%) 112.9 (6.4), 208.36 (11) 175 (11.7), 384 (8.9), 497 (79.4) Therapy

*https.//www.nndc.bnl.gov/nudat2/ (21).

double strands that results in clusters of DNA damage. Such
complex damage results in chromosome aberration, impairment
in reproductive integrity of any cell (cell cycle arrest is shorter),
etc. Such damages are more genotoxic and resistant to normal
repair, resulting in high probability of cell death. Approximately
100-200 keV/pm LET is required for double strand break at the
maximum rate, whereas low LET or gamma radiations result
in sparsely distributed DNA breaks (17-20). It is noteworthy
to mention that the beta particles and alpha particles are
complementary to each other, the former is more interesting for
diffuse or residual diseases, the latter one can be used in mm size
clusters of cancer cells. However, to date, B~ emitters are more
popular in therapy rather than o emitting radionuclides.

INTRODUCTION TO TERBIUM
RADIONUCLIDES

Some of the radioisotopes of the lanthanide series exhibit suitable
half-lives and distinct modes of decay schemes relevant to nuclear

medicine (Table 1). The importance of radio-lanthanides in the
field of nuclear medicine was elaborately reviewed in 1999 (22).
In the last 20 years, the radioisotopes of two lanthanide elements,
Tb and Lu, came in the forefront. 1’’Lu is now regularly being
used in hospitals for in vivo administration to the patients for
therapy. While four radioisotopes of terbium, 14*Tb, 1>2Tb, 1>>Tb,
and '®1Tb came into the center stage of discussion and have been
revealed as some of the most powerful tools for both therapy and
diagnosis in the near future. This review focuses on these four
radioisotopes of terbium in the following section.

The research and interest on terbium radionuclides for human
application has augmented many folds after the initiation of
the CERN MEDICIS (Medical Isotopes Collected from ISOLDE)
project. This new project aims to serve mankind by producing
clinically important radionuclides to be supplied at the local
hospitals. The project was conceptualized in 2012 (23) and on
January 15, 2018, CERN announced that the CERN-MEDICIS
facility had produced its first radioisotope, a batch of terbium
(155Tb), part of the 149152155161 Th family (24).
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TABLE 2 | Properties of four terbium radioisotopes [21, 25].

Radio-isotope Decay modes Particle energy, Particle energy, Evy, keV; (ly %) Comment
(T12) E, (MeV) Egavg (MeV)
149Th (4.12h) EC (82.3 %), a (17.7 %) 3.97 MeV, 0.730 (Total 165.0 (26.4) Path length in normal tissue =
Iy =16.7% lps = 7.1%) 25-28 wm; LET = 140-142 keV/um,
use in a-therapy and/or PET
(Annihilation 511 keV= 14.2%)
352.2 (29.4)
388.6 (18.4)
652.1 (16.2)
152Th (17.5h) EC + B* (100%) _ 1.140 (Total 271.1(9.5), 344.3 (63.5), PET (Annihilation 511 keV= 41%)
lg+ = 20.3%) 586.3 (9.2), 778.9 (5.5)
155Th (5.32 d) EC (100 %) _ _ 105.3 (25.1), 180.1 (7.5), SPECT
262.3 (5.3)
161Th (6.89 d) B~ (100 %) _ 0.154 (Total 25.6 (23.2), 48.9 (17.0), B~ and/or auger therapy
ls— = 101%) 74.6 (10.2)

These four radioisotopes of terbium can provide suitable
matched pairs for theranostic activities. The first in vivo proof-of-
concept in favor of the unique quadruplet family: 4°Tb, 1>2Tb,
15T, 161Th was reported by Miiller et al. (25). Because of
identical chemical properties, formulation of RPs with identical
pharmacokinetics for these species are easily possible. The
potential uses of these four terbium isotopes are given below.
Table 2 provides at-a-glance use of these radioisotopes.

149Tb

It is the only a-emitting radioisotope of Tb and became
promising for targeted alpha therapy (TAT). With a tissue range
of 25-28 um and LET of 140-142 keV/jum, it can be conjugated
with small-molecular weight carriers like peptides that are easily
cleared from the body. *Tb has additional features of emitting
gamma rays (E, = 165 keV, I, = 26.4 %), which helps in its
detection. At the same time, '4°Tb is also p* emitter.

However, the major concern of *Tb-TAT is its large-scale
production. Another important concern about “Tb-TAT is the
decay scheme of *Tb (Figure 2), which is quite complex. The
daughter products of “Tb are long-lived radionuclides, like
9Gd (9.28 d), *°Eu (5.93 d), 1*>Sm (340 d), '*Eu (93.1 d), etc.
More research is required to elucidate any complexity arising due
to in vivo presence of these 1*°Tb-decay products. For example,
a preliminary dose evaluation related to retention of residual
radioactivity after injection of 1 GBq *°Tb-rituximab conjugate
in a patient’s system was estimated at several time-intervals. It
was estimated that after 1 year, 100 kBq *’Eu, 41 kBq '4°Sm, 2.2
kBq 4°Pm, and after 10 years, 50 Bq '**Sm, 3.1 Bq **Pm will
remain within the patient system (26). In such situations, bio-
distribution profiling should be at par with ALARA principle.
Several trials need to be carried out to reduce toxicity to non-
target tissues.

152Tb

132Th is a multiple - emitter with prominent end-point
energies at 2,620 keV (5.9%) and 2,970 keV (8%). As a
diagnostic tool, it is suitable for dosimetry and monitoring

of 49/161Thradioligands. '°>Tb can be the companion PET
isotope in combination with other therapeutic radioisotopes in a
theranostic approach. 1°2Tb is also a potential SPECT candidate
due its multiple gamma lines. At the same time this multiple
gamma-rays emission is a drawback when it is used as PET
isotope due to increased radiation burden (27). To understand
the bio-kinetic behavior of radio-lanthanides in vivo, Beyer (28)
probed the efficacy of '**Tb and >2Tb in PET imaging, where it
was realized that scan quality with '>2Tb is significantly better
than that obtained for *°Tb. Also, Beyer (28) indicated that
12Tb could be used for in vivo dosimetry to monitor *°Tb
bio-distribution in radiotherapy.

155Tb

This radionuclide is a potential SPECT candidate. It can provide
insight into the malignancy stages and may also be used for
dosimetry calculation prior to therapy. In a matched-pair of
155Th-161Th, 155 Th may be beneficial for pre-therapeutic imaging
and dosimetry prior to targeted therapy by '°'Tb (29). With
y-energies at 87 keV (32%) and 105 keV (25%), 155Th may
have further applications in gamma camera scintigraphy (30).
Recently, the clinical use of 1> Tb- DOTATOC as human PET/CT
agent was evaluated by Baum et al. (31).

161Tb

1ITh has interesting decay characteristics that make it a
promising radionuclide in nuclear oncology. 1®! Tb mainly decays
by release of B~ particles, but it also emits Auger electrons. It
is believed that high LET of Auger electrons can be effective in
reducing the survival capacity of cancer cells. On an average,
2.24 Auger and conversion electrons are emitted along with one
beta-particle per decay (21, 30). Based on the pre-clinical studies
and comparison with '7’Lu, use of '®!Tb for cancer therapy
showed minimal or nil side effects to kidneys (29). According to
theoretical simulations, in many cases '°' Tb proves to be a better
therapeutic candidate when compared to prevalent standard and
non-standard therapeutic radioisotopes (32).
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FIGURE 2 | Decay series of Th ('6'Tb, '%Tb, 52Tb, '49Tb) radioisotopes.

PRODUCTION OF TERBIUM
RADIONUCLIDES

The production in sufficient amounts and its separation in a no-
carrier-added (NCA) state from the target matrix are the two
most important criteria for any radionuclide to be used in the
field of nuclear medicine. But in practice, a hurdle lies in the
production of terbium radionuclides in an adequate quantity
[except '®!'Tb, which can be produced in a reactor following a
180Gd(n, y)!%'Gd(B7)'®'Tb reaction]. All possible production
routes, i.e., (a) light ion induced reactions, (b) heavy ion induced
reactions, and (c) spallation reactions have been exploited by
scientists all over the world. Literature on their production and
excitation function dates back to 1963. An overview of such
attempts has been described below in nutshell.

Production of Terbium Radionuclides by
Light Charged Particle Activation

Large numbers of neutron deficient clinically important
radionuclides are produced in particle accelerators by light
charged particle activation. The production cross sections
of these radionuclides by light charged particle induced
reactions are usually very high, which is not exactly true for
terbium radionuclides.

The radionuclide *°Tb can be produced by >2Gd(p,4n)
reaction, which has several distinct disadvantages. The most

important is that the natural abundance of '>>Gd is only 0.2%,
and at present about a 30% level of enrichment is possible. Due to
partial enrichment, the reaction channels from other Gd isotopes
would open up and the final product would be contaminated by
other longer-lived terbium and rare earth isotopes. Moreover, the
radiochemical separation of NCA **Tb from neighboring bulk
target or other co-produced radionuclides is a difficult task due
to the similar chemical properties of the lanthanide elements.
Steyn et al. (33) had measured the cross sections of proton-
induced reactions on ®2Gd, !%°Gd, and *°Tb with emphasis
on the production of clinically important terbium radionuclides
in a new generation commercially available 70 MeV cyclotron.
The measured data was compared with different Monte Carlo
simulation codes like ALICE. The authors have shown very high
thick target yield of **Tb and '>2Tb is possible through the
nuclear reactions of '>2Gd(p,4n)!**Tb and '>>Gd(p,4n)'>>Tb,
respectively, provided highly enriched targets of °2Gd and
155Gd are used. It should be noted that close to 100% enrichment
level of 15°Gd is possible. In the energy window of 66-30 MeV,
production of 2,556 MBq/jLAh of **Tb and 1,924 MBq/nAh
of 152Tb is achievable. However, due to the opening up of other
reaction channels and also the impurity of other Gd isotopes
in the target matrix, there will be Dy and Tb radionuclides
contamination in both the *Tb and '>2Tb fractions. The
indirect production route through *°Tb(p,5n)!**Dy(e)!*>Tb
can also provide high yields of !>>Tb. The advantage of this route
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is that '®Tb is the only naturally occurring stable isotope of
terbium. The prominent disadvantage is that the product '>>Tb
is not in a no-carrier-added state, and always associated with
bulk terbium. Also the yield would be contaminated by other
dysprosium radioisotopes and their daughter products through
19Tb(p,xn) 315719 Dy () 19315719 reactions. A highly
efficient chemistry can exclude the dysprosium radionuclides
but neither the bulk terbium nor the isotopic impurities of other
terbium radionuclides.

On the contrary, Giiray et al. (34) measured cross section
of 2Gd(p,n)!*?Tb reaction in a much lower energy range.
The astrophysical gamma process was the motivation behind
their experiment. Nevertheless, they observed about ~101 mb
cross section at 8 MeV for the above reaction. However, along
with 1°2Tb, 3Tb would be co-produced via *2Gd(p,y)'>>Tb
reaction with ~4 mb cross-section at 8 MeV. Another interesting
experiment with comparatively low energy proton for production
of 152155Th was carried out in Garching tandem accelerator
(35). They produced >Tb by irradiating a unique ion-implanted
152Gd target (enrichment > 99%) with 8 and 12 MeV protons.
The main purpose of this experiment was to determine activity
ratios of potential co-produced radionuclides with respect to
152Tb. They concluded that 12 MeV proton energy is suitable
for 1>2Tb production with <1% contamination from '*>Tb. The
radioisotopic purity of 2 Tb can further be improved by playing
with the thickness of the target and reducing the proton beam
energy to 10 or 11 MeV.

Recently, Formento-Cavaier et al. (36) measured the
production cross section and yield of *°Tb from the irradiation
of a natural gadolinium target with a 70-58 MeV proton
beam. They also evaluated the production cross section of
other co-produced terbium radionuclides. However, they
recorded only 7.1 mb production cross section of 4°Tb at 69.8
MeV projectile energy, produced through "Gd(p,x)**Tb
reaction. At the same energy, the cross sections of other terbium
radionuclides were measured as 31 mb (!°°Tb), 96 mb (*'Tb),
114mb (>2Tb), and 124mb (>3Tb). Authors estimated that
~40 MBq/ pAh integrated yield of *°Tb in 2.74mm thick
Gd target could be possible. But the desired radioisotope
would be contaminated by the comparatively longer-lived
Tb radioisotopes.

Similarly,  deuteron-induced  reactions also
studied for terbium radionuclide production. Exhaustive
theoretical and experimental cross section data of
natG(d,xn)!5H152155154155156 160,161 T reactions  in  the
projectile energy range 5-50 MeV have been provided by
Tarkanyi et al. (37). Though considerably good cross section
was obtained but the production of long-lived Tb isotopes
could not be avoided along with the useful Tb radionuclides.
Szelecsényi et al. (38) had re-measured excitation function for the
natGd(d,xn)!*>Tb and "Gd(d,xn)'°' Tb reactions from 4.2 to 21
MeV projectile energy. The cross-section of 1>>Tb is considerably
high but the co-formation of long-lived Tb radioisotopes made
the process unacceptable. Similarly, the amount of **Tb would
be higher than 161Tb, therefore it is also not possible to produce
only ! Tb by deuteron irradiation. Authors decisively concluded
that low energy deuteron irradiation either on a natural or on a

were

highly enriched Gd target would not produce isotopically pure
NCA '**Tb or '*!Tb.

Duchemin et al. (39) measured the excitation function
of natGd(d,X)151’152’153’154m1’154m2’155’156g’160’161Tb over the
deuteron energy range 10-34 MeV. Though the highest
production cross section of '3>Tb was observed at 24.6 MeV
deuteron beam, again it would be contaminated by other Tb and
Gd radioisotopes.

Zagryadskii et al. (40) examined the efficacy of the production
of 9Tb through "'Eu(*He,5n)'**Tb reaction in the energy
range of 70-40 MeV. The thick target yield of *°Tb was
129 MBq/uAh, which is a considerably high yield for in vivo
application. However, high radioisotopic impurities due to other
exposed reaction channels were also observed. For example, *He
bombardment on »'Eu co-produced 75 MBq/uAh “8Tb, 335
MBq/uAh 0Tb, 845 MBq/;tAh ! Tb, and 98 MBq/itAh °2Tb
along with the desired **Tb radionuclide. Therefore, though
a high production rate is observed for *Tb or !>2Tb, unless
the technology is developed to couple highly efficient isotope
separation technique with commercial 70 MeV cyclotron, the
high yield is practically of no use. Moiseeva et al. (41) also
reported the same route, i.e., production of *Tb by irradiation
of 97% enriched '>'Eu target with 70 MeV *He. They calculated
about 38.7 + 7.7 MBq/pAh thick target yield of **Tb through
151Ey(3He,5n) reaction (Ep = 70-30 MeV). The yield would be
quite good for successful administration into patients body but
unfortunately the yields of >®!>1152Th are much higher than
H9Tb, Therefore, possibility for production of radioisotopically
pure "9Tb is ruled out.

In the case of @-induced reactions, 152Gd(ot,7n)149Dy(z2)149Tb
reaction would give the highest yield, but the required projectile
energy is of the order of 100 MeV, commonly unavailable
in commercial cyclotrons. Moreover, the abundance of *2Gd
remains too low (42).

Light particle induced reactions on some particular isotopes
like 1°2Gd exhibits very high production cross sections of terbium
radionuclides. However, natural abundance of these isotopes is
very low, and sufficient technological advancement is required to
increase the enrichment factors of these isotopes to a considerable
level. Even if highly enriched targets are available, one cannot
avoid production of other long-lived terbium radionuclides. To
resolve this issue, commercial cyclotrons should be coupled with
an isotope separator. Moreover, in some cases, as discussed above,
higher projectile energy (e.g., 50 MeV proton or 100 MeV «)
is required for high production yield of terbium radionuclides.
Productions of terbium radionuclide in high quantity with high
radioisotopic purity, especially production of “*Tb (the key
radionuclide in terbium quadruplet) by light charged particle
(p» d, *He or “He) induced reactions is not possible to date.
Therefore, scientists have also explored the possibility of terbium
quadruplet production by heavy ion activation.

Production of Terbium Radionuclides by
Heavy lon (HI) Activation

Various nuclear reactions for heavy ion induced productions of
terbium radioisotopes have been theoretically and experimentally
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explored for a long time. Amongst these 4! Pr(12C,xn)! 4~ 151 Tb,
natNd(12C xn) 149150153 Dy () 149,150-153 T,
142Nd(10B,3n)149Tb, 142Nd(11B,4n)149Tb, 144Nd(10B,5n)149Tb,
140Ce(14N,5n)149Tb, “atCe(mO,xn)149’151_153Dy(8)149’151_153Tb,
and '¥La(1°0,xn) 14>1LI52Th are noteworthy to mention.

Alexander and Simonoff (43) measured excitation functions
of 12 heavy ion induced reactions that produce '**Tb. They
used different projectiles like 1°B, !B, 12C, 1N, N, 160,
80, and '°F in combination with a variety of target isotopes
from Ba to Nd, among which #!Pr is the only naturally
abundant mononuclide target. Later, Kossakowski et al. (44)
measured cross section of '41Pr(}2C,4n)!*°Tb. Interestingly
the cross section was two orders of magnitude higher than
that of Alexander and Simonoff (43). This discrepancy and
the importance of "*Tb prompted Maiti (45) to re-measure
the excitation function of !'Pr(2C,4n)"*°Tb reaction over
a 79-44 MeV incident projectile energy range. The results
of Maiti (45) were not encouraging for heavy ion assisted
production of 9Tb and supported the low cross section
values earlier reported by Alexander and Simonoft (43). Beyer
et al. (42, 46) also attempted the production of *°Tb via
Mpr(12C,4n)"*Tb and 2Nd(*2C,5n)*Dy(e)**Tb reactions
at JINR Dubna. In the case of the Nd target, Beyer et al.
(42) achieved a reasonably higher yield, 2.2 MBq/uuAh at the
EOB. However, in this report the authors were silent about the
co-produced radionuclides.

It is noteworthy to mention that many of the early attempts
for heavy ion assisted production of terbium radionuclides were
contributed from our group. For example, CeO, target was
irradiated with 80 MeV '°O, which produced *11°>153Dy and
their daughter products I5LIS2153TY i the matrix (47). We also
calculated theoretical excitation function of 4°Ce(1¢0,4n)!>2 Dy,
1492Ce(160,6n)!52Dy along with 140142Ce(160,xn)!5115Dy by
Monte Carlo simulation code PACE 2. Interestingly the
production cross sections of °1!%3Dy were found to be
much higher than !*’Dy. Studies on the production of
terbium radionuclides were further continued by irradiating
an Nd,O; target with '2C, which produced '*°~'**Dy and
their daughter products **~1>*Tb radionuclides in the matrix
(48). However, the yield of the radionuclides was low and
not sufficient for in vivo applications. Due to the restrictions
of BARC-TIFR pelletron (Mumbai, India), we could irradiate
the Nd,O3 target with a maximum 83 MeV 12C beam. Here
also, excitation functions of 142144146Nd(12Cxn)1P0151152153 py
reactions were calculated by PACE 2 code. It was found
that the production cross section of 1°?Dy is comparable
with those of 1°¢15L13Dy and therefore '>*Tb (decay product
of 1>2Dy) would always be contaminated by longer-lived
isotopes of Dy and Tb. We have also attempted production
of 15LI52TY by 160 irradiation on La,;Os target (49). The
advantage of this method is that terbium radionuclides are
directly produced through !**La('°0,xn)!>V152Th reaction,
not through the decay of dysprosium radionuclides like
earlier examples.

In Table 3 we have provided a concise picture of various
attempts of terbium radionuclides production by light and heavy
ion induced reactions.

Production of Terbium Radionuclides by

Spallation Reaction

The other option left for the production of terbium radionuclides
with high purity and in high quantity is spallation induced
reactions. One of the major constraints of spallation reaction is
that such high energy facilities are limited to only few centers
worldwide. Nevertheless, a glimpse of vibrant research carried
out in such advanced centers to produce terbium radionuclides
has been given below.

Literature is available on the production of 1**Tb by spallation
reaction even in 1966, though the aim of the experiment
was something else. Franz and Friedlander (53) measured the
production cross section of *Tb from 0.6 to 30 GeV proton
induced reaction on Au target. The reported cross sections were
rather low, e.g., for 1.4 GeV proton beam, the production cross
section of 8Tb was only about 10 mb. Heydegger and Van
Ginneken (54) re-measured the production cross section of 14°Tb
produced from 0.2 to 0.4 GeV proton induced reaction on gold
target. They reported a still lower cross section, ~5 ub at 0.4
GeV energy.

The CERN-ISOLDE has the lead role in research on
production of terbium quadruplet radioisotopes by the impact of
high energy proton. Allen et al. (55) irradiated a Ta foil target by
1 GeV protons at CERN proton accelerator in order to produce
radio-lanthanides by spallation reaction. The products of A =
152 were collected by an online mass separator at the ISOLDE
on high purity Al catcher foil, and later on, they detected > Tb
in the catcher foil in considerable amounts. Beyer et al. (42)
irradiated a thick Ta foil (112g cm™2) by 1-2 WA integrated
beam current, 1.4 GeV proton beam from the CERN PS booster
and obtained about 500 MBq “*Tb at the end of collection
(EOC), after 4-8 h bombardment. Later on, isobars of 149 mass
numbers were collected using the ISOLDE facility at CERN into
a thin layer of KNO3, which was molten on Al-backings. In
another experiment (31), a Ta-foil implanted into thin KNO3
layer on an aluminum holder was irradiated with 1.4 GeV
protons at the CERN-ISOLDE facility. In both the experiments,
radiochemical separation of the desired isotope was required,
which has been described in section Chemical Separation of
Terbium Radionuclides From the Target Matrix.

Recently, Verhoeven et al. (56) measured the spallation cross
sections for the production of *°Tb from a tantalum target at
different proton energies from 0.3 to 1.7 GeV. They observed that
the highest production cross section of **Tb from a Ta target
is around 1.1 and 1.3 GeV energy range. From this data they
concluded that the operating energy at CERN-ISOLDE (1.4 GeV)
is not optimum for '**Tb production. A lower proton energy (1.3
GeV) would give a much higher yield of **Tb.

In the CERN-MEDICIS facility, the terbium radionuclides,
149Th, 152Th, and 1>>Tb are produced in 1.4 GeV proton induced
spallation on Ta-Re targets placed behind the ISOLDE-HRS
target. Typical irradiation lasts for 12-16 h. About 38 GBq **Tb,
37 GBq '>2Tb, and 5.3 GBq !'®>Tb in target activity can be
produced. However, the extraction efficiency is ~1%, with a wide
scope for improvement. The 1°!Tb is produced in UCy-Re target
with in-target activity of 19 MBq and 1% extraction efficiency.
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TABLE 3 | Available production cross section data of terbium radionuclides.

Nuclear reaction Projectile energy, MeV  Cross section (0ax), mb  Comment References
152Gl(p,4n)*9Tb 41.31 248 (393)
155Gd(p,4n)'%2Tb 48.2 821
natGd (p,x)'49Th 69.8 7 150,151,153 will also be produced in considerable amount (36)
natGd (p,x)'%%Th 114
152Gd(p,n)1%?Tb 8 101 153Tb is co-produced with 4 mb cross section (34
159Th(p,n)152Th o7 244 (50)
natGd (d,x)192195:161Th 49.2 152Th = 98.2 151,154,186,160Th jsotopes are co-produced (37)
421 155Th = 376
10.9 161Th = 234
natGd (d,x) 152161 Tp 21.1 155Th = 269 156,160Th sotopes are co-produced (38)
9.6 161Th = 39
natGd (d,x) 192195 Tp 33.34 152Th = 14.4 163,154m1,154m2,1569,160T}y gng 153.199Gd isotopes are co-produced (39)
in high quantity
24.56 155Th = 317.7
ratGl (a,%)'55Th 73.4 304.43 (51)
141py(12C xn) 49 Th 77.4 408 (44)
141pr(14N,p5n) 149Th 101 220
141Pr(12C,xn)149-151Tp 62.1 149Th = 27.3 Very high production cross section of 14°Gd (45)
52.9 150Th = 36.4
541 %1Th = 32.7
152Gm(7Lj,4n)'55Th 38 669 (52)

16ITh can also be produced after bombardment of neutrons
on highly enriched ®°Gd targets at spallation neutron source
(SINQ) of Paul Scherrer Institute (PSI), Switzerland or at a high-
flux nuclear reactor at Laue-Langevin (ILL) situated in France
(57). The SPES-ISOLPHARM facility in Italy is also planning to
produce '52Tb, 155Tb, 13Tb, 1Tb radioisotopes by high flux
protons bombardment on Gd targets (58).

In a recent experiment, our group had irradiated lead
bismuth eutectic (LBE) targets at CERN-ISOLDE by a 1.4 GeV
proton beam. The LBE targets have been proposed as converter
targets and would be used worldwide in next-generation RIB
facilities. We have assessed all the radionuclides produced by the
interaction of 1.4 GeV proton beam in the LBE matrix and found
numbers of clinically important radionuclides including some of
the radionuclides of the Swiss-knife family. It is estimated that
about 4.5 MBq/puAh *9Tb and >!'Tb will be produced in 50 mm
long and 6 mm diameter LBE targets, which is a considerable
amount for in vivo applications if it can be separated using ISOL
or similar facilities (59).

CHEMICAL SEPARATION OF TERBIUM
RADIONUCLIDES FROM THE TARGET
MATRIX

For in vivo application, any radionuclide should be free from the
target matrix and chemistry has an important role. There are only
a few reports available in literature related to the radiochemical
separations of terbium radionuclides. Earlier, production of NCA
161Th was attempted by Subhodaya et al. (60) by the neutron

activation of natural gadolinium, and subsequent B decay of
161Gd to 161Tb. The NCA '1'Tb was separated from gadolinium
target by Dowex 50 resin using «-hydroxybutyric acid (HIBA)
at pH 4.4 as eluent. All the lanthanide elements have similar
properties. The separation is even difficult and a colossal task
when no-carrier-added lanthanide has to be separated from the
adjacent bulk amount lanthanide. Though Subhodaya et al. (60)
reported considerable amounts of separation of 1*''Tb from the
bulk gadolinium target, they could not achieve enough purity
required for clinical application.

Liquid Liquid extraction (LLX) technique was utilized to
separate 1PLIS2153Dy SLISZISSThL from the '°0 irradiated
ceric oxide target (47). The irradiated target was dissolved
in a mixture of conc. HNO3; and H,SO4 acid, evaporated to
dryness, and finally taken into 10~3 M HCI medium. The liquid
cation exchanger, di-(2-ethylhexyl)phosphoric acid (HDEHP)
dissolved in cyclohexane was used as extractant. An excellent
separation was achieved where the organic phase contained only
ISLISLIS3Th (~90% chemical yield) without any contamination
of co-produced Dy radionuclides or bulk Ce target. Similarly,
an attempt was made to separate NCA 1°~153Tb radionuclides
from !2C irradiated Nd, Oj target and the co-produced *~15*Dy
radionuclides (48). The same reagent, i.e., HDEHP was used and
150=153Th could be separated with high radiochemical purity.

As discussed in section Production of terbium radionuclides
by spallation reaction, Beyer et al. (42) bombarded a Ta target
with a 1.4 GeV proton beam for 4-8h and collected the A =
149 isobars. Since the half-life of **Tb is comparable to the time
of collection, the *°Tb was contaminated by its decay products,
9Gd and "Eu. Moreover, !¥3Ce and '**La in the form of
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TABLE 4 | Radiochemical separation of no-carrier-added terbium radionuclides.

Nuclear reaction Radiochemical separation Separation factors (S) References
Gd(n,y)'6"'Gd(e)'®' Tbr Extraction using DOWEX 50 resin, and a- HIBA (60)
as. eluent at pH 4.4

NaNG(12C,xn) 190188 Dy () 150193 T LLX: HDEHP/cyclohexane and HCI Stong = 100 (48)

SDy/Nd = 390

STb/Dy =38
natGe(160,xn) 191~ 158Dy () 151193 T LLX: HDEHP/cyclohexane and HCI Stbjce = 657 47)

Sby/ce = 41,157

STb/Dy =38
TTPr(12C,xn) 149151 T LLX: HDEHP/cyclohexane and HCI Stppr = 470,000 (63)

Saapr = 394

Stojad = 52,000
189 5(160, xn) 1491511527 LLX: HDEHP/cyclohexane and HCI Stoja =816 (49)
Proton induced spallation on Ta target, Adsorption in cation exchange; AMINEX-A5, 149Th was eluted first without contamination (42)
followed by collection of A = 149 fraction by followed by elution with a-HIBA from other radionuclides
ISOL which contained "°Tb, 4°Gd, "*°Eu,
133ceo+J 133|_ao+
142Nd(2C,5n)"*9Dy(e)'*°Tb Tb, Gd separation, elution with a-HIBA (64, 65)
Separation study of isobaric “9Th and '33Ce Extraction chromatography using UTEVA, 149Tb was eluted first, later Ce was eluted by 61)
TEVA, TK-100, AG-1 resin, 8 M HNO3 HCI

Gd(n,y)'®"Gd(¢)"®' Tb Extraction chromatography using LN resin, (62, 66)

0.8Mand 3M HNOg

pseudo-isobaric ions, 3*CeO™ and '3 LaO™, also contaminated
the Tb fraction. Therefore, radiochemical separation was
mandatory to get pure *°Tb. Beyer et al. (42) separated the
radio-lanthanides by cation exchange chromatography with
Aminex A5 resin. The radio-lanthanides were eluted with o-
hydroxyisobutyric acid (a-HIBA) at pH 5.0. *°Tb was eluted
first followed by *°Gd and **Eu. The pseudo-isobars !3*CeO+
and 13*LaO" were eluted at the end. A similar study on the
chemical separation of 1>>Tb from pseudo-isobaric 3°Ce'®O was
reported by Webster et al. (61). In this study, sodium bromate
was used to oxidize Ce(II) to Ce(IV). Pre-packed commercial
resins like UTEVA, TEVA, TK100, and AG1 were used for
extraction chromatographic studies. 8 M HNO3 could elute
155Tb without contamination from Ce, which was later eluted
by 0.1 M HCL.

Aziz and Artha (62) reported the separation of '®'Tb
from bulk Gd target by extraction chromatography using LN
resin. 1%!Tb was produced by thermal neutron irradiation of
natural Gd,O3. The bulk Gd was eluted first by 0.8 M HNO;
followed by elution of °'Tb by 3M HNO3. Authors reported
that about 70% of '®'Tb could be recovered with >99%
radionuclide purity.

Maiti et al. (63) irradiated natural praseodymium target with
72 MeV '2C beam and produced NCA 49150151Th radionuclides
along with 1%°Gd in the matrix. After production, the NCA
terbium radionuclides were separated from the target by LLX
using HDEHP/cyclohexane as liquid cation exchanger. The
terbium radionuclides, 11! Tb were extracted in the organic
phase and was back extracted by DTPA. As high as a 10°
separation factor was achieved between bulk Pr and NCA
Tb radionuclides (63).

Therefore, the role of chemical separation cannot be ignored
even in the presence of the ISOL technique. In Table 4 we have
provided the list of radioanalytical chemistry developed so far for
separation of terbium radionuclides.

CONCLUSION

The use of terbium radionuclides for TAT, to deliver very small
radiation doses exactly where they are needed to avoid destroying
the surrounding healthy tissues, would be a great jump in
the field of nuclear medicine. However, the research with the
theranostics terbium quadruplet radionuclides are limited mainly
in and around Geneva city. Only a handful numbers of pre-
clinical trials have been conducted. Many more such studies are
required before their direct administration to the human body
for therapy or diagnosis. The main constraint is the limited
scope for production of the terbium radionuclides in sufficient
amounts due to the costs of highly enriched targets, low reaction
cross section, radioactive impurities, presence of non-radioactive
isotope, etc. Isotope separation on-line (ISOL) has become
the much-sorted accelerator technology at present and is also
the future to solve the riddle of terbium isotope production.
Following the CERN’s success, many mega facilities for RIB
research, like ISAC, Canada; ISOL@MYRRHA, Belgium; J-PARC
ISOL, Japan; ISOLPHARM, Italy, etc., have now dedicated some
of their programs to medical research and the production of
isotopes. In fact, dedication of research toward the direct benefit
of mankind will also help these centers to sustain the research
on fundamental science. However, one has to keep in mind that
the research facilities can only help to start medical programs

Frontiers in Medicine | www.frontiersin.org

45

May 2021 | Volume 8 | Article 675014


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Naskar and Lahiri

Production of Terbium Radionuclides

to make the proof of concept. It is important that the industry
should take over at some points to consolidate production. It is
also necessary to develop techniques that are affordable and easy
to handle.
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Pre-targeting approaches based on the inverse-electron-demand Diels-Alder (iEDDA)
reaction between strained trans-cyclooctenes (TCO) and electron-deficient tetrazines
(Tz) have emerged in recent years as valid alternatives to classic targeted strategies
to improve the diagnostic and therapeutic properties of radioactive probes. To explore
these pre-targeting strategies based on in vivo click chemistry, a small family of clickable
chelators was synthesized and radiolabelled with medically relevant trivalent radiometals.
The structure of the clickable chelators was diversified to modulate the pharmacokinetics
of the resulting ['!'In]In-radiocomplexes, as assessed upon injection in healthy mice.
The derivative DOTA-Tz was chosen to pursue the studies upon radiolabelling with
90V, vielding a radiocomplex with high specific activity, high radiochemical yields and
suitable in vitro stability. The [2°Y]Y-DOTA-Tz complex was evaluated in a prostate
cancer PC3 xenograft by ex-vivo biodistribution studies and Cerenkov luminescence
imaging (CLI). The results highlighted a quick elimination through the renal system and no
relevant accumulation in non-target organs or non-specific tumor uptake. Furthermore, a
clickable bombesin antagonist was injected in PC3 tumor-bearing mice followed by the
radiocomplex [29Y]Y-DOTA-Tz, and the mice imaged by CLI at different post-injection
times (p.i.). Analysis of the images 15min and 1h p.i. pointed out an encouraging
quick tumor uptake with a fast washout, providing a preliminary proof of concept of
the usefulness of the designed clickable complexes for pre-targeting strategies. To the
best of our knowledge, the use of peptide antagonists for this purpose was not explored
before. Further investigations are needed to optimize the pre-targeting approach based
on this type of biomolecules and evaluate its eventual advantages.
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Radiocomplexes for Pre-targeting Theranostics

INTRODUCTION

Radiometals have always played a pivotal role in nuclear
medicine and, in recent years, the renewed interest in
theranostics further contributed to their spread and popularity
(1-3). This broad group of radioisotopes in fact, is extremely
diverse and includes alpha, beta and Auger emitters for therapy as
well as gamma and positron emitters for SPECT and PET imaging
(4, 5). The macrocycle DOTA is considered one of the gold
standards in nuclear medicine and in the last 25 years, DOTA-
based chelators had a tremendous impact in various medical
imaging modalities such as PET, SPECT, MRI and fluorescence
imaging (6). Its widespread use is mainly due to its versatility that
allows the complexation of different metal ions, but also to its
easy functionalization, allowing the most diversified pre-clinical
and clinical applications (7-10).

Beside their well-established use in classical targeted
radionuclide therapy, radiometal complexes have also been
successfully applied to pre-targeting strategies, an approach
used in several pre-clinical studies to achieve higher tumor/non-
tumor ratio and reduce the overall radiation exposure. Amongst
the several pre-targeting systems available, the inverse electron
demand Diels-Alder (iEDDA) click reaction between tetrazines
(Tz) and trans-cyclooctenes (TCO), emerged because of its
extremely fast kinetics and high in vivo specificity (11). Due
to their high reactivity, Tz and TCO can undergo degradation
or isomerization processes in vivo leading to the loss of their
functionality. However, most of these processes are nowadays
known and several derivatives with improved chemical stability
have been developed (12, 13). The targeting biomolecule is
injected first and, when a satisfactory target accumulation is
achieved, is followed by the injection of the radiolabelled small
molecule to produce the desired on-site and in vivo conjugation
(14-17). This approach has proven to be especially useful in
radioimmunotherapy (RIT), since the slow pharmacokinetics
of antibodies requires several days for their accumulation
in the tumor and delivers high radiation doses to healthy
tissues (18, 19). Several groups have been reporting on the
synthesis of tetrazine containing DOTA-based chelators in
the last years upon functionalization with different pegylated
linkers and albumin-binding moieties aiming to improve their
pharmacokinetic behavior for imaging and therapeutic purposes
(20-23). Recently, the theranostic couple %4Cu and %Cu
(positron and B~ emitter, respectively) were used in pre-targeted
radioimmunotherapy (PRIT) and demonstrated an excellent
correlation between the uptake observed in the PET scans and
the dose-dependent therapeutic response (24).

In this work, we describe the synthesis and characterization
of a small family of DOTA-like clickable chelators for radiometal
labeling, shown in Figure 1. These ligands were functionalized
with a clickable tetrazine moiety to develop pre-targeting
strategies through bio-orthogonal and in vivo click chemistry.
The choice of the Tz scaffold was based on the easiness of the
chemical synthesis and on a compromise between the chemical
stability and reactivity for in vivo application (12). The chelators,
based on DOTA and DOTAGA scaffolds, differ in the number
of carboxylate arms and form radiocomplexes with different

net charges. Further chemical diversification was obtained by
insertion of a polyethylene glycol (PEG) linker in two of the
four derivatives. The structural diversity introduced aimed at
the modulation of the pharmacokinetics, since DOTA-based
radiocomplexes are generally highly hydrophilic and are quickly
eliminated from the organism. The overall hydrophilicity and
especially the final net charge of the resulting radiocomplexes
have been previously reported as crucial parameters to determine
their metabolic path through the kidneys or the liver (25-27).
The insertion of a pegylated linker, on the other hand, has
been associated with a slower blood-clearance and might help to
increase the circulation time of the radiocomplexes in the body
(21, 28).

The compounds were radiolabelled first with !'In, a
radionuclide widely used as a surrogate of therapeutic p~
emitters, with a relatively similar chemistry and easily available
at rather economical prices. The ['!!'In]In-radiocomplexes
were evaluated for their in vitro stability and successively
injected in healthy mice to study their pharmacokinetic
profile. The best performing clickable chelator, identified
based on the studies with !''In, was then also radiolabelled
with the therapeutic radionuclide *°Y. Biodistribution studies
and Cerenkov luminescence imaging (CLI) studies were also
performed for the [*°Y]Y-radiocomplex, using a prostate cancer
PC3 xenograft, in order to verify possible non-specific retention
in the tumors and/or tumor microenvironment, which could
compromise its suitability to pre-targeting strategies for cancer
theranostics. To have a first insight on its suitability for
this purpose, we have evaluated the in vivo reaction of
this [*°Y]Y-radiocomplex with a clickable TCO-containing
bombesin antagonist (TCO-PEG4-AR) targeted at the gastrin
releasing peptide receptor (GRPr) that is overexpressed in PC3
tumors (29).

MATERIALS AND METHODS

Chemical Synthesis

The clickable chelators were obtained starting from the
tetrazine containing precursors Tz (5) and Tz-PEG (6). These
precursors were successively coupled with the commercially
available DOTA-NHS ester and DOTAGA-anhydride, as shown
in Figure 1. The couplings were carried out in dry DMF in
the presence of NEt; and by stirring the reaction mixture
at room temperatures during 3h to afford the desired final
compounds DOTA-Tz (1), DOTAPEG-Tz (2), DOTAGA-Tz
(3) and DOTAGAPEG-Tz (4). The chemical synthesis of the
derivative DOTAGA-Tz (3) has been previously reported (23).
The clickable TCO-containing bombesin antagonist (TCO-
PEG4-AR) was performed by coupling the peptide D-Phe-Gln-
Trp-Ala-Val-Gly-His-Sta-Leu-NH; (AR) with TCO-PEG4-NHS,
in solution and in presence of DIPEA. The chemical synthesis,
purification and characterization of the different compounds are
detailed in the Supplementary Material.

Radiosynthesis
The synthesis of the different clickable radiocomplexes
is presented below; the synthesis of the radioconjugates
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FIGURE 1 | The clickable chelators DOTA-Tz (1), DOTA-PEG-Tz (2), DOTAGA-Tz (3) and DOTAGA-PEG-Tz (4) synthesized by coupling the commercially available
DOTA-NHS and DOTAGA anhydride with the clickable precursors Tz (5) and Tz-PEG (6).

[Mn]In-DOTA-Tz-TCO-PEG4-AR  and  [*°Y]Y-DOTA-Tz-
TCO-PEG4-AR is described in the Supplementary Material.

['"'In]In-Radiocomplexes

DOTA-Tz, DOTAPEG-Tz, DOTAGA-Tz, and DOTAGAPEG-
Tz were dissolved into 0.1 M ammonium acetate buffer at pH
7 to obtain aliquots with a final concentration of 100 wM
(~3-5 pL of the ligands in 30-50 pL of buffer). Then, ~15
MBq of [""1n]InCl; (30-50 wL) were added and the mixtures
were incubated at 80°C for 15min. The radiochemical yield
of [""In]In-DOTA-PEG-Tz and [''!'In]In-DOTAGA-PEG-Tz
was above 95% and the radiocomplexes were used without
further purification. The radiocomplexes [''!In]In-DOTA-Tz
and ['MIn]In-DOTAGA-Tz were obtained with an average
radiochemical yield (RCY) of 80%. A HPLC purification was
performed to isolate the desired radiocomplexes in very high
radiochemical purity (>95%) using the Radiometric System
I described in the Supplementary Material. The chemical
identity of the radiocomplexes was confirmed by HPLC co-
injection of the corresponding cold In(III) complexes (see the

Supplementary Material) and comparison of the respective UV-

chromatograms with the gamma-chromatograms.
[""'In]In-DOTA-Tz (RCY = 80%, Rt = 12.2 min).
['"'In]In-DOTAGA-Tz (RCY = 80%, Rt = 14.9 min).
[""'In]In-DOTA-PEG-Tz (RCY = 95%, Rt = 16.2 min).
[""'In]In-DOTAGA-PEG-Tz (RCY = 95%, Rt = 16.4 min).

[®°Y]Y-DOTA-Tz

The *°Y-labeling of DOTA-Tz was performed after dissolving
the compound into 0.1 M ammonium acetate buffer at pH 7 to
obtain aliquots with a final concentration of ~400 WM. Then,
activities comprised between 15 and 130 MBq of [*°Y]YCls
were added and the mixtures were incubated at 80°C for
15 min. The radiocomplex [*°Y]Y-DOTA-Tz was obtained with
radiochemical yields above 90% and with specific activity up
to 3.8 MBq/nmol. A HPLC purification was performed to
isolate the desired radiocomplex in very high radiochemical
purity (>95%) using the Radiometric System II described in the
Supplementary Material.

[*°Y]Y-DOTA-Tz (RCY = 90%, Rt = 10.5 min).
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Animal Studies

The ex-vivo biodistribution studies performed for the
different  clickable  !'!'In-radiocomplexes, [*°Y]Y-DOTA-
Tz and radiopeptides ['!'In]In-DOTA-Tz-TCO-PEG4-AR

and [*°Y]Y-DOTA-Tz-TCO-PEG4-AR are detailed in the
Supplementary Material.

The animal studies were conducted in conformity with the
national law and with the EU Guidelines for Animal Care and
Ethics in Animal Experimentation. Experimental procedures
were carried out in conformity with the National Legislation
and the Council Directive of the European Communities
on the Protection of Animals Used for Experimental and
Other Scientific Purposes (2010/63/UE) and the “ARRIVE
guidelines for reporting animal research.” The POLATOM
protocol was approved by the Ist Local Animal Ethics Committee
in Warsaw (authorization 877/2019, approval date 12 June
2019). Further details on biodistribution studies performed in
healthy and in PC3-tumor bearing mice are presented in the
Supplementary Material.

Optical Imaging

The Cerenkov Luminescence Imaging of the prostate cancer
PC3 tumor-bearing mice was carried out at different time points
(15 min, 1 and 2 h) after intravenous injection of [*°Y]Y-DOTA-
Tz. For the in vivo click chemistry studies in the same PC3
xenografts, a bolus of 1 nmol of TCO-PEG4-AR, dissolved in
0.1 mL of saline, was injected in the tail vein, and after 4h the
[®°Y]Y-DOTA-Tz (0.1 mL, 7.5 nCi) was injected. Thereafter, the
CLI imaging of the PC3 tumor-bearing mice was carried out at
different time points (15min, 1h). The images were obtained
using PhotonIMAGER™ (BioSpace Lab). The optical imaging
system was based on intensified CCD camera (25 mm), which
had a minimum detectable radiance of 37 photons/s/sr/cm?,
minimum image pixel resolution of 2.5um and temporal
resolution of 23 ms.

RESULTS

Synthesis of the Clickable Chelators and

Complexation With "an

The four final clickable ligands DOTA-Tz (1), DOTA-PEG-Tz (2),
DOTAGA-Tz (3), and DOTAGA-PEG-Tz (4) were analyzed by
HPLC and characterized by ESI-MS (Supplementary Table 1).
The final coupling reactions showed poor reaction vyields,
especially for the derivatives DOTA-Tz (1) and DOTAGA-Tz
(3). Nonetheless, this drawback might be eventually improved
by further optimizing the reactions, namely by increasing the
reaction time and using different bases and/or solvents. The
complexation of the four compounds with the In** ion using
M, has been detailed in the Supplementary Material. The
resulting complexes were characterized by common analytical
techniques (Supplementary Table 1) and were successively used
as surrogates to identify the corresponding radiocomplexes on
the basis of their chromatographic profiles and retention times,
expected to be identical.

Clickable ['''In]In-Radiocomplexes

The radiolabelling of DOTA-Tz and DOTAGA-Tz was optimized
by dissolving the compounds into ammonium acetate buffer
0.lM and pH 7, to afford the corresponding [!!'In]In-
DOTA-Tz and ['In]In-DOTAGA-Tz radiocomplexes in
80% average yields. HPLC purification allowed to achieve a
radiochemical purity above 95% (Supplementary Table 2).
The radiochemical yield of the radiocomplexes [!'!'In]In-
DOTA-PEG-Tz and ['''In]In-DOTAGA-PEG-Tz was above
95% and the radiocomplexes were used in further studies
without additional purification. The chemical identity of
the radiocomplexes was ascertained by co-injection in the
HPLC of the cold "™1In congeners and comparison between
the respective UV-chromatograms and radiochromatograms
(Supplementary Figure 1).

We performed a biodistribution study of the four [!!!In]In-
radiocomplexes in healthy mice to determine the clearance rate
from systemic blood circulation and the tissue/organ distribution
over time. Results were expressed as percentage of the injected
activity per gram of tissue (% 1.D./g), as shown in Figure 2.
The time points chosen, tailored according to the expected short
biological half-lives of the [1HIn]In—radiocomplexes, included
the early time point of 15 min and a later 1h time point, when
over 80% of the radioactivity injected was eliminated. This
result on one side allows to reduce the exposure of potential
patients to systemic non-targeted radiation, but on the other
side limits the time available for the clickable radiocomplexes
to find their chemical counterpart at the tumor site and to
react. The urinary tract was identified as the main excretory
pathway since the highest % LD./g values were found in
the kidneys for all the radiocomplexes, associated to rapid
radioactivity excretion both at 15min and 1h p.i. At 15min
the kidney uptake was 5.2 + 3.3 and 5.8 &+ 1.3% LD./g for
[!''In]In-DOTA-Tz and ['''In]In-DOTA-PEG-Tz, respectively
and 7.2 & 0.4 and 4.8 & 0.7% LD./g for [!'In]In-DOTAGA-
Tz and [M''In]In-DOTAGA-PEG-Tz, respectively. At the later
time point of 1h, kidney uptake values of 1.6 + 0.3 and
1.9 & 0.3% L.D./g were observed for ['!!In]In-DOTA-Tz and
[""'In]In-DOTA-PEG-Tz, respectively, while for the derivatives
[""'In]In-DOTAGA-Tz and ['''In]In-DOTAGA-PEG-Tz the
values observed were 3.6 &= 1 and 2.2 &= 0.6% 1.D./g, respectively
(Supplementary Table 3).

Low liver uptake was observed for all radiocomplexes, with
the highest value of 2.3 £ 0.8 and 1.6 & 0.4 of the % LD./g
measured at 15 min p.i., for [MIn]In-DOTA-Tz and ['''In]In-
DOTAGA-Tz, respectively. Lower liver uptake values, around
1% 1.D./g, were detected for the pegylated radiocomplexes.
The compounds [!!!In]In-DOTA-Tz and [!!In]In-DOTA-PEG-
Tz had very similar excretion values 1h after injection, above
90% of the injected dose. At the same time point, the
compounds ['!'In]In-DOTAGA-Tz and ['!!In]In-DOTAGA-
PEG-Tz showed a slower excretion rate, ranging between 81.5
and 87.1% of the injected dose. The non-pegylated derivative
[""In]In-DOTAGA-Tz was the one showing the lowest value of
excretion among the four radiocomplexes. The net charge of the
DOTAGA-based complexes seemed to have a higher influence
than the pegylated linker in extending the half-life of the
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radiocomplexes (Supplementary Table 3). The same trend was
reported previously for an enlarged family of related macrocyclic
derivatives of the NOTA-Tz and NODA-Tz types, labeled with
8F and 8 Ga and carrying different PEGylated linkers. For these
clickable tracers, a faster clearance from blood circulation was
also observed for those with highest overall net charge (30).
Nevertheless, when looking at the effect of the PEG11 linker
exclusively on the blood half-life, the pegylated derivatives seem
to have slightly higher blood activities compared to the non-
pegylated radiocomplexes. At the time point of 15 min, values of
2.5+ 1.4vs.3.1 £ 0.4 of the % L.D./g were observed for [MIn]In-
DOTA-Tz and [''In]In-DOTA-PEG-Tz, respectively, and of 3.2
+ 0.7 vs. 3.7 & 0.6 of the % 1.D./g for [''!'In]In-DOTAGA-
Tz and ['!'In]In-DOTAGA-PEG-Tz, respectively. At 1h p.i. the
same trend was observed for the DOTA-based radiocomplex with
uptake values of 0.3 &= 0.07 vs. 0.44 £ 0.07 of the % 1.D./g for
the derivative [!''In]In-DOTA-Tz and ['!!In]In-DOTA-PEG-Tz,
respectively. Contrary, the trend was reversed for the DOTAGA-
based derivatives with values of 1.1 £ 0.3 vs. 0.7 £ 0.4 of the %
L.D./g for ['!'In]In-DOTAGA-Tz and [!!'In]In-DOTAGA-PEG-
Tz, respectively.

To assess the in vivo stability of the radiocomplexes, samples
of blood and urine were collected from the mice injected with

the compounds and analyzed by HPLC. The activity in the
blood 1h p.i. was too low to be detected in the HPLC system,
as the majority of the radiocomplexes were quickly eliminated.
The analysis of the urine samples corresponding to the
radiocomplexes [M'In]In-DOTAGA-Tz and ['"In]In-DOTA-
PEG-Tz 1 h p.i. indicated an overall low degree of metabolization,
being observed additional radioactive peaks with similar
retention time and likely corresponding to catabolites with
higher hydrophilicity. Minor peaks corresponding to free !!'In
were also observed (see Supplementary Figure 2). By contrast,
the derivative [!!'In]In-DOTA-Tz was apparently eliminated
without undergoing any metabolization or degradation, an
encouraging result for future in vivo applications. These results
allow to speculate that this radiocomplex is likely to circulate in
the bloodstream mostly intact.

Given the limited effect of the pegylated linker on the
plasmatic half-life, we focused our successive in vitro stability
studies and lipophilicity measurements on the two non-pegylated
derivatives ['11In]In-DOTA-Tz and [ In]In-DOTAGA-Tz. The
lipophilicity was evaluated by determination of their partition
coeflicient log Po/w using the shake-flask method. Both clickable
radiocomplexes demonstrated to be quite hydrophilic with the
—1 charged radiocomplex, [''!In]In-DOTAGA-Tz, being the
most hydrophilic, with an absolute coefficient value almost
double than the one of [!!'In]In-DOTA-Tz (log Po/w of —3.44
£ 0.29 and —1.60 £ 0.13, respectively). The in vitro stability
was assessed by incubation at 37°C in cell culture media
(CCM) and in human serum (HS) followed by HPLC analysis
of each solution at selected time points (1, 2, 4, and 24h).
The two radiocomplexes showed very good stability in CCM
during the first 4h of incubation, but after 24h high level of
degradation of 70% was found (Supplementary Figure 3). In HS
the stability was very good up to 2h of incubation, but after 4h
of incubation, the degradation started to be quite important with
50 and 30% of the compound degraded for [M1In]In-DOTA-Tz
and ['In]In-DOTAGA-Tz, respectively. At 24h of incubation
the radiocomplexes were almost completely degraded. Both
radiocomplexes were also incubated in PBS during 24 h at 37°C
and showed very good stability (>85%). Taken together, excellent
stability of the two [!!!'In]In-radiocomplexes was observed
both in CCM and HS at 37°C for incubation times up to
2h. Since the radiocomplexes have very short biological half-
lives and are eliminated rather quickly, these results led us to
anticipate that in vivo the major part of the radiocomplexes
should reach their TCO counterparts intact, and undergo the
click reaction.

Considering the results obtained in the radiolabelling, in vivo
and in vitro studies of the four [!!'In]In-radiocomplexes, we
decided to focus the following studies with the therapeutic =
emitter °Y on the clickable chelator DOTA-Tz. This choice
was motivated by the higher in vivo stability and by the easy
separation of the radiolabelled ['''In]In-DOTA-Tz derivative
from the unreacted chelator. Given a future in vivo application
of such clickable chelator, this advantage might allow to
achieve radiocomplexes with higher specific activity reducing the
competition risk for the in vivo click reaction with the TCO
counterpart (31).
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[°°Y]Y-DOTA-Tz

Radiolabelling Studies

The radiolabelling with *°Y was performed following the same
procedure previously optimized for '''In, using a buffer of
0.1 M ammonium acetate at pH 7 and heating the mixture at
80°C for 15min. The DOTA-Tz chelator was added to a final
concentration of 400-500 M to yield [*°Y]Y-DOTA-Tz with
specific activities up to 3.3 MBq/nmol and radiochemical yields
above 90% (Supplementary Figure 4A). The radiocomplex
[®°Y]Y-DOTA-Tz was synthesized with ~130 MBq of [*°Y]YCl;
and obtained in very high specific activity, after separation
from the non-labeled DOTA-Tz chelator. The radiocomplex was
recovered into phosphate buffer at pH 8 to neutralize the residual
TFA from the HPLC mobile phase before its use in future
biological studies. However, after 2h at room temperature, the
injection of the radiocomplex in the HPLC revealed a high
degradation of the compound, most likely due to radiolysis
(Supplementary Figure 4B). In order to stabilize the [*Y]Y-
DOTA-Tz preparation, a suitable ratio between the volume of
phosphate buffer solution at pH 8 to neutralize the TFA from
the HPLC purification and ascorbic acid as a radiolytic stabilizer
had to be optimized. In initial experiments, the use of ascorbic
acid as a buffer in the radiolabelling procedure led to the
degradation of the tetrazine moiety. Similar effect was seen when
the ascorbic acid solution (50 mg/mL) was added to the solution
after labeling. After several attempts, the final ratio of 3 pL
of ascorbic acid (50 mg/mL) and 147 pL of phosphate buffer,
pH 8 allowed to stabilize the final [*°Y]Y-DOTA-Tz preparation
(Supplementary Figure 5A). The preparation was successively
analyzed by HPLC and showed excellent in vitro stability up to
20 h after the radiolabelling (Supplementary Figures 5B,C).

In vivo Evaluation of [*°Y]Y-DOTA-Tz in Nude Mice
With PC3 Xenografts

Currently, we are investigating the application of click chemistry
using biomolecules that target prostate cancer. Therefore, since
a non-specific tumor uptake might interfere with the specificity
of the pre-targeting approach, we have performed in vivo studies
of [*Y]Y-DOTA-Tz in mice bearing PC3 xenografts to assess
the possible non-specific uptake of the clickable radiocomplex
in the tumor and in the tumor microenvironment. The highly
energetic B~ emission of the radionuclide *°Y (maximum particle
energy of 2.28 MeV, average energy of 0.94 MeV) allowed to
follow the biodistribution of the [*°Y]Y-DOTA-Tz radiocomplex
through CLI imaging. This type of optical imaging offers a
high spatial resolution, and despite a limited penetration depth
allows to image *°Y, which is not easily feasible using PET or
SPECT imaging (32). The biodistribution of the [**Y]Y-DOTA-
Tz radiocomplex was studied in subcutaneous PC3 xenografts
in mice and images were acquired at 15min, 1 and 2h post-
injection (Figure 3). The ex vivo biodistribution highlighted very
low uptake values in all organs with the highest uptake of 3.6 and
2.5% L.D./g measured in the kidneys at 1 and 2 h p.i. The plasma
half-life of [*°Y]Y-DOTA-Tz was also very short, with uptake
values of 1.59 and 0.22% L.D./g in the blood at 1 and 2h post-
injection (Supplementary Table 4). At the selected time points

the majority of the compound was retrieved in the urine, with 88
and 96% of the I.D. excreted 1 and 2 h post-injection, respectively.
Searching for a preliminary proof of concept of the
intended pre-targeting approach, we synthesized a clickable
TCO-containing bombesin antagonist (TCO-PEG4-AR) based
on the potent GRPr antagonist AR reported in the literature, as
described in the Supplementary Material (29). We hypothesized
that the antagonist, when bound to the surface of human PC3
cells, would be available for the in vivo click reaction with the
Tz-containing radiocomplex. As a control, the biodistribution
data of the preformed [*°Y]Y-DOTA-Tz-TCO-PEG4-AR in PC3-
xenografts bearing mice at 15min and 1h p.i. are available
in Supplementary Table 5. For the pre-targeting approach, the
tumor-bearing mice were injected with 1 nmol of the clickable
bombesin antagonist and, after 4 h, we injected the radiocomplex
[°Y]Y-DOTA-Tz. Cerenkov imaging studies were performed
15min and 1h after the injection of the radiocomplex, and
the analysis of the images at 15min p.i. seem to indicate some
tumor uptake. Overtime, a large part of the activity seemed to be
washed away from the tumor site with the majority of the activity
localized in the kidneys at 1 after the injection (see Figure 4), but
some activity remained in the tumor. In parallel, pre-targeting
experiments based on ex-vivo biodistribution studies were
performed in the same way for the congener [!!'In]In-DOTA-
Tz, and using the same animal model. At 1h p.i,, the data from
these pre-targeting experiments with '!In show an enhanced
uptake in the tumor (0.78% 1.D./g) when compared with non-
target tissues, with the exception of the kidneys (1.5% 1.D./g)
that are involved in the excretion of the hydrophilic !*!In-DOTA-
Tz clickable complex (Supplementary Table 6). Moreover, these
in vivo click chemistry results showed relatively favorable
tumor/muscle and tumor/blood ratios of 5.2 and 2.8, respectively.
Altogether, these results pinpoint the feasibility of the in vivo
click reaction between [*°Y]Y-DOTA-Tz and the pre-incubated
conjugate TCO-PEG4-AR at the surface of cells overexpressing
GRPr. Further and more comprehensive studies are necessary
to confirm the viability of this approach and to verify if it
could optimize the biodistribution profile of pre-assembled GRPr
antagonists radiolabelled through the classical approach.

DISCUSSION AND CONCLUSIONS

In this work the chemical synthesis and the analytical
characterization of a small family of clickable chelators were
presented. The synthetic strategy involved the preparation of two
different tetrazine-containing precursors 1z (5) and Tz-PEG (6)
bearing a terminal amino and carboxylate group, respectively,
and with the derivative (6) additionally functionalized with a
pegylated linker. These precursors were used for the coupling
with the activated derivatives DOTA-NHS and DOTAGA-
anhydride to afford the four clickable chelators DOTA-Tz (1),
DOTA-PEG-Tz (2), DOTAGA-Tz (3) and DOTAGA-PEG-Tz
(4). The four chelators were used to obtain clickable [''!In]In-
radiocomplexes for their in vivo evaluation in healthy mice. All
radiocomplexes were quickly excreted, demonstrating that their
use might contribute to reduce non-targeted radiation dose to
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FIGURE 3 | Cerenkov luminescence images in the top image at different time points (15min, 1 and 2 h) of PC3 tumor-bearing mice administered with [*°Y]Y-DOTA-Tz
[White arrows indicate the tumor (T) and kidneys (K)]. In the bottom image, the biodistribution data for [*°Y]Y-DOTA-Tz in PC3 xenografts bearing mice, expressed as
% 1.D./g of organ (mean + S.D., n = 4).

15 min p.i.

FIGURE 4 | Cherenkov luminescence images at different time points (15min, 1 h) of prostate cancer PC3 tumor-bearing mice administered first with AR-PEG4-TCO
(1 nmol) and then, after 4 h, with [*°Y]Y-DOTA-Tz.

the patients. Encouragingly, only minor metabolization processes  corroborated by in vitro stability studies performed in cell culture
of the radiocomplexes were revealed by the analysis of urine  media and human serum, where stabilities higher than 90%
after 1 h p.i. pointing out that clickable radiocomplexes retain ~ were observed up to 2h of incubation at 37°C. Based on the
sufficient in vivo stability for the intended pre-targeting strategy, ~ convenient possibility to easily remove the free ligand during
particularly in the case of DOTA-Tz (1). These results were ~ HPLC purification, combined with the highest in vivo stability of
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its 1111 complex, the clickable chelator DOTA-Tz (1) was chosen
to extend the radiochemical studies to *°Y.

The in vivo behavior of [°Y]Y-DOTA-Tz was evaluated in a
prostate cancer PC3 xenograft model by ex-vivo biodistribution
studies and Cerenkov luminescence imaging. Similarly, the small
and hydrophilic radiotracer was quickly eliminated, as predicted
by the previous studies with the [!!!In]In-radiocomplexes, and
displays a negligible uptake (0.37% I.D./g at 2 h p.i.) in the tumor.
The ex vivo biodistribution pointed out a short plasma half-life
and low uptake values in all organs with excretion occurring
mainly via the renal system. Two hours p.i., the majority of
the compound was retrieved in the urine, with 96% of the
LD. excreted. Nonetheless, a preliminary proof of concept of
the intended pre-targeting approach was obtained by injecting
a clickable bombesin antagonist in PC3 tumor-bearing mice
followed by the radiocomplex [**Y]Y-DOTA-Tz. The analysis of
CLI images at 15min p.i. pointed out a quick tumor uptake
but also a fast tumor washout, with the majority of the activity
localized in the kidneys at 1h after the injection. In the present
work, we have focused on Cerenkov Luminescence Imaging due
to the availability of this modality at our facilities and relevance
of Y for radionuclide therapy. However, in the near future,
we intend to extend the study to tomographic nuclear imaging
modalities with higher spatial resolution, namely microSPECT
imaging using ' In.

To the best of our knowledge, the use of TCO derivatives of
peptide antagonists for in vivo click chemistry is unprecedented.
Nevertheless, we are aware that our preliminary results require
further extensive investigations aiming to confirm and optimize
the pre-targeting approach toward antagonists and to evaluate
eventual advantages over classic targeted approach. This should
include further control experiments to definitively exclude
the possibility that the tumor accumulation involves the
clickable [*°Y]Y-DOTA-Tz and ["'!In]In-DOTA-Tz complexes
by themselves, and not necessarily the reaction with the clickable
antagonist exposed at the tumor cells surface.
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Is 79Zn(d,x)®”Cu the Best Way
to Produce %'Cu for Medical
Applications?

Etienne Nigron'#*, Arnaud Guertin', Ferid Haddad ** and Thomas Sounalet’

" Laboratory SUBATECH, CNRS/IN2P3, IMT Atlantique, Université de Nantes, Nantes, France, ? GIP ARRONAX, Saint
Herblain, France

The pair of copper radionuclides $*Cu/®’Cu (T2 = 12. 7 h/61.8 ) allows, respectively,
PET imaging and targeted beta therapy. An analysis of the different production routes
of 67Cu with charged particles was performed and the reaction "°Zn(d,x) route was
identified as a promising one. It may allow the production of 6”Cu without 84Cu. The
production cross section has been measured up to 28.7 MeV. Measurements were done
using the well-known stacked-foils technique using 97.5% enriched "°Zn homemade
electroplated targets. These measurements complement at higher incident energies the
only set of data available in nuclear databases. The results show that using a 26 MeV
deuteron beam and a highly enriched 79Zn target, it is possible to produce high purity
67Cu comparable to that obtained using photoproduction. This production route can be
of interest for future linear accelerators under development where mA deuteron beams
can be available if adequate targetry is developed.

Keywords: %7 Cu, production, theranostic, cross section, deuteron reactions, accelerators

INTRODUCTION

7Cu (T, = 61.8h) is a radionuclide with physical properties convenient for therapeutic use as
targeted radiotherapy. It is a beta-emitter with a maximum energy of 561 keV, which corresponds
to an electron path of about 3 mm in water (1). Its energy range is comparable to that of the 1”’Lu
currently used in targeted radiotherapy (2). 7Cu emits also photons of 184.6 keV (3) which offers
the possibility of carrying out SPECT imaging. It can be used either prior the treatment as an
imaging agent or during therapy to monitor the diffusion and distribution of the ®” Cu radiolabelled
radiopharmaceuticals.

To select the best production route both cross section data associated to the production of
7Cu and to contaminants are of primary importance. Among contaminants, coproduced copper
isotopes are of great concern, as they cannot be removed from the final product by chemical
separation. Especially ®*Cu, with its 12.7 h half-life, will have an impact on the specific activity.
It is then interesting to look at production routes that reduce or exclude the co-production of Cu,
even if its real impact on the patient and staff needs to be studied and clarified.

The most cited production route for ©Cu production uses enriched ®3Zn target bombarded by
high-energy protons (4-7). Large quantities can be produced but it is not possible to limit **Cu co-
production. In the 90’ and 2000’s, the $*Ni(a,p)®” Cu reaction with an ®Ni enriched target and
an alpha beam was also studied. Experimental cross sections for this reaction are known with
a maximum cross section value around 35mb at 22 MeV (7, 8). The threshold energy for the
production of *Cu through ®Ni(a,n+t) is equal to 23.7 MeV. Using the very high enrichment

Frontiers in Medicine | www.frontiersin.org

57 July 2021 | Volume 8 | Article 674617


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2021.674617
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2021.674617&domain=pdf&date_stamp=2021-07-05
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:nigron@subatech.in2p3.fr
mailto:haddad@subatech.in2p3.fr
https://doi.org/10.3389/fmed.2021.674617
https://www.frontiersin.org/articles/10.3389/fmed.2021.674617/full

Nigron et al.

Is 7°Zn(d,x)®” Cu the Best Route?

level of ®!Ni available, there is a possibility to produce
%7Cu free of ®Cu by limiting the beam energy below this
latter value. However, alpha beams are poorly available and
thermal constrains associated to high intensity alpha beam are
very penalizing.

An alternative consists to use an enriched 7°Zn target
bombarded with either protons or deuterons. In this case,
the production of ®*Cu can be limited by an appropriate
choice of the beam energy and high target enrichment. As
an example, the 7°Zn(d,x)**Cu reaction threshold is 26.4
MeV whereas that for ®’Cu production is 0 MeV (see
Supplementary Table 1). 7°Zn(p,a)®’ Cu reaction cross section
reaches a maximum of 15mb at 15 MeV (7, 9) whereas the
available data for 7°Zn(d,x)®’Cu (10) show that the reaction
cross section maximum is higher, even if the exact value is not
known as this data set do not cover the whole energy range
of interest.

In this work, we have measured 7°Zn(d,x)®’Cu production
cross section up to 28.7 MeV in order to determine the
position and value of the maximum. Production cross sections
of contaminants have been also extracted. Using these new data,
we were able to determine production yields and, with the help of
TALYS 1.9 calculations (12), the expected specific activity of the
final product.

MATERIALS AND METHODS

Production cross sections for the 7°Zn(d,x)®’Cu reaction was
measured using the stacked-foils activation method (4, 13-16).
A series of six irradiations, spread for over 7 months, was
carried out at the GIP ARRONAX C70 cyclotron, Saint-Herblain,
France. In our experiments, a stack was made of two patterns
each composed of a 10 um thick enriched 7°Zn (97.5% purity)
electroplated on a 25 um Ni foil (99.9% purity) followed by an
aluminum foil (10 pm, 99.0% purity). Their thicknesses were
determined assuming homogeneity by weighing and performing
surface calculation with a high definition scanner. The obtained
values are reported in Supplementary Table 2. Aluminum is
used as a foil to catch recoil nuclei. The stack was placed inside
a dedicated vacuum chamber positioned at the end of the AX
beam line. It contains an instrumented Faraday cup used to
determine the particle flux going through the stack. We limited
the total thickness of the stack to prevent a large geometrical
straggling that will result on an increased uncertainty on the flux
measurement. A Ti foil, having an area equivalent to the 7°Zn
deposit, was added between the Ni and Al foil of the second
pattern to obtain a second independent flux value by measuring
the production cross section associated to "Ti(d,x)*¥V. This
reaction is well-known and is used as a reference (17) (monitor)
to make sure everything went well during our experiments. After
irradiation which stands for 1h with an average current of ~50
nA, activities of each thin foils were measured using gamma
spectroscopy (HPGe). The well-known activation formula was
used to calculate the cross section values.

Gamma analyses were carried out using the FitzPeaks software
(18). Spectra were recorded in a suitable geometry calibrated
in energy and efficiency with standard *’Co, ®°Co, and '>*Eu

sources from LEA-CERCA (France). The full widths at half
maximum were 1.05 keV at 122 keV (¥7Co) and 1.97 keV at
1,332 keV (°°Co). No activity was measured for recoil nuclei on
catching foils. The *8V activity was measured only after full *Sc
decay, 3 weeks after End Of Beam (EOB).

The energy loss of the particles passing through the stack
has been calculated from the equations of Ziegler et al., using
their SRIM-2013 software (19). The energies are calculated in the
middle of the foils and are shown in Supplementary Table 2.

Chemical preparations and electroplating were made on
site using enriched 7°Zn metallic powder from Trace Sciences
International. The enrichment level of 7°Zn was 97.5%, ®Zn
2.2%, %7Zn 0.1%, %6Zn 0.1% and ®*Zn 0.1%. All solutions were
freshly prepared with ultra-pure water treated with Milipore Milli
Q system. The metallic powder was dissolved in diluted sulfuric
acid (1 M) to obtain zinc sulfate, then evaporated to dryness and
rinsed twice with ultra-pure water. For each preparation, pH was
adjusted to two by addition of sulfuric acid. The electroplating
was carried out in a simple homemade three-electrode Teflon
cell. The counter electrode was made of platinum and an Ag-
|AgCl|Cl™ (saturated KCl) electrode was used as reference and
was connected to the cell. The deposition area was delimited
during electroplating using a silicon gasket and corresponds to
4 cm?. Electroplating was performed by using the VoltaLab050
potentiostat. The deposition was obtained by applying a constant
current density of —20 mA/cm?. During plating, the temperature
was kept constant at 30°C and the solution was stirred at 300 rpm
for homogenization purpose. To reach a thickness of 10 um, a
deposition time of 30 min was necessary.

The presence of ®Zn (2.2%) in the target material implies
potential contamination, which is taken into account during
the analysis. Indeed, the interaction of deuterons on ®®Zn can
produce %Ga (Egyreshold = 14.6 MeV) whereas ®’Ga is not
produced in our energy range by deuteron interactions with 7°Zn
(Ethreshold = 30.8 MeV). “Ga decays to 677n as ’Cu leading
to common gamma rays during both decays, fortunately with
different intensities. As an example, the 184 keV gamma ray
corresponds to an intensity of 48.7% in ®’Cu decay whereas
it is only 21.41% for ’Ga decay (3). The same holds for the
300 keV gamma line which intensity is 0.797% for ¢’ Cu and
16.64% for % Ga. Therefore, we used this property to discriminate
production of ©’Cu and ®’Ga. This is based on a set of equations
(1—3) involving the number of gamma collected at 184 keV and
300 keV. These equations relate to the total number of gammas
collected, NtoT, from a gamma peak to the number of gamma
collected from each contributor.

184 _ A/184 184
Nyor = Nezcu + Nezga

300 _ 27300 300
Nror = Ngzcu + Neiga (1)

Equations can be written as:

NSl = ki Act(*’Cu) + ky Act(¥’ Ga) (2)
N3 = k3 Act(Cu) + kg Act(¥ Ga)
g IF (1 — e7itm)

Ai

With k¥ =
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FIGURE 1 | Cross sections of reaction 7°Zn(d,x)®” Cu (10).
Where i corresponds to a specific radionuclide, x to a given
gamma line, ¢ to the detector efficiency at this energy, I to the 10 70 67
intensity of the gamma emission, \ to the radioactive constant = g YIELD ®Zn(d,x)*’Cu
and trr to the acquisition time. Expressed in terms of activity of <
each radionuclide, the system of equations is written as follows: E‘ 6
3
1 € 4
Act(VCu) = ————— (ks N3 — ko N3 @
( ) k1k4 _ k2k3 ( 4 NTOoT 2 NtoT ) |': 2
1
Act(¥Ga) = ———— (ki Nigyp — ks Njpp ) (3) 0
kiks — kaoks 0 10 20 30
The activities of ®’Cu and % Ga are determined from equations Energy (Mev)
in (3). The uncertainties associated with this activity calculation FIGURE 2 | Thick Target Yield curve for the 7°Zn(d.x)®" Gu reaction (11).
have been established according to the following equation:

(4)

o ()

dAct
o (Act) = 2:‘ af
PRI

Where y represents the different parameters involved in each
equation (3).

RESULTS AND DISCUSSION

In these experiments, excitation functions up to 28.7 MeV were
measured for ©Cu and ¢’Ga from the zinc deposit whereas
61Cu, 3>%65738Co were extracted from the Ni backing and 8V
from the Ti foil. All nuclear reactions involved are reported
in the Supplementary Table 3 as well as gamma lines used for
the analysis of each radionuclide. Our results are displayed on
Figures 1-3, in values reported in Table 1. The simulation code
of nuclear reactions TALYS 1.9 was used to extend the study in
particular on the stable (®*Cu) nucleus production. This is the
reason why, in addition to our data points, we have displayed on
our figures the values obtained with TALYS 1.9 (12). Reactions on
the Ni support and on the Ti foil are monitor reactions for which

reference data exist at IAEA (17). Through these monitor cross
section values, we can control the measurement of the particle
flux and consequently the correct execution of the experiment.

The "aTj(d,x)*3V Reaction

48y (T1/2 = 15.973 d) is produced by the natTi(d,x)*8V reaction.
The foil has been cut and positioned to have the same surface
area as the 7°Zn deposit. If the entire beam does not pass through
the deposit because it is too wide, this will also be the case for
the titanium foil. In this case, the extracted values will not be in
agreement with the monitor cross section.

During the irradiation of a titanium foil, not only **V is
produced but also *3Sc which decay to the same daughter nucleus
than V. To get rid of 8Sc, we let it decay, at least 19 days,
until the vast majority of the *8Sc disintegrates. The results are
presented in Supplementary Figure 1.

These data are in agreement with experimental values
available in the literature (20-25). The agreement of these data
shows that the foils and deposits were crossed by the entire
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beam. The agreement is generally good with the cross section
recommended by the IAEA (13). In agreement with experimental
data in the literature, our points indicate a peak around 19 MeV
which is not described by the IAEA curve.

The "a'Nj(d,x)®'Cu Reaction

The ®1Cu (T2 = 3.339h) is produced by the "Ni(d,x) reaction.
The gamma emissions used for activity measurement are 282.956
keV (12.2%), 373.050 keV (2.15%), 588.605 keV (1.17%), 656.008
keV (10.77%), 908.631 keV (1.102%), and 1185.234 keV (3.75%).
Ni is the backing of the Zn target. This reaction is a monitor
reaction for which the IAEA proposes a reference curve. Our
data are presented in Supplementary Figure 2. One data point
shows large error bar. This is due to a late counting that induces
a lack of statistics. However, our data are in good agreement with
experimental data available in the literature (20-22, 26-31) and
with the IAEA curve (17). This confirms that the experiment
was well-controlled.

The 7°Zn(d,x)®”Cu Reaction

57Cu (T4 s2 = 61.83h) cross sections were determined from
gamma emissions at 184.6 keV (48.7%) and 300.2 keV (0.797%)
and Equation 3. The production contribution of ®’Cu from
%7Zn (present at 2.2%) is not taken into account as it
is expected to be negligible [of the order of 1mb in the
model calculation TALYS 1.9 (12)]. Our data are presented
in Figure 1.

Our data complement the data already presented in the
literature (10) to higher incident energies. They are in good
agreement with Kozempel et al. (10) and allow determining the
energy of the maximum of the cross section near 23 MeV and
its value around 30 mb. This information will allow to more
precisely defining optimal beam parameters for © Cu production
using a deuteron beam and a 7°Zn target.

The TALYS 1.9 simulation code was used with its default set
of parameters to calculate the cross section of the 7°Zn(d,x)*’ Cu
reaction. The code calculation is not able to describe the data.

There is a slight shift toward lower energies of the maximum and
the data are underestimated by the code calculation.

Using our dataset and that of Kozempel et al., we have
performed a ¢’ Cu thick target yield calculation (TTY) according
to (32). In the formula (5), o is the production cross section, H is
the enrichment and the purity of the foil, N, is the Avogadro’s
number, ) is the decay constant of the radioisotope, Z is the
charge of the fully ionized projectile, e is the elementary charge,
M is the atomic mass of the target, Ep,x and Epyjp are the maximal
and minimal energy of the projectile penetrating the target and
dE/dx is the stopping power of the projectile in the irradiated
target. The result is plotted on Figure 2 as a function of the
incident deuteron energy.

Emax

HN, A
ZeM

o (E)
dE/dx(E)

TTY (E) = (5)

Emin

We can clearly see that the yield increases more rapidly around
the maximum as expected. Taking into account the threshold
of 26.4 MeV associated to the production of ®4Cu, the shape of
the ©’Cu cross section and the high price of 7°Zn, the preferred
energy range for production through this route is 16-26 MeV.
This energy range corresponds to a "°Zn thickness of 576 pm.

By setting the beam intensity at 1 WA, 1h of irradiation
and a target purity of 97.5%, the estimated activity produced
over the 16-26 MeV energy range is 6.2 MBq. This result is
higher than that of Hosseini et al. (33) which corresponds to
model calculations. The main difference comes from the cross
section values used in this study that are lower than those
experimental ones.

Interesting information is related to the expected specific
activity of the final product. To determine the contribution
of each copper isotope, experimental data were used for ¢ Cu
and TALYS 1.9 calculations using default parameters for the
other isotopes.
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TABLE 1 | Cross section values measured in this study for reactions having taken place in zinc, nickel, and titanium.

Energy (MeV) Cross section (mb)
67Cu 67Ga 61Cy 5Co 56Co 57Co 58Co 48y

9.8+0.7 - - - - - - - 124.7 +£ 4.0
104 £0.7 - - 415+2.0 0.3+ 0.1 352+ 1.1 3.0+0.2 113.4 £ 3.5 -
11.0+0.7 1.8+0.1 - - - - - - -
154 £0.5 - - 234 +1.38 10.1 £0.3 16.9 £ 0.6 28.7+1.0 219.5 +6.9 -

159 +£0.5 19.2+£0.9 29.3+18.2 - - - - - -

171 +£0.7 - - - - - - - 333.2 £ 10.7
175+ 0.6 - = 21.1+£13 124+ 04 124+ 05 36.0+1.3 2129 £ 6.7 =
18.1+£0.6 220+1.0 69.0 +4.8 - - - - - -
189+ 0.6 - - - - - - - 337.2 +£13.0
19.3+0.6 - - 159+ 1.1 149 £ 0.5 9.9+04 56.7 +1.8 219.4 +6.9 -

19.7 £ 0.6 278+ 1.6 120.7 £ 11.2 - - - - - 320.7 £9.9
20.0 + 0.6 - - 16.5 +£2.8 18.6 £ 0.6 9.4+04 88.3+2.38 2335+ 7.3 -
20.5+ 0.6 296 +1.7 1925 +£ 15.6 - - - - - -
21.1+0.6 - - - - - - - 270.1+ 8.6
215+ 0.6 - - 17.0+£29 228+ 0.5 8.1+0.3 172.4 £ 3.7 2216 +£5.2 -

222 +0.6 283+ 1.6 329.2 £24.2 - - - - - -
235+0.5 - - 16.3 £ 0.5 234 +£0.7 76+04 2301 £7.2 204.8 £ 6.4 =
235+0.5 - - 16.0 £ 1.5 235 +0.7 7.7+04 2356 +£7.4 202.6 £ 6.4 -
239+0.5 279+1.7 440.0 £ 32.7 - - - - - -
239+ 05 30.9 + 1.1 358.4 + 34.5 - - - - - -
248+ 0.5 - - 144 +£1.0 22.2+0.7 72+03 262.7 + 8.1 182.0+£5.8 -

252 +0.5 28.0+ 1.7 537.8 + 33.3 - - - - - 182.7 £5.7
254405 - - - 22,7 +£0.7 8.9+04 334.0 £ 10.3 172.6 £5.4 -
258+ 0.5 222+1.3 523.3 + 36.4 - - - - - -

26.6 +0.5 - - 17.0+£29 20.0 £ 0.4 10.6 £0.5 362.4 +£7.8 156.5 £ 3.9 -
26.8+0.5 192 +£1.1 501.9 £ 34.5 - - - - - -

282 +0.5 - - 239+ 11.2 178+ 0.6 182+ 05 414.0 £12.8 13562+ 4.3 -
286+ 0.5 17.7£1.1 533.5 +£41.0 - - - - - -

With 80 A and 40h of irradiation, the expected activity of
7Cu EOB is 16.4 GBq and the ¢ Cu represents only 35.77% of
the total copper activity due to the production of short-lived
66,68,69Cy (T1/2 : 5.12min; 0.515min; 2.85min). However, by
waiting 70 min after irradiation for decays, the activity of ®Cu
reaches 99.99% of the total copper activity and, at this time,
the specific activity is 1.87 x 10° MBq/nmol or 2.79 x 10*
GBq/mg. This specific activity value is very close to the theoretical
maximum (2.80 x 104 GBq/mg). This small difference is due to
the production of ®Cu.

Using an enriched target such as the one used in this study
(97.5%), ® Cu represents 99.99% of the copper activity after 121 h
of decay and the specific activity is 2.52 x 10* GBq/mg (99.00%
reached for 15 h of decay). This is due to the production of ®*Cu
in a thick target containing a non-negligible proportion of %8Zn.
Using a higher enrichment will reduce the impact of other copper
isotopes and especially **Cu. However, during this 15h decay
time, the copper extraction chemistry can be performed as well
as the sample delivery.

The %8Zn(d,x)%” Ga Reaction

In our experimental condition, 7Ga (T, /2 = 78.3h) is produced
only from the residual amount of ®¥Zn through ®Zn(d,3n)
reaction. Indeed, the energy threshold for the production of ’Ga
using 7°Zn is equal to 30.77 MeV. As ¢’ Ga decays to the same
daughter nuclide as ®Cu, its contribution in the spectra was
extracted from equations (3) using gamma emissions of 184.6
keV (21.41%) and 300.2 keV (16.64%). Cross sections data for the
6871(d,3n)%” Ga reaction are shown in Figure 3 as red dots. There
is no data for this reaction in the literature. The only possibility is
to compare to calculated values using the TALYS 1.9 code with
the default set of parameters (dashed line). The amplitude of
the cross section is compatible with the data. Additional data
at higher energies will help to constrain the theoretical models
contained in the simulation code. The cross section is relatively
high which implies, despite a ®Zn concentration of 2.2%, a non-
negligible activity production of ©Ga. The percentage of ®’Ga
in the total ©’ Cu+%Ga activity EOB varies from 2.4% to 31.8%
with the minimum at 15.9 MeV and the maximum at 26.8 MeV
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which follow the minimum and maximum of the cross section
curve, Figure 3.

The 54Cu Production

The ®*Cu (T1j2 = 12.701h) emits a gamma of 1345.77 keV at
0.475% during its beta+ decay to 61.5%. Due to the low emission
intensity, it was not detected. Moreover, its production is possible
on several isotopes present in the target (*Zn and 7°Zn) and with
nickel support (®*Ni and ®4Ni) which do not allow unambiguous
identification of its origin. Therefore, the calculation of the cross
section of a specific reaction could not be done. So, no cross
section values for ®*Cu are presented.

DISCUSSION

In this work, we have determined the ¢’Cu production cross
section associated to the use of a deuteron beam impinging
an enriched 7Zn target. This production route is of great
interest as it limits strongly the production of %*Cu that is
directly linked to the level of 8Zn impurity in the target. In
our study, data up to 28.7 MeV have been obtained using the
stacked-foils technique. Beam intensity has been obtained using
an instrumented Faraday cup. Cross sections for the following
monitor reaction "Ti(d,x)*V, "Ni(d,x)*°Co, "Ni(d,x)*°Co,
and "Ni(d,x)%!Cu have been extracted from the target backing
and the Ti monitor foil. These experimental values are in
agreement with datasets available in the literature indicating
that the experiment was well-controlled. Our new data on
707n(d,x)% Cu allows to clearly identifying the maximum of the
cross section around 30 mb for an incident energy of 23 MeV.
Based on these data, we propose to use a deuteron beam of
26 MeV and a target of 576 um (leading to outgoing deuteron
energy of 16 MeV) as optimum irradiation parameters. This leads
to a production yield of 6.4 MBq/puA/h and allows the production
of 16.4 GBq with a specific activity of 2.79 x 10* GBg/mg for an
irradiation of 40 h with an intensity of 80 LA followed by a decay
period of 70 min and with a 100% enriched 7°Zn target. These
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The CERN-MEDICIS (MEDical Isotopes Collected from ISolde) facility has delivered its
first radioactive ion beam at CERN (Switzerland) in December 2017 to support the
research and development in nuclear medicine using non-conventional radionuclides.
Since then, fourteen institutes, including CERN, have joined the collaboration to drive the
scientific program of this unique installation and evaluate the needs of the community
to improve the research in imaging, diagnostics, radiation therapy and personalized
medicine. The facility has been built as an extension of the ISOLDE (Isotope Separator On
Line DEvice) facility at CERN. Handling of open radioisotope sources is made possible
thanks to its Radiological Controlled Area and laboratory. Targets are being irradiated
by the 1.4 GeV proton beam delivered by the CERN Proton Synchrotron Booster
(PSB) on a station placed between the High Resolution Separator (HRS) ISOLDE target
station and its beam dump. Irradiated target materials are also received from external
institutes to undergo mass separation at CERN-MEDICIS. All targets are handled via a
remote handling system and exploited on a dedicated isotope separator beamline. To
allow for the release and collection of a specific radionuclide of medical interest, each
target is heated to temperatures of up to 2,300°C. The created ions are extracted and
accelerated to an energy up to 60 kV, and the beam steered through an off-line sector
field magnet mass separator. This is followed by the extraction of the radionuclide of
interest through mass separation and its subsequent implantation into a collection foil.
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In addition, the MELISSA (MEDICIS Laser lon Source Setup At CERN) laser laboratory,
in service since April 2019, helps to increase the separation efficiency and the selectivity.
After collection, the implanted radionuclides are dispatched to the biomedical research
centers, participating in the CERN-MEDICIS collaboration, for Research & Development
in imaging or treatment. Since its commissioning, the CERN-MEDICIS facility has
provided its partner institutes with non-conventional medical radionuclides such as
Tb-149, Tb-152, Tb-155, Sm-153, Tm-165, Tm-167, Er-169, Yb-175, and Ac-225 with
a high specific activity. This article provides a review of the achievements and milestones
of CERN-MEDICIS since it has produced its first radioactive isotope in December 2017,
with a special focus on its most recent operation in 2020.

Keywords: CERN, MEDICIS, medical, radionuclides, mass separation

INTRODUCTION

Since the publication of the first official use of radionuclides
administered to a patient to treat cancer in the 1930s, huge
progress has been made. Several radionuclides are currently
widely available as radiopharmaceuticals and mainly used to
either diagnose or treat cancer. Research in nuclear medicine
is ongoing with a growing interest in personalized treatment
and diagnosis, the so-called theranostics approach. Adapting
the treatment to each patient’s pathology requires to have
a large panel of approved radiopharmaceuticals available in
order to give access to novel and diverse treatment modalities.
The big advantage of personalized and targeted treatment is
that individual pathologies can be taken into account and the
destruction of the surrounding healthy tissue can be minimized
by careful selection of the adequate radionuclide. In order
to obtain such radiopharmaceuticals, one needs to produce a
specific radionuclide with the highest isotopic and chemical
purities within a standardized workflow and in sufficient
quantities. These radionuclides can be created via the irradiation
of a stable target material in particle accelerators or in nuclear
reactors. However, additional processes are usually needed to
reach the purity level necessary for the preclinical experiments
and clinical trials. Depending on the radionuclide of interest,
such purification can be attained either by means of chemical
separation or by combining mass and chemical separation. Based
on the strong expertise in mass separation of radioisotopes
existing for more than 50 years at CERN’s Isotope Separator
On-Line DEvice facility (ISOLDE) (1), a project dedicated to
medical applications has been initiated by CERN in 2010. The
idea behind this new and unique facility is to produce non-
conventional radionuclides having the required properties for
both imaging and treatment as well as to expand the range
of radionuclides available for the medical research in hospitals
and in research centers across Europe. The facility has been
funded with contributions from the CERN Knowledge Transfer
Fund, private foundations and partner institutes, as well as
benefitting from a European Commission Marie Skfodowska-
Curie training grant titted MEDICIS-Promed. After the ground-
breaking in September 2013 this new facility (see Figure 1),
baptized MEDICIS (MEDical Isotopes Collected from ISolde),

entered its commissioning phase in autumn 2017 (2). In Europe,
a number of facilities producing radioactive beams by online
isotope mass separation (ISOL) are currently operating such as
ISOLDE at CERN, ALTO at IJC-Lab and SPIRAL-1 at GANIL,
while ISAC at TRIUMF in Canada is also exploiting ISOL rare-
isotope beams. While these facilities can technically produce
isotopes for medical applications, their research activities are
focused on fundamental and applied studies in nuclear physics
with pure exotic radioactive beams through mass separation.
Currently, CERN-MEDICIS is the only European facility which
dedicates its full program to the production and delivery of
medical isotopes for research in radiopharmaceutical science,
operating in batch isotope mass separation mode. CERN-
MEDICIS is also at the heart of a new European project called
PRISMAP which is a consortium of 23 institutes in order to
translate the emerging radionuclides into medical diagnosis and
treatment, in which isotope mass separation plays an important
role to achieve appropriate specific activities or radionuclidic
purities. In the future, the SPES facility in Italy and the
ISOL@MYRRHA facility in Belgium also aims to produce pure
exotic radioactive beams and medical isotopes.

THE MEDICIS COLLABORATION AND ITS
RESEARCH PROJECTS: FROM ITS
BEGINNINGS TO THE PRESENT

CERN-MEDICIS produced its first radionuclides for medical
research after an off-line mass separation on the 12th of
December 2017. Tb-155 was the first radionuclide collected
at MEDICIS, of the four terbium radioisotopes that are
highly promising for cancer diagnosis and treatment. After
this successful and promising commissioning phase, CERN-
MEDICIS formally became a collaboration the year after, with
the signature of the Memorandum of Understanding and the first
collaboration board meeting held at CERN. The members of the
collaboration (3) are experts in medical radionuclide production,
nuclear medicine, radiochemistry and nuclear research. They
hail from research institutes, hospitals and universities: GIP
ARRONAX (France), CHUV (Switzerland), EANM (Europe),
FABIS (Spain), HUG (Switzerland), ILL (France), IST (Portugal),
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FIGURE 1 | The CERN-MEDICIS building completed in 2017.

TABLE 1 | MEDICIS collaboration boards, number of institutes taking part in the MEDICIS collaboration, number of submitted projects and list of radionuclides of interest.

Board number Date Number of institutes in Number of projects Radionuclide(s) of interest
the collaboration

1 21/02/2018 12 13 C-11, Sc-43, Sc-44, Sc-47, Cu-67, Xe-131m, Xe-133m, Tb-149,
Tb-152, Tb-155, Er-169

2 03/10/2018 3 Sc-44, Sc-47, Tb-149, Tb-1565

3 20/03/2019 7 Fe-562, Fe-59, Tb-149, Tb-152, Tb-1565, Tm-167, Er-169, Yb-175,

Pt-191, Pt-193m, Pt-195m

4 18/09/2019 1 Ac-225, Ac-227

5 20/02/2020 1 Sm-1563

6 17/09/2020 2 Cu-64, Ac-225

7 11/03/2021 14 4 Ba-128/Cs-128, Ce-134/La-134, Tb-149, Tb-1562, Ac-225

JGU Mainz (Germany), JRC Karlsruhe (Germany), KU Leuven  theranostic applications (9). CERN-MEDICIS focuses also on
(Belgium), NPL (UK), PSI (Switzerland), PAEC (Pakistan), RTU-  the delivery of mass-separated Sm-153, Tm-167, Er-169, Yb-
LU (Latvia). PAEC and RTU-LU officially joined the MEDICIS 175, Hg-191/Pt-191 and the alpha emitter Ac-225. From the first
collaboration in 2021 (see Table 1). Biomedical projects are  year of operation in 2018 to the end of 2020, MEDICIS has
regularly submitted to the collaboration board, which evaluates  provided nine different external research institutes or hospitals
the needs of the community as well as the technical feasibilityand =~ with 41 batches of high specific-activity radionuclides. This
provides recommendations. In that way, the CERN-MEDICIS  has been done within the framework of 12 approved projects.
scientific program and list of radionuclides are defined. Since  Since 2017, production and mass separated isotopes at CERN-
2018, 31 projects have been submitted to the collaboration = MEDICIS support ongoing research programs by providing
board in the biannual collaboration meetings that have already ~ high purity products which are not accessible in cyclotrons
taken place (see Table 1). Through the list of approved projects  or reactors without mass separation. Even though some of
(3), one can see strong interest in lanthanides and particularly ~ the above-mentioned radionuclides can be efficiently produced
terbium radioisotopes including the alpha emitter Tb-149 (4), in reactors or cyclotrons, they are produced with isotopic
the positron emitter Tb-152 (5) and the gamma and Auger  impurities that can only be removed by going through a mass
emitter Tb-155 (6). The medical and scientific community  separation process. For example, Ac-227 will be a co-product
also identified some scandium radioisotopes, such as Sc-44  of Ac-225 and some isotopes such as Tb-153, Tb-154, Tb-156
for Positron Emission Tomography (PET) (7) and Sc-47 for  will be generated as contaminants of Tb-155. High Specific
use in both therapy and Single Photon Emission Computed  Activity (HSA) radionuclides from neutron activated targets
Tomography (SPECT) (8). Cu-67 is a radionuclide being can also be provided, such as HSA Er-169 which is otherwise
proposed among the projects that would be well-suited for  not achievable.
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MEDICIS’ MODES OF OPERATION FOR
RADIONUCLIDE PRODUCTION

One of the main features of CERN-MEDICIS is that it can
profit from several irradiation possibilities to produce its
isotopes before proceeding to the off-line mass separation of
the radionuclide of medical interest (10). The facility has the
opportunity to irradiate targets at CERN in the ISOLDE primary
area. Every target unit is compatible with both, the ISOLDE and
MEDICIS facilities, and is composed of an aluminum water-
cooled vacuum vessel. The latter encloses a tubular tantalum oven
inside of which a target material, ready for irradiation, is placed.
This oven is connected to an ion source via a transfer line [more
details can be found in (11)]. The MEDICIS target is installed
for irradiation behind one of the ISOLDE'’s target station (HRS)
and before the beam dump via an automatic rail conveyor system
(RCS). The MEDICIS target can be:

FIGURE 2 | The MEDICIS robot about to transfer a target from the RCS to the
target station.

- directly irradiated by the 1.4 GeV proton beam delivered by
the CERN Proton Synchrotron Booster (12);

- indirectly irradiated by the fraction of the primary proton
beam (>65%) which did not interact with the HRS target, as
well as by its secondary particle showers [see more details in
(10)] - so-called parasitic mode.

Once the MEDICIS target has been irradiated, it is transported
back to a decay point via the same RCS. From this point onward
a dedicated robot, from the KUKA® company, handles the target
(see Figure2) and is used to safely connect the target to the
MEDICIS target station to subsequently start with the collection
of the radionuclide of interest. It should be noted that with this
mode of operation and since the full target unit is subjected to
the proton and secondary particle fluences, not only the target
material located inside the target oven is activated but the full unit
is. In 2017 and 2018, 11 targets were irradiated and used for mass
separation at CERN-MEDICIS, with some of them irradiated up
to five times.

However, since the start-up of the Large Hadron Collider
(LHC), accelerator operation at CERN is intermitted by extended
upgrade and maintenance periods called Long Shutdowns (LS).
During these periods the full accelerator chain is stopped and no
protons can be delivered to the various CERN experiments. The
first LS took place from February 2013 to mid-2014, followed by
the second from January 2019 to mid-2021. CERN-MEDICIS is
one of the very few facilities at CERN which was still operating
during the second Long Shutdown (LS2). During the years 2019
and 2020, CERN-MEDICIS performed off-line mass separation
of medically important radionuclides from materials irradiated
at external partner institutes. This operation mode is being
exploited since the first successful feasibility test carried out in
2018 with the mass separation and the collection of 18 MBq of
Er-169 from naturally abundant Er-168, irradiated in the reactor
of ILL in Grenoble (France) (13, 14). Each externally irradiated
material to be mass separated is shipped to CERN-MEDICIS
and it arrives either in sealed quartz vials or inside a dedicated

Voltage lines — Zinc-coated gold foils (picture on the right).

FIGURE 3 | PVD set-up with zinc filled molybdenum boat (picture on the left) with (A) the shutter, (B) the Molybdenum crucible with Zinc granulates and (C) the High
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FIGURE 4 | Dose rate measurement on the first collection of Tb-155 at
CERN-MEDICIS.

sample holder, developed at CERN in 2019. It is a tight fit
made of a tantalum cylinder with an inner part rhenium foil
lining, coming with its plexiglass protection. The latter has been
designed to prevent any contamination of the transport container
and to guarantee an easy, rapid and safe transfer of the externally
irradiated sample into the empty oven of the target unit. It
was made to avoid any risk of dispersion and contamination as
well as to limit the radiation exposure of the operator. All the
externally irradiated materials imported to CERN-MEDICIS in
2020 were received inside this new piece of equipment and no
contamination incident has been reported to date. In the case of
reception of sealed quartz vials, the decontamination, opening
and transfer into the target’s empty oven were performed at
CERN-MEDICIS using a dedicated automatic transfer system.
Once the target unit is loaded with the radioactive material, it
is handed over to the robot which couples it onto the MEDICIS
target station in view of the mass separation and collection. It
should be noted that in the case of externally irradiated material
and in contrast to the mode of operation that involves the
irradiation with protons at CERN in the ISOLDE target area,
there is no activation of the target unit itself.

In 2019 and 2020, CERN-MEDICIS received and used 34
externally irradiated target materials. These radioactive samples
were provided by the GIP ARRONAX in Nantes (France), ILL in
Grenoble (France), JRC in Karlsruhe (Germany), PSI in Villigen
(Switzerland) and SCK CEN in Mol (Belgium).

Regardless of the irradiation conditions and modes utilized,
each target unit, once coupled to the target station by the robot,
is heated up to very high temperatures to allow for the diffusion
and effusion of the isotopes of interest. Even though the optimal
temperature differs for each target material and radionuclide to
be mass separated, these temperatures often reach more than
2,000°C. The isotopes pass through an ion source, where they are
ionized and subsequently accelerated to be sent through a mass
separator (dipole magnet) as Radioactive Ion Beams (RIBs). More
information regarding the MEDICIS beam line can be found
in (15). Furthermore, the MELISSA laser laboratory (16, 17)
helps to increase the separation efficiency and the selectivity. The

TABLE 2 | Predicted activity gains from a direct irradiation in comparison to the
indirect mode.

Target material Titanium Tantalum ThO,
Radionuclide Sc-44  Sc-47  Tb-149 Tb-152 Tb-155 Ac-225
Activity ratio [2rect 15 13 14 13 12 15

extracted radionuclides are usually implanted onto thin zinc-
coated gold foils. The foils are prepared under high vacuum using
99.995% pure zinc granulate thermally heated in a molybdenum
boat and evaporated onto the 0.25mm thick gold substrates
(Figure 3). With the assistance of a build-in INFICON thickness
sensor the layer thickness is determined to 500 nm in this Physical
Vapor Deposition (PVD) process. Preparation and cleaning of the
gold plates (surface roughening and ultrasonic cleaning) is crucial
for the zinc adherence and layer uniformity.

After the implantation, the foils are safely retrieved from the
collection chamber and transported to a shielded fume hood by
using a shielded trolley. This is followed by their shipment to one
of CERN-MEDICIS’ partner institutes.

MEDICIS’ OPERATION FROM DECEMBER
2017 TO DECEMBER 2020: A REVIEW

2017: The First Radioactive Beam

The 10th of November 2017 marked the beginning of CERN-
MEDICIS’ operation with the start of hardware commissioning
(power converters) and the polarization at 30 kV of the ion source
platform for secondary ion beam generation. It was followed by
the extraction of the first stable isotope beam 5 days later. The first
target, containing 250 g of tantalum rolls as material inside the
target oven, was irradiated for 24 h on the 5th of December 2017.
One month later, the commissioning of the facility was completed
with the first collection of Tb-155 (18) (see Figure 4). One Tb-155
sample was also shipped to the IST Lisboa (Portugal).

2018: A Full Year of Operation With the
CERN Proton Beam

The year 2018 began with a technical stop of several months
and stable beam tests, before CERN’s proton beams were
available again. In May 2018, CERN-MEDICIS was ready again
to operate with irradiated targets and launch its first operation
year. Beamtime was devoted to nine different approved projects
through the year. It included several developments within the
MEDICIS-Promed European Commission Marie Sklodowska-
Curie innovative training program with, as examples, the
successful separation of Er-169 from externally irradiated Er-
168 (13, 14) as feasibility tests in preparation for LS2, as well as
promising C-11 diffusion studies (19). In total, 5.5 x 10" protons
have been directed to the ISOLDE HRS target station in 2018,
among which 44% could be exploited for the MEDICIS program
(ie., 2.4 x 101 protons). It includes 6.0E18 protons (11%) that
have been directly sent to the MEDICIS irradiation point by
deflecting the proton beam below the upstream ISOLDE target
while the latter was being set up for physics runs. This direct
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TABLE 3 | Summary of the collections performed at CERN-MEDICIS in 2018, 2019 and 2020.

Year Irradiation Medical isotopes Collected Maximum collection Number of batches Number of projects Number of new
modes activity (MBq) efficiency? (%) delivered concerned targets

2018 CERN PSB & C-11, Tb-149, Tb-152, 235 1.6 4 2 12
external Th-155, Tm-165,
irradiations Er-169

2019 External Tb-155, Er-169, 870 6.0 15 5 8
irradiations Yb-175, Pt-195m

2020 External Sm-153, Th-155, 540 22.5 (53% separated®) 16 5 3
irradiations Tm-167, Ac-225

aCalculated as the ratio between the total activity measured on the collection foils at the end of the collection and the activity present inside the target container at start of the collection.
bAn efficiency of 53% has been measured by the on-line y-spectrometer but due to sputtering effects, part of the activity has been lost on the foils’ support and inside the

collection chamber.

irradiation mode allows for considerably increasing the activity,
which can be produced in the MEDICIS targets. Based on FLUKA
Monte Carlo (20, 21) simulations (CERN version 4.1), a study
performed on the radionuclide production in such a target being
either directly or indirectly irradiated (see scenarios presented
in section MEDICIS’ Modes of Operation for Radionuclide
Production) has been carried out (22). It focused on the activity of
several radionuclides of interest for CERN-MEDICIS produced
after different irradiation times ranging from 1h to several
days, in combination with 1h of cooling time. For the indirect
irradiation scenario, a UCx target has been placed upstream of
the MEDICIS target. As a result, the gain in the activity produced
using the direct irradiation mode ranges on average between 12
and 15 for Ac-225, Sc and Tb radioisotopes (see Table 2).

It should be noted that the high activity levels after the
retrieval of the target units did not allow for quantitative
activity measurements by gamma-ray spectroscopy. Dose rate
measurements of the full target units have been carried out
which confirm an expected notable gain in activation levels after
direct irradiation. For example, a comparison of the previously
described scenario yielded a ratio of 10 in the case of Ta target
units. However, one should keep in mind that this value should
be understood as an indication as it is based on measurements of
the full target unit and not of a specific radionuclide.

Five radionuclides of medical interest were collected in 2018:
Er-169, Tb-149, Tb-152, Tb-155 and Tm-165, a generator of the
Auger electron emitter Er-165. The collected activities ranged
from 1 to 137 MBq with separation efficiencies up to 1.6%
(10). Two research institutes, the Centre Hospitalier Universitaire
Vaudois (CHUYV) in Lausanne (Switzerland) and the National
Physical Laboratory (NPL) in Teddington (UK), respectively,
received batches of Tb-149 and Tb-155. Within this framework,
MEDICIS successfully showed its capability to collect and deliver
the short half-life radionuclide Tb-149 (T;, = 4.1h) with a
delay between the end of the target irradiation and the shipment
departure of less than two half-lives. A total of 1.7 GBq of
activity was handled in 2018, including the activity coming
from isobars/impurities. Out of this value, 235 MBq could be
exploited for medical applications. Twelve target units, including
prototypes, were used for the CERN-MEDICIS program in 2018.
Some of these targets were irradiated up to five times. This
mode of operation significantly reduces the amount of generated

radioactive waste and the costs. Including machine development
runs, 220h were devoted to the collection of radionuclides in
2018. CERN-MEDICIS profited from 20 irradiations slots and
could proceed with 15 collection campaigns (see summary in
Table 3). Although typically performed on zinc-coated gold foils,
preliminary tests have been performed with the implantation of
radionuclides in KNOj3 salt layer deposited on thin aluminum
foils. The latter has been done within preliminary radiochemistry
developments performed at CERN-MEDICIS and in view of
simplifying the post-implantation radiochemistry process by
recovery of the implanted activity in buffered aqueous solutions.

After a second collaboration board meeting on the 3rd
of October 2018 (see Table 1), additional irradiation slots
on the MEDICIS irradiation point were approved to extend
the so-called ISOLDE nuclear physics winter program. Long-
lived radionuclides were further extracted at the beginning of
CERN’s shutdown period, with Be-7 and radium monofluoride
molecule beams, producing one of the ISOLDE physics result
highlights (23).

After the last proton beam delivered at CERN on the 12th
of November 2018, CERN-MEDICIS entered its technical stop
period for maintenance and upgrade.

2019: A Year Without Protons at CERN
Compensated by the Use of Externally

Irradiated Target Materials

CERN-MEDICIS’ second year of operation started with a 6
months technical stop dedicated to maintenance and upgrade,
followed by a commissioning phase. Notably, in February the
MEDICIS target storage shelves became fully operational (see
Figure 5).

It was followed by the successful commissioning of the
shielded fume hood in March into which the collection foils can
be safely removed from their support, and where radiochemistry
developments can be performed. Another milestone was reached
in 2019 when the MELISSA laboratory (16, 17) became fully
operational in April. The installed laser setup consisted of
two Z-cavity Ti:sapphire lasers of the Mainz University/CERN
design pumped by two 10kHz pulsed Nd:YAG lasers InnoLas
Nanio 532-18-Y (see Figure 6). Using intra-cavity frequency,
doubling blue beams required for two-step resonant ionization
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FIGURE 5 | The shielded storage shelves and the robot.

of rare-earth elements could be generated by this setup. The
operating principle of MELISSA setup is identical to that of the
ISOLDE resonance ionization laser ion source (RILIS) system
(24). Since then, all collections performed at CERN-MEDICIS
have profited from the added value and selectivity provided by
MELISSA. The laser resonance ionization scheme for actinium
(25, 26) is given as an example in Figure 6. A regularly updated
compilation of laser schemes applied at RILIS systems can be
found at http://riliselements.web.cern.ch/.

In June 2019, the CERN-MEDICIS target station was back in
operation after the complete replacement of a defective extraction
electrode on the MEDICIS beamline. The first collection of
radionuclides started on the 2nd of July. The externally irradiated
enriched Er-168 containing Er,O3 target was imported from
ILL (France), from which 79 MBq of Er-169 was collected for
shipment to PSI (Switzerland). CERN-MEDICIS operated in
2019 with target materials irradiated either at the nuclear research
reactor of ILL or at the GIP ARRONAX cyclotron (France) until
the end of the year.

Er-169, Yb-175 and Pt-195m have been produced in the
reactor of ILL by neutron capture on enriched Er-168, Yb-174,
and Pt-194, respectively. Due to the high quantity of stable
isotopes present in the samples after neutron irradiation, mass
separation allows to significantly increase the specific activity of
the radionuclide of interest. An activity of 92 MBq of Pt-195m
was shipped to the Hopitaux Universitaires de Genéve (HUG) in
Switzerland for preliminary tests prior to future mass separation.
Throughout the year 2019, a total of 350 MBq of mass separated
Er-169 was provided to PSI, together with 520 MBq of mass
separated Yb-175 for radiochemical separation, quality control
and proof-of-concept preclinical experiments (27).

ARRONAX provided its first sample containing Tb-155 at
the beginning of August 2019, to be mass separated. It was
produced by irradiating natural gadolinium foils by the 30 MeV
proton beam on target delivered by its cyclotron (28). The
sample was shipped to CERN-MEDICIS to separate the Tb-
155 in mass from the stable gadolinium target atoms as well
as from the other produced terbium isotopes. Three additional

externally irradiated samples were provided by ARRONAX
throughout the year 2019. Given the difficulties in extracting
terbium isotopes from the irradiated gadolinium material, several
weeks of stable beam tests have been dedicated to the operation
optimization and laser scheme developments. In addition, post-
irradiation radiochemistry had been performed at ARRONAX
in order to reduce the proportion of gadolinium atoms in
the sample and increase the mass separation efficiency. Two
batches of mass separated Tb-155 were delivered to the National
Physical Laboratory in the UK and to KU Leuven/SCK CEN
in Belgium for radiochemical studies, detector calibration and
isotope qualification.

The year 2019 can be summarized as 16 collection campaigns
carried out within 922 h of operation (not including the weeks of
operation devoted to stable beam tests). A total of 870 MBq of
mass separated activity were delivered to the institutes with the
addition of 92 MBq of Pt-195m. Four institutes and five different
approved research projects could profit from these radionuclides.
Eight target units were used throughout the year, with some of
them used up to three times. Moreover, collection efficiencies
up to 6% (for Yb-175) could be achieved which represents a
significant improvement in comparison with the operation year
2018 (see Table 3). Last but not least CERN-MEDICIS welcomed
1400 visitors during CERN’s Open Days on the 14th and 15th of
September 2019.

2020: Record Separation Efficiencies
Achieved With Externally Irradiated Target

Materials

From January to March 2020 CERN-MEDICIS entered into a
new technical stop for maintenance and upgrade. It included,
among other works, the delicate replacement of a defective
extraction electrode (a highly contaminated part) and the
installation of a new gas injection system compatible with the
use of chloride gas in view of producing molecular beams in
the near future. Another improvement of the facility during the
first semester 2020 was the integration of a compact Cadmium
Zinc Telluride (CZT) y-detector from Kromek® for the on-
line monitoring of the collected activity being implanted onto
the collection foils (see Figure7) (29). The activity being
accumulated during a collection can thus be monitored together
with the radionuclidic purity of the beam impinging on the
foil. Monitoring the implantation rate has helped in the daily
operation and allowed for a notable increase in the separation
efficiency, as shown in the following.

During the 5th collaboration board meeting, a new project
regarding the mass separation of Sm-153 from externally
irradiated targets of Sm-152 was proposed (see Table 1) (3). The
project was approved by the board members with high priority
for 2020.

The technical stop ended at the beginning of March, followed
by its commissioning. It included software and stable beam
tests until the 16th of March 2020. From that day onwards all
CERN installations suspended their activities due to the Covid-19
sanitary crisis. In total, CERN-MEDICIS’ operation was stopped
for 10 weeks. During that time the official CERN-MEDICIS
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FIGURE 6 | MELISSA laser set-up operational since April 2019 (picture on the left) and laser resonance ionization scheme for actinium (picture on the right).
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FIGURE 7 | CZT y-ray detector installed in front of the window of the
collection chamber and performing the on-line measurement of the activity
being implanted on the foils.

website has been created as a portal for public outreach as well
as exchange of information of the collaboration (3).

The operation of the facility restarted on the 25th of
May, with the successful conditioning of the newly installed
electrode, at voltages up to 65 kV. In parallel, an additional
laser, provided by Mainz University, has been received and
installed in MELISSA (see section 2019: A Year Without Protons
at CERN Compensated by the Use of Externally Irradiated

Target Materials). It is a grating-tunable Ti:sapphire cavity that
considerably aids the scheme developments. Motorized etalon
mounts and a laser beam stabilization system were installed to
improve the long-term stability of the laser ion source. A beam
imaging system was implemented to enable remote monitoring
and diagnosis of the setup. These upgrades, combined with the
additional laser system, allowed for improving the performance
and reliability of the laser ion source during radionuclide
collections as well as for increasing the number of elements
for which the ion source can operate. In preparation of the
near future mass separation of Sm-153, Tb-155 and Tm-167,
the CERN-MEDICIS facility has dedicated several weeks of
stable beam tests in synergy with MELISSA. From the use of
an evaporated solution of Tb-159 (in 5% HNO3) deposited
on a rhenium foil, 3% of terbium separation efficiency has
been achieved with target temperatures above 2,200°C. Tests
performed with stable samarium have shown a separation
efficiency of up to 31% with an optimal operation temperature
found around 1,700°C. This temperature has subsequently
been confirmed during the radioactive samarium collections
by monitoring the optimum implantation rate with the
online CZT detector. In addition, thulium separation efficiency
measurements were performed. A solution of natural thulium
was deposited and evaporated on natural Er,Os, in order to
better reproduce the operation conditions with the irradiated
material. Efficiencies ranging from 65% (pure thulium) to
60% (thulium with erbium oxide surplus) were achieved and
dedicated systematic measurements on the influence of the
presence of contaminants on the laser ionization efficiency were
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performed by using different elements and ion source materials
[more details can be found in (30)].

During the last week of June 2020 and after a successful,
intensive and conclusive period of commissioning and stable
beam production, the CERN-MEDICIS facility received the
authorization to operate again with radioactive beams. The
facility received its first externally irradiated target material
of the year on 26th of June 2020. Radioactive ion beams
have been produced at the end of June 2020 until the
9th of December 2020. The scientific program of the year
focused on the mass separation, collection and delivery of
four radionuclides of medical interest. It included the mass
separation of Sm-153 (t;, = 46.5h), which is a p~ emitter
having the advantage of a y-emission at 103 keV that is detectable
by external imaging devices. Sm-153 was initially produced
from enriched Sm-152 targets and neutron capture reactions at
the SCK CEN BR2 reactor (31). Additional batches of mass-
separated Tb-155 were provided by CERN-MEDICIS to two
partner institutes. This radionuclide had been initially produced
at ARRONAX and shipped to CERN-MEDICIS for further
processing. Moreover, the therapeutic radionuclide Tm-167 was
produced from natural erbium targets irradiated by 22.8 MeV
protons, at the Paul Scherrer Institute (30). Two samples of
Ac-225 were provided to CERN-MEDICIS by JRC Karlsruhe in
order to perform preliminary studies on separation efficiency
and optimal operation temperatures within the framework of
a project proposal approved at the 4th MEDICIS collaboration
board. The study of the mass separation of this radionuclide was
performed one time with Ac-225 being only deposited and dried
on a rhenium foil and a second time with Ac-225 being deposited
on a sample of thorium oxide as potential future irradiation
target material.

The two extractions of Ac-225, with Ac-225 alone and Ac-225
deposited on a sample of ThO,, led to separation efficiencies of
12.5 and 9.8%, respectively. Both were performed using surface
and laser ionization. In the first scenario 1,900°C was found
to be the optimal temperature, whereas temperatures above
2,300°C were necessary to extract the Ac-225 from ThO;. These
results represent important foundations for the operation in
2021 and provide input to the mass separation of Ac-225 from
ThO, targets irradiated by the 1.4 GeV proton beam delivered
by the CERN PS Booster. From the eight Sm-153 collection
campaigns, the mass separated activities were ranging from 20
to 130 MBq. Depending on the initial activity present inside
the target container at the start of the collection efficiencies of
up to 12.7% were encountered. Separation efficiencies ranging
between 1 and 6% were achieved during the four Tb-155
collections performed that year, to produce batches of mass
separated Tb-155 with activities up to 20 MBq. By considering
the activity given by the CZT y-spectrometer which is monitoring
the activity being implanted on the foils inside the collection
chamber (see Figure7), a maximum separation efficiency of
53% has been reached at CERN-MEDICIS that year, for the
mass separation of Tm-167. However, during the three Tm-167
collection campaigns, sputtering effects of the implantation layer
led to aloss of the activity on the frame of the foils’ support as well
as inside the collection chamber. From the activities measured

after removal of the foils, a maximum efficiency value of 22.5%
was observed (see Table 3). This figure is computed from the total
activity measured on the collection foils during one collection
campaign as a function of the activity which was present inside
the target at the start of the collection on each foil (ranging from
75 to 120 MBq). The Tm-167 optimal operation temperature
window was determined using progressing heating steps and
found to be between 1,900 and 2,200°C. A detailed description
is given in (30).

In 2020 a total of 17 collections have been performed with 16
batches shipped to four European partner institutes (PSI, SCK
CEN/KU Leuven, CHUV and NPL). This corresponds to a total
of 720 h of collection time. Only three new targets have been built
for operation in 2020. Among these targets, one has been used
8 times and is still considered to be re-used in 2021 since no
obvious sign of failure or decreased efficiency could be observed.
In addition, three targets have been reutilized from 2019. Five
approved projects could profit from high purity radionuclides
delivered by CERN-MEDICIS in 2020 with a total of 530 MBq
collected and shipped to our partners.

The radiochemistry activities have also progressed, starting
from 2018. In 2020 the separation of the implanted isotopes
from the zinc layer could take place at CERN-MEDICIS itself.
Based on an ion-exchange chromatography, a method has been
developed for the separation of the lanthanides collected in
2020 and has been tested for low activity levels, below 1
LA [Limite d’Autorisation according to the Swiss regulations
(32)]. The parameters have been optimized specifically for
three radiolanthanides, namely samarium, terbium and thulium.
An automated system is also being developed to separate
higher radioactivity levels. Irradiated metallic Pt-194 targets
were converted into PtCl, at the partner institute PINSTECH
(Islamabad, Pakistan) for the MED-022 project and will be
used either directly or for Pt separation tests. In addition,
the treatment of concentrated liquid radioactive acidic waste
was performed in order to transform it into easily disposable
solid waste.

MEDICIS IN 2021 AND BEYOND

Since its commissioning in December 2017, CERN-MEDICIS has
shown its capability to deliver non-conventional radionuclides to
its partner institutes with a gradual and continuous improvement
of its capabilities. Despite the global public health crisis, the
year 2020 brought important technical, operational and scientific
results, partly reflected in other manuscripts of this topical
issue (15, 27, 30, 31). It has been a successful year for the
MEDICIS facility as well as for the new European Medical Isotope
program—PRISMAP—which has been selected for funding
(33). PRISMAP, backed by a consortium of 23 institutes, was
approved for funding by the Research Infrastructures program
INFRA-2-2020 of Horizon 2020 of the European Commission,
in which isotope mass separation has been identified as an
important step in the production of radiopharmaceuticals.
PRISMAP aims to federate European key stakeholders for the
translation of emerging radionuclides into medical diagnosis
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and treatment. It has been initiated in May 2021, with mass
separation and the CERN-MEDICIS facility at the center of
the project.

The operation of the facility is stopped between January and
May 2021 due to the construction of a new laboratory for the
safe research and development of actinide nanomaterials as new
target materials, which is being built as an annex to the CERN-
MEDICIS laboratory. CERN-MEDICIS will continue providing
its external partners with high specific activity radionuclides
from June 2021 onward. Targets irradiated at CERN as well as
externally irradiated materials will be exploited. The irradiation
possibilities are foreseen to be extended thanks to a second
irradiation station installed behind the second ISOLDE General
Purpose Separator (GPS) target station. The results collected
from the three past years of operation, together with the approved
scientific program, have been used to set priorities on options
for the upgrade of the facility. This notably includes studies to
adapt the implantation layer to avoid sputtering, modification
of the collection chamber for ion beam rasterizing and the
possibility to collect multiple isotope beams in parallel. While
the LHC injector upgrade (LIU) is coming to completion, proton
beams from the PSB using the new Linac 4 injector will be
available for the next 4 years. The next CERN Long Shutdown
(LS3) will take place from the end of 2024 onward during
which operation with external sources provided by the partner
institutes, and produced in cyclotrons or reactors, will again
become possible.

Within the CERN-MEDICIS collaboration and the PRISMAP
European project, the list of isotopes will continue to be extended
according to the needs of the community. By gaining experience
during every year of operation, progressively larger activities
will be produced and delivered to the research institute. With
the aim to achieve a sustainable production scheme, which is
among the goals of PRISMAP, further evolution could take
place. This should be seen in the context of CERN’s upgrade
plans such as proton energy increases to 2 GeV or higher
beam intensities that could further extend the present reach of
the facility.
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Research, MEDICIS, Geneva, Switzerland, * European Organization for Nuclear Research, Thin Film Lab, Geneva,
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Samarium-153 ('°3Sm) is a highly interesting radionuclide within the field of targeted
radionuclide therapy because of its favorable decay characteristics. °3Sm has a half-life
of 1.93 d and decays into a stable daughter nuclide ('°3Eu) whereupon B~ particles [E
= 705 keV (30%), 635 keV (50%)] are emitted which are suitable for therapy. 1°3Sm
also emits y photons [103 keV (28%)] allowing for SPECT imaging, which is of value
in theranostics. However, the full potential of '°3Sm in nuclear medicine is currently
not being exploited because of the radionuclide’s limited specific activity due to its
carrier added production route. In this work a new production method was developed
to produce 193Sm with higher specific activity, allowing for its potential use in targeted
radionuclide therapy. '°3Sm was efficiently produced via neutron irradiation of a highly
enriched 152Sm target (98.7% enriched, oy, = 206 b) in the BR2 reactor at SCK CEN.
Irradliated target materials were shipped to CERN-MEDICIS, where '°3Sm was isolated
from the '92Sm target via mass separation (MS) in combination with laser resonance
enhanced ionization to drastically increase the specific activity. The specific activity
obtained was 1.87 TBg/mg (~ 265 times higher after the end of irradiation in BR2 +
cooling). An overall mass separation efficiency of 4.5% was reached on average for
all mass separations. Further radiochemical purification steps were developed at SCK
CEN to recover the 193Sm from the MS target to yield a solution ready for radiolabeling.
Each step of the radiochemical process was fully analyzed and characterized for further
optimization resulting in a high efficiency (overall recovery: 84%). The obtained high
specific activity (HSA) '93Sm was then used in radiolabeling experiments with different
concentrations of 4-isothiocyanatobenzyl-1,4,7,10-tetraazacyclododecane tetraacetic
acid (p-SCN-Bn-DOTA). Even at low concentrations of p-SCN-Bn-DOTA, radiolabeling
of 0.5 MBq of HSA '93Sm was found to be efficient. In this proof-of-concept study, we
demonstrated the potential to combine neutron irradiation with mass separation to supply
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high specific activity 193Sm. Using this process, 193SmCly suitable for radiolabeling, was
produced with a very high specific activity allowing application of 193Sm in targeted
radionuclide therapy. Further studies to incorporate '°3Sm in radiopharmaceuticals for
targeted radionuclide therapy are ongoing.

Keywords: radiolanthanides, samarium-153, theranostics, targeted radionuclide therapy, cancer, nuclear
medicine, mass separated radionuclides, resonant laser ionization

INTRODUCTION

Targeted radionuclide therapy (TRNT) has proven to be
successful in oncology over the last decade (1-5). In TRNT
a radionuclide is linked to a molecule that selectively binds
to over-expressed receptors of cancer cells, allowing for a
targeted approach in cancer therapy. Accumulation of the
radiopharmaceutical in tumor tissue delivers toxic levels of
radiation directly to the malicious tumor cells minimizing dose
given to healthy tissue.

The use of rare earth elements (REEs) in TRNT have been
especially investigated intensively because of their favorable
decay characteristics for nuclear medicine applications (6-14).
The a g)lication of several drugs, containing REE radionuclides
(°Y, 15Sm and '77Lu), have been approved in nuclear medicine,

while the use of others are being studied (14%152155161Th, 166,
169Er, 167Tm, and 17°Yb). Fortunately many of the therapeutic
REE radionuclides can be easily produced in a nuclear research
reactor with high yields and high specific activities.

153Sm has a half-life of 1.93 d and decays into a stable daughter
nuclide (!°*Eu). Upon decay B~ particles (Epax = 705 keV, 635
keV) and y photons (103 keV) are emitted which are suitable
for therapy and SPECT imaging, respectively. Therefore, 1°*Sm is
a very interesting radioistope in theranostic clinical applications
of nuclear medicine. '>2Sm has a high thermal neutron cross
section (oy, = 206 barn), which allows for efficient neutron
activation of 12Sm via an n,y reaction to produce !*3*Sm [!>2Sm
(n,y) 3Sm] in a nuclear research reactor with a high thermal
neutron flux using highly enriched '°2Sm target material. Despite
its highly interesting decay characteristics for nuclear medicine,
the use of 1*SmCl; (as Quadramet) is currently restricted to
bone pain palliation, for patients suffering bone metastases
originating from various types of cancer. This is a consequence
of the direct carrier added production route. Considering a
2 x 10 neutrons/cm?/s thermal neutron flux, at the end of
irradiation (EOI) a maximum specific activity of ~135 GBq/mg
can be reached after 13 days of irradiation. Neglecting the high
burn-up of the target, this corresponds to a ratio of 120:1
between '2Sm and !>3Sm nuclides. The specific activity drops
exponentially as a function of time after EOI as a result of the
fast nuclear decay of 1>>Sm, drastically increasing the !>2Sm-to-
1538m ratio. Chemical isolation of >*Sm from its !>2Sm target
matrix is impossible. Therefore, the achievable specific activity
of c.a. 1*Sm remains too low to be used in TRNT. The high
content of stable >2Sm would make chelation at the needed
low ligand concentrations inefficient. Moreover, the excessive
amount of »2Sm-complex would saturate the receptor sites
at the targeted cancer cells with inactive material, leading to

a low therapeutic efficiency thus making carrier added '>*Sm
ineffective in TRNT.

132Sm targets are typically irradiated for several days to
reach high production yields for 1>*Sm. As a consequence of
the relatively short half-life of >3Sm, trace amounts of the
long-lived 154py (ti2 = 8.6 y) are co-produced by neutron
irradiation of the stable !*3Eu (oy, = 300 b) daughter nuclide.
The presence of these long-lived impurities limits the shelf-
life of the radiopharmaceutical significantly as they might
deliver unacceptable dose to the patient on the long term.
Therefore, the >*Eu content allowed in radiopharmaceuticals,
such as Quadramet, is strictly regulated by international
agencies (15, 16).

The use of mass separation on irradiated '®2Sm targets
allows for reaching much higher levels of specific activity of
153Sm, ie. pure non-carrier-added '*Sm corresponds to a
theoretical specific activity of 16.4 TBq/mg. Moreover, any long-
lived "2Eu and '"Eu impurities are removed from '>*Sm
simultaneously by applying mass separation. The possibility
to produce high specific activity (HSA) !>3Sm will make this
radionuclide and its beneficial ~ and y emissions eligible for
receptor-targeted B~ therapy, leading to the development of
various novel radiopharmaceuticals.

In this study, we demonstrated the possibility to perform
neutron activation of 98.7% highly enriched !®’Sm as Sm
(NO3); targets using thermal neutron fluxes of 2.0-2.5 x 10
neutrons/cm?/s in the BR2 reactor, and to isolate '**Sm from
its neutron activated '®2Sm target matrix by means of mass
separation at the CERN-MEDICIS facility (17). Mass separation,
both on-line and off-line, have proven to be of added value to
produce non-conventional radionuclides for medical research
(18). Examples include the production of 9Tb, 1>2Tb, 15>Tb,
169Er 167Tm, and 7°Yb (19-21). The MS collection foil was
processed in the NURA radiochemistry labs at SCK CEN to
obtain 1>*SmCl; with high specific activity (1.87 TBq/mg) and
high radionuclidic and chemical purity suitable for TRNT.
Radiolabeling experiments using the HSA *3Sm demonstrated
high radiolabeling yields. This proof-of-concept study confirms
the ability to produce '3Sm with very high specific activity
suitable for radiolabeling and opens perspectives for future

large supply.

MATERIALS AND METHODS

Neutron Activation of 12Sm
Highly enriched '>2Sm,03 (98.7% + 0.1, Neonest AB) target
material was converted to >2Sm (NO3); prior to neutron
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FIGURE 1 | Typical example of a vacuum-sealed quartz ampoule ready for
irradiation. The target material is deposited at the bottom of the ampoule (left
side here).

activation to facilitate target handling after irradiation. 1>2Sm, O3
was dissolved in 4 mol/L HNO3 solution (trace metal grade,
VWR). Afterwards, the solution was evaporated to dryness using
a rotavapor (Biichi) and a vacuum oven (Thermo Fisher). The
obtained 1°2Sm (NOj3)3 was dissolved in a known volume of trace
metal grade H,O (VWR), and dispensed in high-purity quartz
glass ampoules (Heraeus). A target mass of 150 pg '®2Sm was
used in the first series of irradiations. After optimization of the
processing protocols, the target mass was increased to 350 pg
1528m to allow for gradual up-scaling of the **Sm production,
while following the ALARA principle. The target solution inside
the quartz ampoules was evaporated to dryness inside a vacuum
oven (80 °C, 300 mbar). The quartz ampoules were sealed
under vacuum using a custom-made sealing station and a
propane/oxygen torch. An example of a vacuum-sealed ampoule
with the target material deposited at the bottom is presented in
Figure 1. The outer surface of the ampoules underwent thorough
cleaning to avoid the undesired activation of any contaminants.
The quartz ampoules were irradiated in the BR2 reactor at
SCK CEN following the routine production procedure (22).
They were loaded into standard cold-welded “CFS” irradiation
capsules containing an aluminum insert and helium gas. The
capsules were irradiated in thimble (DG - “Doigt de Gant”)
irradiation devices during 2 or 3 days in thermal neutron
fluxes of 2.0 to 2.5 x 10 neutrons/cm?/s and cooled for
5 days to allow the decay of short-lived radionuclides. The
irradiation capsules were sent to the BR2 Hot-Cells for decanning
to recover the quartz ampoules, which were then shipped to
the radiochemical labs at SCK CEN for opening and target
processing. The irradiated target material was dissolved in trace
metal grade water and transferred into a tantalum sample
boat lined with a rhenium foil provided by CERN. A small
aliquot of the solution was taken for analysis by gamma
spectrometry. The target material was evaporated to dryness,
by using a 350 W infra-red lamp, resulting in the deposition of
the irradiated target on the rhenium foil before being shipped
to CERN-MEDICIS for mass separation. So far, eight batches
underwent mass separation. The activity of the shipped batches
increased stepwise over time, ranging from 1.9 to 14.8 GBq

of 133Sm, to allow safe optimization of the different process
steps involved.

Off-Line Mass Separation of 133Sm

After each reception, the sample holder containing the
radioactive samarium source was loaded into the empty oven of
a standard ISOLDE target and ion source unit (23) at CERN-
MEDICIS. The target’s oven is made of tantalum and is connected
to a rhenium surface ion source via a hot transfer line. Dedicated
sample holders have been designed and produced by CERN
in order to efficiently and safely load the irradiated target
material inside the target container. In addition, the sample
holder has been designed to ensure the safe transportation of
the irradiated materials from the external institutes to CERN.
Once the radioactive material is loaded into the target container,
the target unit is coupled to the MEDICIS target station in
preparation for the collection. The target station includes a
coupling flange held at a potential ranging from 30 to 60 kV
and an extraction electrode placed after an acceleration gap,
at a distance ranging from 55 to 80 mm, for a surface ion
source, from the ion source’s exit. An Einzel lens is used to
shape the ion beam downstream of the extraction electrode. Two
electrostatic XY deflector stages at 5 kV are located between the
Einzel lens and the extraction electrode. The targets are heated
to very high temperatures, typically up to 2,300 °C depending
on the target material and radionuclide considered, to allow
for the diffusion and effusion of the isotopes of interest out
of the target to the ion source for subsequent ionization. The
ions are then accelerated and sent through a mass separator
which is a dipole magnet (24). The dipole magnet has been
modified to allow its use with the MEDICIS Laser Ion Source for
Separator Assembly (MELISSA) laser laboratory (25), resembling
the Ti:sapphire laser setup of the ISOLDE Resonance Ionization
Laser Ton Source (RILIS) (26). MELISSA has been in service
since April and helps to increase the separation efficiency
and the selectivity at CERN-MEDICIS. '*3Sm and its isobaric
daughter '>*Eu were implanted into a metallic zinc layer that
was deposited on a gold foil. These implantation foils were
prepared by a 99.995% pure metallic zinc granulate being
thermally heated in a molybdenum boat under high vacuum
and evaporated onto gold substrates. A zinc layer thickness of
500nm in this Physical Vapor Deposition (PVD) process was
attained and confirmed by the use of a build-in INFICON
thickness sensor. The surface of the gold substrates underwent
crucial surface roughening and ultrasonic cleaning steps prior
to the zinc deposition to allow for proper zinc adherence and
layer uniformity.

Radiochemical Processing of the Mass

Separation Target

The implanted '>3Sm and its daughter '>3Eu were recovered
from the gold foil by dissolving the metallic zinc implantation
layer. The metallic zinc layer was readily dissolved in a 4
mol/L HNO3; solution (trace metal grade, VWR). The gold
foil was rinsed twice with 4 mol/L HNOs. The activity of
the gold foil was measured in a dose calibrator (Veenstra)
before and after the dissolution of the metallic zinc layer to
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estimate the efficiency of activity removal from the gold foil.
The collected fractions were loaded onto a PEEK column (g:
2.1 mm, I: 30 mm, Bio-Safe, TrisKem International) packed with
DGA extraction chromatography resin (branched, 50-100 pm,
TrisKem International) using a peristaltic pump (ISMATEC IPC-
8) peristaltic pump. Before being used, the DGA column was
conditioned with 10 mL of 4 mol/L HNOj3. *3Sm and its 1°*Eu
daughter are retained on the DGA resin in acidic conditions,
whereas Zn>* is not. The loaded DGA column was washed
excessively with 20mL of 4 mol/L HNO3 to rinse the large
amount of Zn?* from the column. The wash solutions were
checked for activity in the dose calibrator to ensure no *3Sm
or '>3Eu were co-eluted during the washing of the loaded DGA
column. '33Sm and !>3Eu were readily eluted off the DGA
column using water. The eluted activity was monitored by means
of a dose calibrator.

Taking logistics and the relatively short half-life of 1**Sm into
account, the 1>3Sm eluent still contains a high amount of the
stable 1>*Eu daughter isotope. This lowers the radiochemical
purity drastically. Therefore, '>*Sm and !>3Eu are separated
using a high-pressure ion chromatography system (HPIC,
Shimadzu) equipped with a strong cation exchange column
(p: 6mm, l: 50 mm, Shodex IC R-621). To ensure retention
on the strong cation exchange column, the pH of the
1538m eluent from the DGA column was adjusted with
a 1 mol/L NH4OH (trace metal grade, VWR) solution
to reach a pH range of 2.5-4.5. After injection on the
HPIC system, '>>Sm was separated from !>3Eu using a 180
mmol/L 2-hydroxyisobutyric acid (a-HIBA) solution, which
was adjusted with NH4OH (trace metal grade) to pH 4.6.
The HPIC system was equipped with a radio-detector (Elysia-
Raytest, operated via GINA Star V4.8) to allow on-line
monitoring of the activity eluting off the strong cation
exchange column.

The collected >>Sm fractions were combined and loaded
onto a PEEK column (¢: 2.1 mm, 1: 30 mm, Bio-Safe, TrisKem
International) packed with LN3 extraction chromatography
resin (50-100 wm, TrisKem International) to remove a-HIBA
from the purified '**Sm. The LN3 column was conditioned
with a 1 mol/L HNOs3 (trace metal grade, VWR) solution
and washed with copious amounts of water prior to loading
of the 3Sm (a-HIBA); solution. After loading, a-HIBA was
washed from the column with water while 1>*Sm was retained
on the column. *3Sm was eluted from the LN3 column
in a concentrated fraction using a 50 mmol/L HCI solution
(trace metal grade, VWR), obtaining a 153SmCl;  solution
ready for radiolabeling. A small aliquot was taken for gamma
spectrometry analysis to determine the specific activity, via co-
analysis with ICP-MS, and radionuclidic purity of the produced
HSA 1%*SmCl;. Chemical purity was determined via ICP-MS.
Radiochemical purity was determined via radio-TLC, using
a 0.1 mol/L sodium citrate solution (pH 5). In total, four
of the retrieved mass separation targets were fully dedicated
for analysis and evaluation for optimization of the entire
radiochemical purification process, collecting valuable data after
each process step.

Radiolabeling of High Specific Activity

153gm

The suitability of the obtained HSA '33SmCl; for radiolabeling
was demonstrated with various concentrations of 4-
isothiocyanatobenzyl-1,4,7,10-tetraazacyclododecane tetraacetic
acid (p-SCN-Bn-DOTA, Macrocyclics). 0.5 MBq of HSA
153SmCl; was added to different concentrations of p-SCN-Bn-
DOTA (1, 5 and 10 nmol/L) in 0.1 mol/L NaOAc buffer (pH
4.7) with a total reaction volume of 1 mL. The reactions were
incubated in a thermomixer (Eppendorf) for 60 min while
maintaining a constant temperature of 30, 60 or 90°C. To obtain
robust results, test reactions were performed in triplicate for
each reaction condition. After incubation, the radiolabeling
yield was evaluated using thin-layer chromatography. 5 pL of
each reaction was spotted on a glass microfiber chromatography
paper strip impregnated with silica gel (iTLC-SG, Agilent
Technologies) and set in an acetonitrile: water mixture (70/30)
to allow migration of the 1>*Sm-p-SCN-Bn-DOTA complex. The
TLC papers were cut in half and the activity of the bottom and
top parts of the TLC paper were counted for 2 min each using a
gamma counter (Perkin Elmer).

RESULTS AND DISCUSSION

Off-Line Mass Separation of 1%3Sm

Prior to the reception of radioactive samarium, tests with
natural stable samarium sources had been performed with an
evaporated sample of Sm;O3 (in 5% HNO3) in order to define
the laser excitation scheme for the MELISSA ion source and the
optimal temperature window for samarium release. These tests
allowed the facility to operate with a reproducible extraction
and collection protocol, and to reach 8% of separation efficiency
already at the first collection of '>>Sm, exceeding the best
operation performances achieved so far (18).

The separator parameters were set with a beam extraction
voltage of 60 kV and an acceleration gap of 60 mm from the ion
source’s exit. The target container oven was heated at 1,130 °C by
ohmic heating and the ion source line at 2,100 °C for preliminary
optimization steps with stable '>2Sm. Most of the !>*Sm activity
was extracted between 1,640 and 1,900 °C (corresponding to
a current of 500-580 A). Figure 2 shows the ion beam profile
during implantation for A = 153. Samarium was ionized by
resonantly exciting the electronic shell from the low-lying E =
292.6 cm~! state (17% thermal population at 2,100 °C) via two
subsequent hy,c = 435.706 nm transitions into an auto-ionizing
state (Figure 3) (27). In the exceptional case that only one
laser is required for both transitions enabled alternating pulsing
of the two available pump lasers This doubles the standard
repetition rate to 20 kHz and increased the laser ionization rate by
30%, compared to synchronous operation at 10 kHz. The '>*Sm
implantation rate in MBq/h was monitored by a compact room
temperature gamma-spectrometer (Kromek® GR-1) which was
positioned in front of the collection chamber window. The
identification and quantification of the implanted ions were
based on the observation of the 103.2 keV gamma-line. The
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average 1>3Sm collection time for the 8 collections performed in
2020 was 36 h with an average efficiency of 4.5% and a maximum
separation efficiency of 12.7%. This efficiency was calculated
based on the activity measured on the collection foil at the end
of the collection as a ratio to the !>3Sm activity in the target
at start of the collection. In 2020, 330 h of MEDICIS operation
were devoted to the collection of '33Sm. Each collection foil was
shipped back to SCK CEN for further radiochemical processing.

Radiochemical Processing of the Mass

Separation Target

The metallic zinc layer, into which the mass-separated 1°>Sm was
implanted, was readily dissolved using a mineral acid, oxidizing
Zn® to Zn**. By measuring the radioactivity of the gold foil
before and after dissolution of the metallic zinc implantation
layer, a !53Sm recovery of 85-92% was achieved. Activity
remaining on the gold foil after the acid washes originates from
153Sm that penetrated the metallic zinc layerand got implanted
into the gold foil as a result of the high ion beam intensity. This
activity could not be removed by the chemical conditions used
and was considered a total loss in the production process. No
additional efforts were undertaken to dissolve the gold foil, as
more aggressive media (e.g., aqua regia), would be required.

An extraction chromatography column packed with branched
DGA resin (N,N,N’,N'-tetrakis-2-ethylhexyldiglycolamide) was
used to remove the large excess of Zn** from >3Sm in highly
acidic conditions. DGA resins are known to have large affinities,
ie., large k' values, for trivalent lanthanides in concentrated

HNO3 and HCI media (28), following the extraction mechanism
Ln’T + 3X~ 4+ 3 DGA = LnX3(DGA)s3, with X being NO3 or
Cl™. The high affinity of Sm** for DGA resin allows efficient
retention of 1>Sm on the column. Zn?* ions have much lower
affinity for DGA, i.e., a very low k’ value, and are easily eluted
off the column. Excessive washing of the loaded DGA column
with concentrated HNOj allows for efficient removal of the
Zn** impurities from 33Sm. Sm3* can be easily stripped from
the DGA column by reducing the nitrate concentration in the
mobile phase, i.e., reversing the above extraction mechanism.
Quantitative >>Sm elution was obtained using water as an eluent.
Despite the elution of 1>3Sm from the DGA column in water, the
obtained solution remained too acidic for direct loading onto the
strong cation exchange column used in the next process step (vide
infra). The pH of the 1>3Sm fraction was adjusted to 2.5-4.5 using
a dilute NH4OH solution. Activity measurements of the wash
solutions and the collected '>3Sm fraction resulted in a process
efficiency of >99.9%. Chemical purity of the *Sm fraction was
found to be highly dependent on the volume wash solution used.
5mL of 4 mol/L HNOj3 proved to be insufficient as 60 ppb Zn was
still present in solution. Also, some traces of iron (17 ppb), copper
(5 ppb) and lead (126 ppb) were found. Therefore, the volume
wash solution was increased to 20 mL to further decrease the
zinc and lead impurities in the '>3Sm fraction (Zn <20 ppb, Pb
<9 ppb). Small amounts of zinc impurities in the '**Sm fraction
are, however, not problematic at this stage as they will be further
removed in the following process steps. Radionuclidic analysis
of this '>3Sm fraction confirmed that the amount of 1>2Eu,
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154Ey, and ! Eu was below the minimum detectable activity
(MDA) limit of the gamma spectrometer. Gamma spectrometry
of a non-purified >?Sm target irradiated in BR2 at 2 x 104
neutrons/cm?/s contained 26 Bq/GBq '»?Eu, 29 Bq/GBq '**Eu
and 4 Bq/GBq '*°Eu at EOL The absence of these long-lived
europium isotopes proves the high separation efficiency and
selectivity of the mass separator at CERN-MEDICIS.

The majority of the ions in the !33Sm fraction consists of
the inactive '>3Eu daughter isotope. Because samarium and
europium possess very similar chemical properties, high amounts
of inactive '>*Eu would significantly decrease the radiolabeling
efficiency of 1>3Sm, as well as its use in TRNT. The isobaric '>3Eu
cannot be physically separated from '>>Sm in a mass separator,
and therefore requires a chemical separation step. The use of
a resonant laser for selective ionization of Sm prior to mass
separation favored collection of 1>3Sm over '>>Eu but remains
less efficient than chemical separation. Moreover, the mass
separated 1°*Sm sample had to be transported from Switzerland
to Belgium by road. Given the relatively short half-life of 1>*Sm, a
significant amount of !>*Sm decayed into '>*Eu during transport.
Therefore, '>*Sm was separated from '>*Eu on a radio-HPIC
system using a strong cation exchange column and an aqueous
mobile phase comprising the weak acid a-HIBA. The pH of the
mobile phase was 4.6, i.e., above the pKa of a-HIBA (4.01). This
pH enables the weak acid as well as the functional groups of the
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FIGURE 4 | Radio-chromatogram of '%3Eu/'%*Sm separation on a strong
cation exchange column using a-HIBA. Flow rate: 1 mL/min. The feed solution
was spiked with '52Eu tracers to enable detection of the Eus+ fraction.

stationary phase to interact with the lanthanides. To date, this
method proved to be the most efficient in separation of micro
amounts of non-carrier-added produced radiolanthanides from
macro amounts of redundant target material, being a neighboring
lanthanide (13, 29, 30). Sm3*/Eu* separation is a result of the
small differences in complex formation between a-HIBA and
the lanthanide, and is based on their small difference in ionic
radius and charge density as a result of a phenomenon known
as lanthanide contraction. A slightly more stable complex is
formed between Eu** and a-HIBA because of its higher charge
density. Careful selection of the a-HIBA concentration results
in separation of Sm** and Eu’*, with the Eu** fraction eluting
prior to the Sm>* fraction. In the method applied, Sm3*/Eu’+
separation was achieved using an a-HIBA concentration of 0.180
mmol/L at a flow rate of 1 mL/min, with Eu*" eluting from
the column after 30 min (Figure 4). The a-HIBA concentration
was gradually increased to 0.200 mmol/L after elution of the
Eu®" fraction to accelerate the elution of the Sm*" fraction. The
Sm3* fraction eluted after 42 min. During method development,
a 1>2Eu tracer was added to the feed solution to enable on-line
detection of the Eu’" fraction with the radio-detector of the
HPIC system. A baseline separation with a resolution of 5.22 was
observed for Sm®*/Eu*. The recovery rate for 1>*Sm after HPIC
was determined to be 98-99%.

The '3Sm fraction collected after HPIC purification was
further processed to remove the o-HIBA, and for up-
concentration. This was done by loading the '>*Sm fraction
onto a column packed with LN3 extraction chromatography
resin. LN3 resin comprises the organophosphorus extractant
di-(2,4,4-trimethylpentyl) phosphinic acid [H (TMPeP)] which
is impregnated on an inert polymer support (31, 32). In
neutral conditions H (TMPeP) coordinates stronger to trivalent
lanthanides than a-HIBA, efficiently extracting the !>3Sm into the
thin organic layer of the LN3 resin via the extraction mechanism:
Ln*t + 3 H[TMPeP] = Ln(TMPeP); + 3HT. a-HIBA is not
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retained by the LN3 resin and is washed from the column with
water. Because of the high k' value of Sm3** for LN3, 1>*Sm
was well-retained on the column in neutral conditions. Sm3*+
could be efficiently (recovery rate >99.9%) back-extracted to
the aqueous mobile phase using a dilute acid solution, i.e., 50
mmol/L HCI, as the addition of protons reverses the above
extraction mechanism. In the best instance a >>SmCl; solution
of 67 MBq/mL suitable for radiolabeling was obtained. Analysis
of the solution resulted in a specific activity of 1.87 TBq/mg
at the time of MS collection, i.e., achieving a ®2Sm-to-!>3Sm
ratio of 8:1. No other radionuclides could be identified above
the detection limit of the gamma spectrometer in both the active
and decayed sample, resulting in a very high radionuclidic purity.
Radiochemical purity of this HSA '>*SmCl; batch was 98.9
+ 0.24%.

The entire radiochemical process was found to be highly
efficient, reaching an average overall recovery rate of 84%. Most
of the !33Sm is lost at the front-end of the process, as not all
activity could be recovered from the MS collection foil. 1>3Sm
implanted into the gold foil could not be leached out in the
conditions used. The amount of '*3Sm ending up in the gold
foil varied over the different batches, which may indicate a
difference in thickness of the metallic zinc layer on the gold
foils used.

With the different process steps optimized, longer irradiation
times and larger target masses will be used for neutron activation.
Higher levels of radioactivity at the front-end of the cycle
will automatically result in higher amounts of HSA !*3Sm
that can be used for further pre-clinical evaluation. Higher
throughput of radioactivity at the mass separation step will be
evaluated, while the collection efficiency will be continuously
increased. Manipulations during radiochemical processing will
be reduced by fully automating the procedure. Automation
of the full radiochemical process will increase time-efficiency,

hence leading to less decay of the HSA '>*Sm, and will enhance
process safety.

Radiolabeling of High Specific Activity

153gm

Radiolabeling experiments were performed to investigate
applicability of the produced HSA !33Sm for TRNT.
Radiolabeling was performed in the presence of different
concentrations of p-SCN-Bn-DOTA. Radiolabeling reactions
containing 0.5, 0.1 and 0.05 MBq/nmol were used to evaluate
the radiolabeling of the produced HSA °3Sm, i.e., having a
5,000, 25,000, and 50,000 stoichiometric excess, respectively, of
ligand with respect to >*Sm. p-SCN-Bn-DOTA was selected as
chelator in this study because it is a well-established chelator
that is commonly used in TRNT applications with multiple
radiolanthanides (33, 34). Radiolabeling was performed at
different temperatures and different ligand concentrations
(Figure 5). Incubating the reactions at 30 °C was found to
be insufficient to form a radiocomplex at low concentrations
(radiochemical yield 23.1 + 13.9% at 1 pmol/L p-SCN-Bn-
DOTA). This could be expected considering the rigid structure
of DOTA which generally requires energy for the radionuclide
to be incorporated into the chelator (35). When using high
ligand concentrations, higher radiolabeling yields were observed,
however the yields were not as high as the yields at elevated
temperatures (75.2 & 12.6% at 30 °C, 5 wmol/L; 86.7 £ 3.9%
at 30 °C, 10 pmol/L). Radiolabeling of p-SCN-Bn-DOTA at
60 and 90 °C resulted in much higher radiochemical yields in
all investigated ligand concentrations. Even when using low
concentrations of p-SCN-Bn-DOTA, radiolabeling yields were
almost quantitative (91.4 £ 3.2% at 60 °C and 89.8 £ 4.9% at
90 °C using 1 pmol/L DOTA). These results clearly demonstrate
the applicability of the produced HSA '>*SmCl;. Radiolabeling
conditions still require further optimization to achieve maximal
molar activity and radiolabeling yields. However, we already
demonstrated the ability to achieve radiolabeling vyields
which are acceptable for radiopharmaceutical production
in TRNT. Further optimization and application of **Sm
radiolabeled radiopharmaceuticals in preclinical tests are
currently ongoing.

CONCLUSIONS

153Sm has highly interesting decay characteristics to be used as
a theranostic radionuclide. However, its application in TRNT
is hampered by its low specific activity as a result of the
carrier-added production route for !*3Sm. In this work we
demonstrated the proof-of-concept to produce '*>Sm with high
specific activity by combining neutron activation in a high-
flux nuclear research reactor with off-line mass separation.
Ionization of samarium for mass separation was enhanced by
resonant laser ionization, taking advantage of the exceptional
case that only one laser is required for both transitions. The
ionization rate could be increased by 30% by doubling the
standard repetition rate to 20 kHz. Over the different collections,
an average mass separation efficiency of 4.5% could be reached,

Frontiers in Medicine | www.frontiersin.org

81

July 2021 | Volume 8 | Article 675221


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Van de Voorde et al.

Production of HSA Sm-153

with a maximum of 12.7%. >3Sm could be recovered from
the MS collection foil by applying a variety of radiochemical
processing steps, obtaining a 1>*SmCl; solution suitable for
radiolabeling. The specific activity of 1.87 TBq/mg at the time
of MS collection was achieved, i.e., a 1>’Sm-to-!>*Sm ratio of
8:1. Near-quantitative radiolabeling yields of HSA 1>3Sm with
various concentrations of p-SCN-Bn-DOTA were obtained at 60
and 90 °C, demonstrating the applicability of the produced HSA
1538mCl; for radiolabeling.
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Targeted alpha therapy (TAT) using alpha particle-emitting radionuclides is in the spotlight
after the approval of 223RaCl, for patients with metastatic castration-resistant prostate
cancer and the development of several alpha emitter-based radiopharmaceuticals. It is
acknowledged that alpha particles are highly cytotoxic because they produce complex
DNA lesions. Hence, the nucleus is considered their critical target, and many studies did
not report any effect in other subcellular compartments. Moreover, their physical features,
including their range in tissues (<100wm) and their linear energy transfer (50-230
keV/um), are well-characterized. Theoretically, TAT is indicated for very small-volume,
disseminated tumors (e.g., micrometastases, circulating tumor cells). Moreover, due to
their high cytotoxicity, alpha particles should be preferred to beta particles and X-rays
to overcome radiation resistance. However, clinical studies showed that TAT might be
efficient also in quite large tumors, and biological effects have been observed also away
from irradiated cells. These distant effects are called bystander effects when occurring at
short distance (<1 mm), and systemic effects when occurring at much longer distance.
Systemic effects implicate the immune system. These findings showed that cells can die
without receiving any radiation dose, and that a more complex and integrated view of
radiobiology is required. This includes the notion that the direct, bystander and systemic
responses cannot be dissociated because DNA damage is intimately linked to bystander
effects and immune response. Here, we provide a brief overview of the paradigms that
need to be revisited.

Keywords: radiobiology, bystander, non-targeted effects, lipid rafts, cGAS-STING, targeted alpha radiotherapy,
targeted alpha particle therapy

INTRODUCTION

Targeted alpha therapy (TAT), based on alpha particle-emitting radionuclides, has become popular
in the last decades after the approval of Xofigo (***RaCl,) and the encouraging results obtained
for several radiopharmaceuticals under investigation. However, the biological advantages of alpha
particles compared with gamma/X rays have been known for more than 60 years. Superficially, the
radiobiology of alpha particles is well-understood. Because of their double-positive charge (;He*™),
alpha particles deliver dense ionizations along a linear track, also known as linear energy transfer
(LET), ranging from 50 keV/um to a maximum of 230 keV/pum at the Bragg Peak; Since their
energy is between 4 and 10 MeV, their ranges do not exceed 100 wm in water-equivalent tissues and
40 pm in bone. Therefore, alpha particles might offer lower dose conformity compared with beta
particles or photon beams, but with less irradiation of normal tissues. It is also generally admitted
that the nucleus is the sensitive target and that complex and thus unrepairable DNA double strand
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breaks (DSB) explain the high cytotoxicity of these particles.
Consequently, decreasing the dose rate and fractionating the
dose, which promote DNA repair, have no effect on the alpha
particle killing potential. Moreover, the presence of O, which
plays a central role in reactive oxygen species (ROS) production
during water radiolysis through the production of peroxy
radicals, is not required for alpha particle mode of action that
mostly involves direct ionization. Therefore, alpha particles are
suitable for treating hypoxic tumors. In addition, as their range
in tissue is short, they should be dedicated to the treatment of
single cancer cells and micrometastases.

However, the most striking results with TAT have been
observed in much larger tumors. Kratochwil et al. reported the
first-in-human trial showing the efficacy of *!3Bi-DOTATOC
TAT in patients with progressive advanced neuroendocrine
tumor liver metastases, pretreated with beta emitters (1). Two
years later, the same group observed in patients with metastatic
castration-resistant prostate cancer, the decrease of the tumor
burden in liver and of disseminated bone marrow metastases
after TAT using a prostate-specific membrane antigen (PSMA)
ligand labeled with 22°Ac (2). These tumors could be monitored
using PET/CT, suggesting that TAT was effective in quite
large tumors (e.g., >1cm) and not only in single cells and
micrometastases. Another received idea, also invalidated by this
study, is that the physical half-life of the radionuclide (**°Ac)
must match the biological life of the vector (PSMA ligand).

THE TARGET CELL PARADIGM

The most striking observation when comparing the cytotoxicity
of alpha particles, gamma/X rays and beta particles is that
for the same radiation dose, alpha particles are much more
deleterious. This means that they have a higher relative biological
effectiveness (RBE). This was first described by Zirkle when
he irradiated fern spores with alpha particles (3). He also
identified the cell nucleus as the major target of radiation
lethality and demonstrated the importance of LET. From the
late 1950s, radiobiology development has been associated with
the clonogenic assay, described by Puck and Marcus (4), to
measure reproductive death in irradiated cells. The clonogenic
assay allows determining the capacity of irradiated cells to divide
and to form a macroscopic colony in culture. Clonogenic survival
is defined as the ratio between the number of cells that form
colonies (n) and the number of seeded cells (n0). The number
of colonies must be corrected relative to the number of colonies
measured in non-irradiated samples. For their first experiments
using alpha particles, Barendsen and Beusker developed an
irradiation system with a 210pg (Ealpha = 5.3 MeV) source that
corresponded to an alpha range of about 37 um in water, and in
which extra-thin material (Melinex film) was placed between the
source and the cells (5-7). By using a dosimetric approach, they
showed that the clonogenic survival of cells exposed to high LET
(alpha) particles follows an exponential law described by:

n/n0 = e P

Conversely, they obtained a “less simple shape” for X- and
beta radiation. D is the number of particles/um? and S is a
factor of proportionality in wm?. The RBE was about 2.5 with
high doses and about 6 with lower radiation doses. From the
survival curve equation, it was possible to determine that S
corresponds to 42 um?. As the irradiation flux is perpendicular
to the bottom of Petri dishes, this means that cells contain
a sensitive area of 42 pm? which matches the nucleus cross-
section. This ballistic view of alpha particle killing effect was
further developed in mathematical models that considered the
random and physical nature of the interactions between radiation
and biological matter. Cell death was directly correlated with
particles traversing the nucleus. This theory was called “one hit
one target, but the relationship was then slightly modified to
consider the vital region in the nucleus. Thus, cell death was
considered to be related to the probability of hitting this vital
target (aD). A Poisson distribution was used to express the
probability density function that describes the number of hits to
vital cellular targets. The probability for a cell to have k lethal hits
could be expressed as follows:

OLk_
— €

k!

aD

Probability (X = k hits) = )

The probability for a cell to survive would be to have 0 lethal hit:

T4 . oD 0 —aD —aD
Probability (X = 0 hits) = o ¢ =e (3)
The value Dy is the dose (Gy) leading to the average number of
one lethal hit per cell (aD = 1). A dose Dy reduces cell survival
from 1 to 0.37 (i.e., to e™1).

Explaining the effect of low LET radiation was slightly more
complex and the linear quadratic model was proposed:

SF = e~ *P=FD” 61 In(SF) = —aD — BD? (4)

where o represents the cell intrinsic radiosensitivity (1 hit =
1 lethal event) and B the cell sparing capacity (i.e., repair) of
the cells.

FROM PHYSICAL AND CHEMICAL
EVENTS TO DNA DAMAGE

Alpha particle cytotoxicity, measured with the clonogenic
assay, is explained by how particles interact with biological
matter. Ionizing radiation may release their energy through
two pathways. The first one (called direct effect) consists of
direct energy transfer to biomolecules (DNA, lipids, proteins),
leading to their ionization, namely the loss of one electron
and the formation of radical cations. In DNA, guanine has
the lowest oxidation potential. Then, even if a radical cation
is produced on another base or sugar moiety, a fast electron
transfer reaction occurs from guanine to the generated radical
cation, repairing the initially produced radical and generating
a guanine radical cation (G°T). This unstable cations can give
rise to two guanine chemical modifications: 8-oxo-7'8-dihydro-
2'-deoxyguanosine (8-oxodGuo) following oxidation and the
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corresponding formamidopyrimidine derivative FapydGuo.
Therefore, oxidation of 2’-deoxyguanosine is considered the
hallmark of direct DNA jonization.

In the second pathway (called indirect effect of ionizing
radiation), energy is transferred to water, the most ubiquitous
molecule, that is then dissociated into ROS species among which
the hydroxyl radical HO® is the most reactive. HO® reacts with
the biomolecules present in the cell. In the case of DNA, single
strand breaks, DSBs, base damage, abasic site, and DNA-protein
crosslinks can be produced, at predefined yields, upon low LET
radiation. The contribution of the direct and indirect effects
depends on the particle LET.

THE DNA CENTERED APPROACH: ALPHA
PARTICLES GENERATE MULTIPLE
DAMAGE SITES IN DNA

Because of their high LET, alpha particles produce locally high
density of ionization in biological matter. Therefore, water
radiolysis leads to the production of high concentrations of
radicals, including HO®, that will tend to recombine before
attacking biomolecules. Direct effects should be predominant
when using high LET particles, such as alpha particles. Indeed,
we showed that the yield of some base damage (involving mostly
HO?) is lower with high LET radiation than with y-rays, likely
because of radical recombination (8). However, we found that
8-oxodGuo, the signature of a direct effect, is not the most
frequent lesion with high LET radiation. This indicates that the
contribution of indirect effects to the high LET particle-induced
damage could be larger than what thought (8), but this hypothesis
needs to be further investigated. Another feature of high LET
radiation is that multiple direct ionization events on DNA are
accompanied by the production of damage clusters (i.e., multiple
damage sites). These are defined as two or more modifications
per helix turn (9, 10), and DNA DSBs are one of the best
examples. It has been shown that alpha particles activate ATM.
This is a master kinase in the DNA damage response and is
involved in many cell functions that are induced in response to
irradiation, including cell cycle arrest, apoptosis and DNA repair
(11, 12). DNA repair is mediated by the non-homologous end-
joining (NHE]) system, which is active in all cell cycle phases,
and by homologous recombination (HR) in the S/G2 phase
when cells have duplicated their DNA. However, cells cannot
repair most of the complex lesions, and misrepaired lesions could
lead to genomic instability or cancer (13). Consequently, alpha
particles are highly deleterious and this also explains their high
RBE values.

The DNA centered view of radiobiology was further
comforted in the 1980-1990s by the finding that the level of
unrepaired DNA lesions can be correlated with the cell sensitivity
to radiation. However, events occurring in the cytoplasm or at
the cell membrane also have consequences on nuclear DNA. As it
is not possible to discriminate between nuclear damage caused
by nuclear and non-nuclear events, assessing nuclear damage
could overestimate the contribution of nuclear hits to the final
cell outcome.

REVISITING PARADIGMS: SUBCELLULAR
TARGETS

Besides the DNA centered approach, in the last two decades,
many studies have promoted a more integrated view of
TAT radiobiology. They propose that other subcellular targets,
including the cell membrane, mitochondria, and lysosomes
(14), participate in the response to radiation. It should not be
forgotten that alpha particles must traverse the cell membrane,
cytoplasm including organelles, and nuclear membrane to reach
the nucleus. Therefore, they might have some effects in these
compartments, and the contribution of these extranuclear effects
to cell death needs to be accurately assessed.

The study of extranuclear targets has been facilitated by the
development of microbeam technologies. The first microbeam
device was used by Zirkle and Bloom, and consisted of a
2MV Van de Graaff accelerator that delivered protons (15).
Today, new-generation microbeam devices allow reducing the
radiation beam to sub-cellular dimensions using collimation
assemblies and electromagnetic focusing (16). External alpha
particle microbeam irradiation has been and is a very attractive
tool for exploring the radiobiology of alpha particles at the
subcellular scale (17), although different from TAT in terms
of the used dose and dose rate, and the absence of vector
(18, 19). The first reports using these microbeams in the 1990-
2000s indicated that direct DNA damage hits and the whole
cell should be considered as a sensor of radiation exposure
(20, 21). Interestingly, dosimetric approaches confirmed the role
of extranuclear targets during alpha particle irradiation (22).
Microbeam technology has been also very useful to investigate
bystander effects measured in neighboring non-irradiated cells
(see below).

ALPHA IRRADIATION OF THE CELL
MEMBRANE

Biological membranes are ubiquitous in cells and organelles.
However, only few studies have investigated the cell membrane
response to irradiation [reviewed in (23-25)]. The cell membrane
is a 10-nm thick, orientated and dynamic bilayer constituted
of lipids (30-80%; glycerophospholipids, sphingolipids), proteins
(20-60%), and carbohydrates (0-10%). As molecules can move in
the plane of the membrane (26), any fluidity change may have
biological consequences. Lipids contain polyunsaturated fatty
acids, and therefore they can be oxidized by HO® to generate lipid
hydroperoxides (27) that are then degraded to reactive aldehyde
products, including malondialdehyde and hydroxyalkenals (e.g.,
4-HNE), with great reactivity toward DNA, proteins, and lipids.
Lipid peroxidation disrupts the cell membrane conformation and
biological functions.

In reality, cell membranes are not just a fluid mosaic
explained by the low melting temperatures of phospholipids
existing in a liquid disordered phase (26). Indeed, domains
of about 50nm in size that contain sphingolipids and are
resistant to detergents have been identified in cell membranes.
Their origin is explained by the higher melting temperature
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FIGURE 1 | Overview of targeted and non-targeted effects of radiation. Alpha-particle irradiation of a cell population can induce targeted effects (in cells hit directly by
particles) and non-targeted effects (in non-irradiated cells). Non-targeted effects can be detected at short distance (bystander effects) or at long distance (systemic
effects). Genomic instability, another class of non-targeted effects, is not described here. In irradiated cells (targeted effects), alpha particles induce DSBs and
non-DSB clustered DNA lesions (MDS) that are detected by ATM and activate the DNA damage response (11, 12). Alpha-particle irradiation of the cell membrane
generates lipid peroxidation products (4-HNE, 4-hydroxy-2-nonenal; MDA, malondialdehyde) from polyunsaturated fatty acids (PUFA) (43). Alpha-particle irradiation
can also activate acid sphingomyelinase (ASMase) and this leads to the rapid formation of ceramide through hydrolysis of sphingomyelin, a cell membrane
phospholipid (38, 42). Ceramide-enriched large domains (lipid rafts) are formed by aggregation of ceramide, leading to activation of the mitogen-activated protein
kinase (MAPK) pathway and its downstream effector, nuclear factor kappa B (NF-kB) (41). NF-kB induces the transcription of target genes, such as those encoding
cytokines, COX-2, and inducible nitric oxide synthase (iINOS), followed by production of ROS and nitric oxide (NO) that contribute to oxidative stress (44). Irradiation
can also increase the intracellular Ca?* level (45) through release from the endoplasmic reticulum via calcium release mechanisms (46). Ca®* can in turn activate
protein kinase C, the MAPK pathway and transcription factors (NF-kB, AP1) that promote various downstream pathways (iNOS, COX-2). Mitochondria also are
affected by alpha-particle irradiation (47-52). Ca®* can be taken up by mitochondria, leading to ROS and RNS increase, mitochondrial DNA damage, altered ATP
synthesis, mitochondrial depolarization, and release of cytochrome C and caspase 3. Mitochondrial fission also has been observed. Targeted cells can communicate
with bystander cells through gap junctions or through the release of soluble factors. Extracellular vesicles, including exosomes, containing nucleic acids, lipids and
proteins, might be released, and contribute to bystander immunity. Systemic effects may involve the immune system through the release of DAMPs that are
recognized by antigen-presenting cells (e.g., dendritic cells, DC, that present antigenic peptides to CD4+ and CD8* T lymphocytes for immune response activation).
Altogether these effects contribute to tumor cell death.

of sphingolipids (e.g., ceramide) and their tendency to interact  signaling pathways implicated in the regulation of potassium
with each other via hydrophilic interactions between lipid  (35) and calcium (36) channels, cell death, cell survival, and
head groups. These domains, called lipid rafts, are stabilized  inflammatory response. Several studies have reported the cell
by cholesterol (28, 29). Moreover, they can be extended into ~ membrane role in alpha particle irradiation-induced cell death.
large domains by the addition of ceramide. This process  For instance, Narayanan et al. suggested that plasma membrane-
might be favored by radiation because it can activate acid  bound NADPH-oxidase is mainly responsible for the increased
sphingomyelinase that catalyzes sphingomyelin hydrolysis into  intracellular ROS production and that ROS response does not
ceramide (30, 31). Then, ceramide aggregates into ceramide-  require direct nuclear or cellular hits (37). Nagasawa et al. showed
enriched large platforms (lipid rafts) that contain ions channels, by incubating CHO cells with filipin, a drug that disrupts lipid
NADPH oxidase, receptors and enzymes, but it can also be a  rafts and effectively inhibits membrane signaling, that signals
second messenger of apoptosis (32, 33). Ceramide is generated  arising in the cell membrane are involved in the bystander effects
in the outer leaflet of the cell membrane, but can flip into  oflow-fluence alpha particles (21). Similar findings were reported
the cytosolic side where it activates cytosolic phospholipase by Hanot et al. in osteoblastic cells exposed to alpha particle
A2, protein phosphatase 2 and protein phosphatase 1. These irradiation using a microbeam device (38). Seideman et al.
serine/threonine phosphatases in turn activate MAP kinases,  showed that alpha particles produced by 22> Ac-labeled antibodies
including extracellular signal-related kinase (ERK) 1 and 2, can activate the sphingomyelin pathway to induce apoptosis
ERKS5, c-Jun N-terminal kinase (JNK) 1 and 2, p38, protein kinase ~ (39). We demonstrated, using radiolabeled antibodies, that the
C isoforms, retinoblastoma proteins, and BCL-2 (34). Finally  cell membrane is a sensitive target of Auger (*2°I) (40, 41) and
ceramide-enriched large domains participate in many cellular  alpha (*13Bi, 212Pb/?12Bi) particle irradiation [(42); Figure 1]. We
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also showed that lipid raft formation and downstream signaling
pathways participate in the cytotoxic and genotoxic effects in
irradiated and also bystander cells. For example, although 12°T is
localized at and mostly irradiates the cell membrane, we found
DNA damage also in the nucleus. When using Auger and alpha
particle emitters, lipid raft formation contributes to nuclear DNA
damage through signaling pathways that involve AKT, ERK1/2,
p38 kinase, and JNK, together with phospholipase C-c, proline-
rich tyrosine kinase 2, and paxillin (involved in Ca?t fluxes)
(40). Finally, we demonstrated that radiation-induced membrane
modifications lead to cell death, and that inhibition of lipid raft
formation restores cell survival.

ALPHA IRRADIATION OF CYTOPLASM
AND MITOCHONDRIA

The first studies on cytoplasm irradiation were done by Zirkle
and Bloom in 1953 (15), and in 1970, Munro showed that
the cytoplasm is much less sensitive to irradiation than the
nucleus (53). The notion that cytoplasm is not sensitive to
radiation has been progressively reconsidered, and cytoplasm
irradiation has been associated with bystander effects in studies
using microbeams. Several groups (20, 43, 47, 48) found that
targeted cytoplasmic irradiation induces oxidative DNA damage
and also lipid peroxidation, as shown by the increased formation
of 4-hydroxynonenal (43).

The cytoplasm contains many different organelles among
which mitochondria represent up to 25% of the cell volume
and constitute a prominent radiation target. The number
and biogenesis of mitochondria are modified by alpha-
particle irradiation through upregulation of genes encoding
mitochondrial biomarkers (LONP1, TFAM) and mitochondrial
DNA-encoded genes (MT-CYB, MT-RNRI) (45). Mitochondria
are polarized organelles with a membrane potential (negative
inside) that plays a crucial role in energy homeostasis. Loss
of this potential is accompanied by cytochrome C release
and then caspase activation involved in apoptosis. Moreover,
mitochondria contain a circular double-stranded genome
(mitochondrial DNA) that encodes proteins, as well as transfer
and ribosomal RNAs. Mitochondrial DNA can be damaged by
alpha particles and this affects mitochondrial functions (54, 55).
It was also shown that high LET irradiation with carbon ions
leads to mitochondria depolarization (49), and alpha-particle
microbeam irradiation causes their fragmentation through
mitochondrial fission that requires the mitochondrial fission
protein dynamin-related protein 1 (DRP1) (50). Mitochondrial
fission also participates in the phosphorylation of AMP activated
protein kinase (AMPK) and in the activation of ERK1/2 signaling
pathways (48). In addition, DRP-1 has a role in autophagy
for the degradation of dysfunctional mitochondria to maintain
the cellular energy homeostasis. Conversely, mitochondrial
impairment following irradiation contributes to the persistence
of oxidative stress through dysfunction of respiratory complex
I, leading to intracellular increase in ROS production and
mitochondrial DNA damage.

Mitochondrial damage plays a role also in bystander
effects (see below). Indeed, signals detected in irradiated
mitochondria could be transmitted to neighboring mitochondria
via a reversible Ca’*- dependent mitochondrial permeability
transition that results in enhanced ROS/reactive nitrogen
species (RNS) generation (56). On the other side, impaired
mitochondrial function in alpha-particle irradiated cells is
associated with reduction in DNA mutations in bystander
cells (51). Moreover, functional mitochondria are required for
53BP1 focus formation in directly hit and in bystander cells
during cytoplasmic irradiation, independently of the dose to the
nucleus (47).

REVISITING THE TARGET CELL THEORY:
INVOLVEMENT OF BYSTANDER EFFECTS

Another change in the last 20 years concerned the reanalysis of
the target cell theory (i.e., only cells traversed by particles can be
killed) after the description of non-targeted effects. In vitro, non-
targeted effects commonly comprise bystander effects, genomic
instability, adaptive response, and low-dose hypersensitivity.
In vivo, they also include long-range effects induced by the
immune response activation (i.e., systemic or abscopal response
to radiotherapy).

Bystander effects are characterized by cytotoxic and genotoxic
modifications (DNA damage, chromosomal aberrations) in cells
that are located in the proximity of irradiated cells, but that are
not traversed by particles. In 1992, Nagasawa and Little were
the first to show the involvement of bystander effects in alpha
particle irradiation in CHO cells irradiated with low fluences
of alpha particles produced by 2*4Pu (57). Their findings were
confirmed and expanded by many other researchers (58-61).
They observed that sister chromatid exchanges were increased
in 30% of cells, although only 1% of nuclei were traversed by
particles. This demonstrated that cells do not need to be traversed
by particles (dose equal to zero) to be killed and that intercellular
communications play a role (59, 60) because bystander effects are
inhibited by drugs that block gap junctions, such as lindane (61).
In turn, bystander cells also can communicate with irradiated
cells (62).

As the cell membrane plays a central role in intercellular
communications, many studies focused on its function in
bystander effects. For example, in a model in which alpha-particle
irradiated human macrophage-like cells (U937 line) are co-
cultured with HL-7702 hepatocytes (bystander cells), inhibition
of the cell membrane signaling pathway (cAMP transmission)
by filipin prevents the protective effect (ie., reduction of
micronuclei) of bystander cells on irradiated cells (62). Hu et al.
also showed that incubation of alpha-particle irradiated (**! Am)
fibroblasts with lindane, a drug that blocks gap junctions,
strongly reduces the percentage of bystander cells harboring
DNA DSBs, suggesting that genotoxic agents are transmitted via
gap junctions (62).

We made similar observations by exposing different tumor
cell lines (colorectal HCT116, squamous vulvar A-431, ovarian
SK-OV-3 cells) to antibodies radiolabeled with an alpha particle
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emitter. First, we showed that clonogenic survival of cells
incubated with conditioned medium from irradiated cells was
significantly decreased, and determined that about 30-35% of
cells were killed by bystander effects. We also highlighted the role
of cell membrane in these bystander effects because irradiation
in the presence of filipin or methyl-beta-cyclodextrin (MBCD),
two compounds that disrupt lipid rafts, abolished these effects
(40, 42). We then confirmed this finding in vivo in mice where
combining Auger or alpha particle-based targeted radiotherapy
with MBCD or pravastatin (inhibitor of cholesterol synthesis)
decreased the therapy effect (tumor growth delay) (40, 42). This
was accompanied by a decrease in the global DNA damage yield
in tumors, indicating that lipid raft disruption has an effect on
DNA damage. Moreover, in the tumors collected from these
mice, DNA DSBs could be observed up to 1 mm from sites of
radioactivity decay (40, 42). Finally, the consequence of these
bystander effects in vivo is that tumor growth in mice treated with
212ph-labeled monoclonal antibodies was less important than
what one might have expected based on voxel dosimetry (42).
These results are quite similar to those obtained by Belyakov et al.
who using alpha-particle microbeam irradiation of reconstructed
skin in a three-dimensional system found that radiation-induced
biological effects can be measured also in non-irradiated tissue up
to 1 mm from the directly irradiated area (63).

Another example of bystander effects comes from studies on
223RaCl, that has been approved for patients with metastatic
castration-resistant prostate cancer or with symptomatic bone
metastases after at least two prior lines of systemic therapy
(64, 65). Due to the range of bone sizes (from few millimeters to
centimeters in thickness), cancer cells within bones do not receive
a uniform dose and may also not be irradiated (Figure 2). In
these non-irradiated or only sparsely irradiated cells, the impact
of non-targeted effects may be crucial to achieve tumor control
and regression. Suominen et al. monitored the localization of
alpha particles by autoradiography in mice harboring LuCaP
58 (prostate cancer) cells in the tibia after a single intravenous
administration of 2?*Ra (67). They detected 2?*Ra deposits
mostly within the bone matrix and especially in the vicinity
of osteoblasts, and less frequently co-localized with prostate
cancer cells (67). Abou et al. used a mouse model of prostate
cancer bone metastases in which osteoblastic (LNCaP) and
osteolytic (PC3) cells are inoculated in the tibia to monitor
the acute micro-distribution of 2*Ra by autoradiography (68).
They found that ?2*Ra does not localize directly in the tumor
cells, but accumulates at the bone surface surrounding the
lesion and at active bone modeling/remodeling sites (68).
These radiologic features make conventional dosimetry less
relevant. Indeed, stochastic variations in the energy deposited
in cell nuclei are important because of the microscopic
target size, low number of crossing alpha particles, and LET
variation along the alpha particle track (69). These results
are supported by a recent study indicating the participation
of 223Ra-induced antiproliferative/cytotoxic bystander effects in
delaying the growth of tumor cell xenografts (70). Overall,
these preclinical results suggest that the better survival observed
in patients treated with 2>>Ra could be explained also by
cancer cell death induced by non-targeted effects arising from
irradiated osteoblasts/osteoclasts.

It is acknowledged that ROS and RNS, Ca?* ions, ATP, and
cytokines are involved in bystander effects (71-73). Extracellular
vesicles (EVs) also might play a significant role in these
intercellular communications. Exosomes are the smallest (50—
150 nm) EVs released by irradiated cells through the fusion of
multivesicular endosomal bodies with the plasma membrane
(74). EVs are involved in many cellular processes, bystander
effects, and activation of the immune system (75, 76). We recently
showed that EVs are also are implicated in bystander effects
during Auger-based targeted radiotherapy (77).

BYSTANDER IMMUNITY AND ABSCOPAL
EFFECTS

Communications of irradiated cells with their microenvironment
also include long-distance effects. In the 1950s, the possible role
of radiotherapy-induced immune response against cancer cells
was suggested. The description of cancer cell death at a distance
from the radiation field led to the introduction of the abscopal
effect concept (78). Briefly, irradiated cells can release damage-
associated molecular patterns (DAMPs), including ATP, HMGBI,
calreticulin, at the tumor cell surface. In normal conditions,
antigen-presenting cells (APC) are present in the blood or
in peripheral tissues. According to a precise spatiotemporal
pattern, irradiation and the subsequent release of DAMPs can
generate a local inflammatory microenvironment that favors the
recruitment of immune cells through the secretion of cytokines
by macrophages and immature dendritic cells. The subsequent
recruitment of APCs (particularly dendritic cells) promotes their
phagocytic activity mediated by toll-like receptors, leading to
their maturation. Mature APCs express co-stimulating molecules
(CD40, CD80, CD86, MHC I and II) of the immune response
and chemokine receptors (CCR7) that drive mature APCs to
lymph nodes where they prime a specific cytotoxic T lymphocyte-
dependent immune response through cross-presentation of
tumor-derived antigens to CD8' and CD4" T cells. This
corresponds to the so-called adaptive immune response that is
specific for dead cell-associated antigens.

Several reports indicate that alpha particle irradiation elicits an
immune response. Gorin et al. showed that 2!*Bi irradiated MC-
38 tumor cells release DAMPs that activate dendritic cells (79).
In mice injected with 2!*Bi-treated MC-38 cells, this induces the
adaptive immunity, and an efficient antitumor protection, and
therefore alpha particles are an immunogenic cell death inducer,
providing an attractive complement to their direct cytolytic effect
on tumor cells.

There are also clinical evidences of the immune response
involvement in TAT. A preliminary study on 15 men with
metastatic prostate cancer without any autoimmune or immune
deficiency condition found that 22*Ra treatment was associated
with a lower mean percentage of memory CD8+ T cells that
express programmed cell death protein 1 (PD-L1), without any
change in CD8+ T cells producing IFN-y, TNF-a, and IL-
13 (80). Another study reported the complete remission of a
patient with cutaneous squamous cell carcinoma 76 days after
intratumoral treatment with 2?*Ra-loaded seeds. Two other non-
treated distant lesions also disappeared, possibly due to an
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FIGURE 2 | Example of bystander effects at tissue scale and abscopal effects in patients exposed to TAT. Examples of bystander effects: (1) Strong heterogeneous
distribution of radioactivity (2'2Pb-labeled monoclonal antibodies) in tumors of mice treated with TAT was unexpectedly accompanied by homogenous distribution of
DNA damage, measured by immunofluorescence analysis of 53BP1 expression (modified from Ladjohounlou et al.). (2) Model of 222RaCl? (Xofigo)-induced bystander
effects in a bone metastasis. (3) Systemic effect induced in a patient with cutaneous squamous cell carcinoma (cSCC) who received alpha brachytherapy to one
tumor lesion. Surprisingly, another tumor lesion far from the radiation area also was cured (66) (modified from Bellia et al.).

HES staining

immune-mediated abscopal effect. One year after the treatment,  seem to be critical signals for the establishment of the anti-
a complete remission of the treated lesion was observed as well ~ tumor immunity response. Bioinformatic and meta-analyses
as spontaneous regression of the untreated distant lesions [(66);  highlighted the link between DNA damage repair/response
Figure 2]. An ongoing phase Ib study combines the anti-PD-L1 ~ components and mediators of the systemic response as well as the
antibody atezolizumab with ?2*Ra (NCT02814669) in metastatic  interactions between components of the innate immune response

castration-resistant prostate cancer. (pattern recognition receptors) and DNA repair proteins
Another attractive field actually supporting a more integrated ~ (BRCA1, XRCC1, DNA-PK, Ku70/80, and others) (25, 86).
view of radiobiology is the use of TAT to overcome resistance Cytosolic tumor-derived dsDNA is sensed by cyclic GMP-

to medications of fungal or bacterial infections (81-84). AMP synthase (cGAS) to generate cGAMP required for the
Although bacteria do not present a nucleus as eukaryotic cancer  activation of stimulator of interferon genes (STING), resulting
cells, 213Bi-MAb D11 directed against pneumococcal capsular  in the production of interferon-f and induction of several
polysaccharide 8 (PPS8) was able to efficiently kill Streptococcus  interferon-stimulated genes (87-89). The radiation-induced
pneumoniae in vitro and to reduce bacterial load in C57BL/6 mice ~ immunity and toxicities mediated by the cGAS-STING pathway
(81). Moreover, TAT was also efficient against fungal pathogen = were recently reviewed by Constanzo et al. (90). In addition, the
such as Cryptococcus neoformans by using 2°Bi-18B7 mAb  use of high LET particles to trigger the immune response was
against capsular glucuronoxylomannan (81). TAT was associated ~ reported by Durante and Formenti (91).

with changes in concentration of the cytokines interleukin To date, it is still unclear how cytoplasmic dsDNA is
(IL)—2, IL-4, IL-10, tumor necrosis factor-a, and interferon-y,  transferred from cancer cells to immune cells, especially to
suggesting that the therapeutic effects of TAT may result from  dendritic cells. Transfer via exosomes has been suggested (75,
changes in the inflammatory response (82). It is noteworthy  92). Radiation-induced pro-immunogenic effects in cancer cells

that, conversely to cancer cells, infected cells are antigenically  are observed in conventional radiotherapy using X-rays with
very different from host cells such that TAT is associated with  r1diation doses from 2Gy up to 30 Gy or more; however, the

specificity and low cross-reactivity (83).

It is worth noting also that non-targeted effects could also
explain why some studies reported that non-specific control
antibodies labeled with alpha-emitters were as efficient as specific
ones for treating tumors (85). An hypothesis would be that
tumor cells irradiated by the circulating non-specific antibody
according to a cross fire mechanism could initiate a bystander
and/or systemic response against tumor. This is likely to
depend on several parameters such as tumor vascularization and
radioactivity tumor uptake.

optimal radiation regimen to induce a clinically relevant anti-
tumor immunity remains to be defined (93, 94). Although
radiation-induced cytosolic dsDNA accumulation triggers the
cGAS-STING pathway, Vanpouille-Box et al. demonstrated that
the absorbed dose delivered to the tumor is critical. Indeed, at
doses higher than 12 Gy, cytosolic dsDNA is cleared by three
prime repair exonuclease 1 (TREX1), precluding the activation
of the cGAS pathway to induce type I interferon, and abolishing
the radiotherapy-induced anti-tumor immune response (95, 96).
Based on these preclinical results, a phase II clinical trial was
started in 2014 in patients with non-small-cell lung carcinoma

INVOLVEMENT OF CYTOSOLIC who progressed after chemotherapy and with at least two
DOUBLE-STRANDED DNA IN THE measurable disease sites to determine whether radiation (6 Gy
SYSTEMIC RESPONSE? x 5 fractions) and immunotherapy (ipilimumab within 24h

of radiotherapy initiation) can stimulate the immune system
Amongst DAMPs, unrepaired DNA damage in irradiated cells  and stop the growth of tumors that are outside the field of
and the presence of cytosolic double-stranded DNA (dsDNA)  radiation (NCT02221739).
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CONCLUSION: CONSEQUENCES OF NEW
PARADIGMS FOR TAT RADIOBIOLOGY

The new concepts of TAT radiobiology described in the
previous chapters and represented in Figures 1, 2 have several
consequences. First, it seems unreasonable to state that only the
cell nucleus plays a role in the outcome of irradiated cells and
to ignore the other cell compartments. Literature data clearly
indicate that all subcellular compartments communicate and that
signals produced at the cell membrane or in the cytoplasm can
have consequences in the nucleus and vice versa. For example,
damaged DNA released in the cytoplasm of irradiated cells can
activate immune cells. Irradiated cells also communicate with
their neighbors, at short distance (bystander effects) or at longer
distance via immune cell activation. These non-targeted effects
may have immediate consequences on TAT efficacy (i.e., the
probability of cancer cell death increases) and also on healthy
tissues. They might also influence the dose-effect relations
because cells receiving zero Gy might die.

In bystander effects, cells communicate with neighboring cells
via gap junctions or by releasing soluble factors. A plethora of
molecules (ROS, nitric oxide, cytokines, ATP, Ca** etc.) can be
involved. EVs also might have a role. As oxidative metabolism is
at the center of these signaling pathways, it seems difficult to state
that alpha particles only act through direct ionization of DNA,
although it might be predominant. We found that bystander
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effects contributes to 30% of cell killing after irradiation. It is
likely that the contribution of non-targeted effects depends on the
biological models (tumor, host) but also on physical parameters,
including dose and dose rate. Particularly, non-targeted effects
might modify the dose-effect relationship. For long time, it
was thought that the survival curves of irradiated mammalian
cells could be explained by unrepaired DSBs. Therefore, two
hits should be required for low LET radiation (which are
more likely to produce single-strand breaks), whereas a single
hit of alpha particle should be enough to produce this lethal
event. However, this is unlikely in term of dose required to
produce simultaneously two hits in DNA (97), and also in terms
of radiobiology.
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The use of radioactivity in medicine has been developed over a century. The discovery of
radioisotopes and their interactions with living cells and tissue has led to the emergence of
new diagnostic and therapeutic modalities. The CERN-MEDICIS infrastructure, recently
inaugurated at the European Center for Nuclear Research (CERN), provides a wide range
of radioisotopes of interest for diagnosis and treatment in oncology. Our objective is to
draw attention to the progress made in nuclear medicine in collaboration with CERN and
potential future applications, in particular for the treatment of aggressive tumors such as
pancreatic adenocarcinoma, through an extensive review of literature. Fifty seven out of
two hundred and ten articles, published between 1997 and 2020, were selected based
on relevancy. Meetings were held with a multi-disciplinary team, including specialists in
physics, biological engineering, chemistry, oncology and surgery, all actively involved in
the CERN-MEDICIS project. In summary, new diagnostic, and therapeutic modalities
are emerging for the treatment of pancreatic adenocarcinoma. Targeted radiotherapy or
brachytherapy could be combined with existing therapies to improve the quality of life
and survival of these patients. Many studies are still in the pre-clinical stage but open
new paths for patients with poor prognosis.

Keywords: radioisotopes, nuclear medicine, oncology, pancreatic cancer, theranostics, CERN

INTRODUCTION

Pancreatic cancer represents a significant cause of morbidity and mortality, being the 10th leading
cause of death worldwide. The overall 5-year survival rate is below 5% for patients with confirmed
ductal adenocarcinoma (1). Surgery remains the only curative treatment known.

The treatment strategies for locally advanced tumors may depend on whether the disease is
resectable, borderline resectable, or unresectable (2).

For localized resectable pancreatic adenocarcinoma, current recommendations include surgical
resection followed by 3-6 months adjuvant therapy, for example Fluoropyrimidine or Gemcitabine
with radiotherapy.

Based on the M.D. Anderson criteria, borderline resectability can be defined as a tumor contact
with <180 degrees circumference of the superior mesenteric artery, short-segment involvement
of the common hepatic artery or short-segment occlusion of the superior mesenteric vein or portal
vein (3). In cases of borderline resectability, surgery is recommended, followed by adjuvant therapy.
Inlocally advanced unresectable disease, where the tumor is in contact with the superior mesenteric
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artery on more than 180 degrees circumference or when
there is another vessel involvement without a feasible surgical
reconstruction, neoadjuvant therapy is recommended (4).

In metastatic disease, current options include chemotherapy
with Folfirinox or Gemcitabine plus Abraxane (5).

At diagnosis, 80% of patients present an unresectable disease.
Amongst the patients undergoing surgical resection, 80% will
develop local recurrence and/or distant metastases and die within
5 years (6). Therefore, it is necessary to identify new treatment
modalities, in particular in locally advanced and/or metastatic
disease, such as targeted radiotherapy or brachytherapy.

This article review aims to bring attention to the progresses
in the field of nuclear medicine, in collaboration with the
European Organization for Nuclear Research (CERN) and the
potential future applications, in particular for the treatment
of aggressive tumors such as pancreatic adenocarcinoma. Fifty
seven out of two hundred and ten articles, published between
1997 and 2020, were selected based on relevancy. The following
kewords were the most searched in Pubmed: brachytherapy,
CERN-MEDICIS, ion beam therapy, neoadjuvant, neurotensin
receptor, pancreatic cancer, radioimmunotherapy, radioisotopes,
and somatostatin receptor.

THE CERN-MEDICIS FACILITY

The CERN was founded in 1954 and has 22 member states.
Its main mission is to probe the fundamental structure of the
universe by studying the constituents of matter, the fundamental
particles, and their interactions. This research activity allowed
the development of medical applications such as the positron
emission tomography (PET) scanner in the early 1990s.

The Isotope mass Separator Online Device (ISOLDE) facility
at CERN is dedicated to the production of radioactive ion
beams for different experiments in the field of nuclear, solid-state
physics and life sciences. The first experiments at ISOLDE started
50 years ago. Now over 1,300 radioactive isotopes of 70 different
elements (Z = 2-88) with half-lives from days to milliseconds are
produced at intensities up to 10! atoms per microA of proton
beam, using the Proton-Synchrotron Booster (PSB) at CERN (7).

ISOLDE receives about 50% of all PSB protons, from which
85% traverse the ISOLDE target without any interaction (7).

The CERN-MEDICIS (Medical Isotopes Collected from
ISOLDE) facility is a project which started in 2013, aiming
to recover the lost proton beam to produce radioisotopes for
biomedical purposes (8).

A target consists in a small cylinder which contains different
materials according to the chosen isotope production, for
example ceramics or titanium foils. The CERN-MEDICIS target
is placed behind the ISOLDE target, taking advantage of the
remaining proton beam, which produces a variety of new
elements before reaching the beam dump. Figure 1A shows a
Monte Carlo simulation of the ISOLDE and MEDICIS targets.

The target is then transported through rails and handled
by a robotic arm, monitored by remote computers through
cameras. The target is transported to armored bunkers for isotope
extraction. To produce a specific radioisotope, the elements need

to undergo a physical purification by mass spectrometry, then a
chemical purification by using a chelator.

Subsequently, the batches are ready to be shipped to different
institutes and hospitals (9).

GENERAL APPLICATIONS

A wide range of radioisotopes can be produced by CERN-
Medicis, including positron, alpha, Auger, and conversion
electron emitters (10). Various chemical species, such as
lanthanides, halogens, transition metals, and alkaline earth
metals are available.

Table 1 shows an example of isotope production at CERN-
MEDICIS and potential clinical applications.

Lutetium and terbium are two particular lanthanides of
interest, available at CERN-MEDICIS.

Lutetium-177 (Y77Lu) is a low-energy beta- emitting
lanthanide with a long half-life of 6.65 days. The mean
penetration range of the emitted beta- particles in soft tissue
is short, allowing high energy delivery irradiation to small
volumes, such as micrometastases or residual tumor tissue
(11). Examples of in vivo uses include therapy with !7"Lu-
labeled PSMA (Prostate-specific membrane antigen) for the
treatment of metastatic castration-resistant prostate cancer (12)
as well as labeling of somatostatin analogs for the treatment of
neuroendocrine tumors (13).

Terbium can form a stable compound associated with
macrocyclic chelators such as DOTA (14), and has various
isotopes such as 14°Tb, 1°2Tb, 1>Tb, and ! Tb.

M9Tb is suitable for targeted alpha therapy. It decays with a
half-life of 4.1h, emitting short-range alpha-particles, gamma-
rays and positrons, thus being suitable for SPECT and PET (15).
9Tb produced at the ISOLDE facility, has been used in vitro
and in vivo in folate receptor targeted alpha-therapy studies (15).
The folate receptor (FR) is expressed in ovarian and lung cancer.
Mice bearing tumor with FR-positive cancer cells were injected
with 1*9Tb labeled DOTA-folate conjugate (}4°Tb-cm09). Results
showed significant tumor growth delay and increased survival
time compared to untreated control mice. The mice showed no
signs of acute kidney or liver toxicity.

152Th and !'*>Tb are suitable for imaging purposes via PET
and SPECT, respectively. 1>>Tb decays with a half-life of 17.5h,
through electron capture, by emitting positrons and gamma-rays.

Figure 1B represents the biodistribution of >>Tb bound to
neurotensin after injection in mice bearing human prostate
cancer cell lines at Lausanne University Hospital (CHUV).

A recent study (16) used »’Tb for the first time in a
human, who had a metastatic neuroendocrine neoplasm. The half
life of 132Tb allowed transportation from the ISOLDE facility
over hundreds of kilometers across Europe. Results showed
successful PET/CT imaging using the somatostatin analog !> Tb-
DOTATOG, allowing the visualization of small metastases.

I55Tb decays with a half-life of 5.33 days, through electron
capture, while emitting gamma-radiation. Imaging studies have
been performed in nude mice bearing tumor xenografts using
a SPECT/CT scanner after injection of 155Th-DOTATATE (17),

Frontiers in Medicine | www.frontiersin.org

96

August 2021 | Volume 8 | Article 674656


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Burkhardt et al.

CERN-MEDICIS and Pancreatic Cancer Therapy

A Ta Dose-eq during Irradiation
20 1x10°
15
1x107
10
£ €
g w0t 3
§0 g
= 4
E 5 100000 2
a
-10
10000
15
-20 — 1000
-20 0 20 40 60 80
Position (cm)
B
16
¥ 152Tb-DOTA-NT20.3
14 at 90 minutes
¥ Inhibition 152Tb-DOTA-NT20.3
12
)
-
210
s
% 8
=
R
4
2
I . T N T -t
(" Q‘h & & & o \J’ & & & oF & \6, & \Oo
> X o"‘é *}gs‘ VY S & L ‘0@ \\\o e\o Q
v Q 9 6"’ &
AN
FIGURE 1 | (A) Monte-Carlo simulations of the ISOLDE (Left) and MEDICIS (Right) targets irradiated with 1.4GeV proton beam at CERN. (B) Biodistribution of Tb152
bound to the neurotensin NT20.3 at 90 min post injection in mice bearing the human prostate cancer HT29 cell lines. Tumor uptake was specific as shown by the
competitive inhibition experiment realized by co injection of cold radio ligand in excess. Aside the tumor the kidney also showed a strong uptake (n = 3).

showing excellent visualization of the tumor xenografts. The
relatively long half-life of 1>>Tb allowed SPECT imaging several
days after administration.

1ITh  decays with a halflife of 6.9 days, emitting
beta- particles and Auger electrons, and is suitable for
pretreatment imaging and dosimetry through PET or
SPECT (18). '°!'Tb has low photon emission, minimizing
normal tissue irradiation (19), and delivers high doses
to small volumes (20), which is ideal for the treatment
of micrometastases or minimal residual cancer tissue. A
study with '®1Tb-labeled antibodies targeting the L1 cell
adhesion molecule (LICAM) in mice bearing ovarian cancer,
showed high tumor uptake with low level of uptake in
other organs. Moreover, this study showed that anti-L1ICAM
radioimmunotherapy is more effective with '®'Tb than
with 177Lu (19).

Therefore, Terbium has a high theranostic potential through
its variety of radioisotopes available at the CERN-MEDICIS
facility. This feature could be exploited for the therapy of

aggressive cancers with limited treatment modalities, such as
pancreatic adenocarcinoma.

APPLICATIONS IN PANCREATIC CANCER
THERAPY

Targeted Radiotherapy for Pancreatic

Cancer Treatment
Targeting Neurotensin Receptors in Pancreatic
Adenocarcinoma
In pancreatic adenocarcinoma cells, there is
expression of neurotensin receptors, which can be targeted
with radiolabelled neurotensin analogs (21). In vitro studies
showed a high affinity of the ®®Ga-labeled neurotensin analog
(°8Ga-DOTA-NT-20.3) for the human pancreatic ductal
adenocarcinoma cell line AsPC-1 (22).

A study using a neurotensin receptor antagonist coupled to
77Lu (Y7Lu-3BP-227) in 6 patients with metastatic pancreatic

an over-
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TABLE 1 | Isotope production at CERN-MEDICIS (non-exhaustive list) (7) and potential applications found in the literature (non-exhaustive list).

Isotope Half-life Medical application

Extracted activity (Bq) Example of applications [citation]

212p; 60.6m  Alpha, beta therapy, SPECT 2.5E9
218gj 45.6m  Alpha, beta therapy 42 E8
7Ly 6.7d Beta- therapy 1.7 E8
66Yp 56.7h  Auger therapy 1.1 E10 -
166Ho 25.8h  Beta therapy 6.0 E6
149Th 41h  Alpha therapy 2.4 E10
152Th 17.5h PET 2.2 E10
55T 5.33d SPECT 6.8 E8
156Th 5.35d PET 1.3E7 -
161Th 6.9d Beta-/Auger therapy 5.4 E6
1538m 46.8h Beta therapy 1.0E9
140Nd 3.4d  PET/Auger therapy 4.0E9
82g¢ 25,5d PET 4.0E8 -
89gr 50.5d Beta therapy 5.4 E8
TAs 65.3h  PET 1.6 E9 -
2ps 26.0d PET 3.0E9 -
T4 As 17.8d PET 9.0E7
TAs 38.8h  Beta therapy 1.4 E9
61Cu 3.3h PET 4.0E9
84Cu 12.7h  PET 3.6 E9
43¢ 4h PET 3.2E10
47Sc 3.4d Betatherapy 1.2 E10
"c 20.3m PET 4.2 E9

Osteoblastic osteosarcoma (P) (7)
Metastatic breast cancer therapy (P) (8)
Metastatic pancreatic adeno-carcinoma therapy (C) (9) and prostate cancer therapy (C) (10)

Radioembolisation of neuro-endocrine tumors (C) (11)
Folate receptor targeted therapy (P) (12)

Metastatic neuroendocrine tumor imaging (C) (13)
Imaging of various tumor xenografts (P) (14)

Ovarian cancer therapy (P) (15)
Skeletal metastases pain palliation (C) (16)
Neuroendocrine tumor imaging (P) (17)

Skeletal metastases pain palliation (C) (18)

Vascular imaging of solid tumors (P) (19)

Radioimmunotherapy targeting vascular entothelial cells in solid tumors (P) (19)
Fibrosarcoma imaging (P) (20)

Imaging of HER2+ breast cancer (C) (21)

Metastatic prostate cancer imaging (C) (22)

Folate receptor targeted therapy (P) (23)

Image-guided nodal biopsy in recurrent prostate cancer (C) (24)

(P), preclinical studies; (C), clinical studies.

adenocarcinoma, showed feasibility, improvement of symptoms
and quality of life in all of the patients and partial response in one
of the patients (23).

These studies indicate that radiolabelled neurotensin analogs
are a potential new therapeutic option for the treatment of
unresectable pancreatic adenocarcinoma, which could benefit
from the vast isotope production at CERN-MEDICIS.

Targeting Somatostatin Receptors in Neuroendocrine
Pancreatic Tumors

The somatostatin receptor is expressed on the cell surface of the
majority of neuroendocrine tumors and can be used for imaging
and targeted treatment (24).

DOTA-coupled peptides bound to the positron emitter **Ga
have been developed for somatostatin receptor imaging, such
as DOTATOC, DOTATATE and DOTANOC, and have higher
receptor affinity than Octreotide (25).

These peptides have been tested for radionuclide therapy
on pancreatic neuroendocrine tumors (pNET). A retrospective
trial with 17”Lu-DOTATATE on metastatic grade 1 and 2 pNET
showed to be effective with a median progression free survival of
24 months and an overall survival of 53 months (26).

Somatostatin-receptor-targeted therapy could also be used
for neoadjuvant therapy to render initially inoperable pNET
resectable, using !”’Lu-DOTATATE (27) and *°Y-DOTATATE
(28). Y is a beta-emitting radionuclide with a radiation

path length of 5mm, suitable for bulky tumors such as
pancreatic tumors.

Somatostatin-receptor-targeted therapy could also be effective
on pancreatic adenocarcinoma as there are somatostatin
receptor subtypes which are highly expressed in exocrine
pancreas adenocarcinoma (29). A preclinical study used
DOTATOC coupled to the alpha-emitter Bismuth-213 (*!3Bi)
on human pancreatic adenocarcinoma cells. In comparison
with the beta- emitter '7”Lu-DOTATOC, 2"*Bi-DOTATOC
showed higher relative biological effectiveness and consecutively
was more effective in decreasing pancreatic adenocarcinoma
cell survival (30).

Radioimmunotherapy

The anti-mucin monoclonal antibody PAM4, is highly specific
for pancreatic carcinoma. The antigen to PAM4 is MUC5AC, a
secretory mucin expressed in over 85% of pancreatic carcinomas
in their early stages and throughout disease progression,
provinding a promising therapeutic target (31, 32).

TF10 is a humanized, PAM4-based, recombinant bispecific
monoclonal antibody, which can be radiolabelled and used for
pre-targeted radioimmunotherapy (33).

The tumor is first pre-targeted with an antibody construct,
such as TF10, which has affinity for the tumor-associated antigen
and for a radiolabelled hapten which is administered in a later
phase (34). This step-by-step strategy has shown to reduce
toxicity. In a pre-targeted radioimmunotherapy study with
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TF10-"Y-IMP-288, nude mice bearing human pancreatic cancer
xenografts were given TF10 and then received a *°Y peptide
later, which was as effective as radioimmunotherapy with *°Y-
PAM4 but with less toxicity (31). Combinations with gemcitabine
and dose fractionation of the pre-targeted radioimmothrapy
enhanced therapeutic responses (35).

Humanized PAM4 (Clivatuzumab) labeled with *°Y has been
proven to be active in advanced pancreatic cancer in phase I
studies (36), combined with low doses of Gemcitabine which is
a known radiosensitiser (37).

A phase Ib study of administering fractionated
radioimmunotherapy with *°Y-Clivatuzumab in patients
with metastatic pancreatic cancer after a median of three prior
therapies, appeared to be feasible and safe, with or without
Gemcitabine (38). However, the phase III trial didn’t show an
improvement of overall survival (39).

The fibroblast activation protein (FAP) is overexpressed in
cancer-associated fibroblasts, which promotes tumor growth and
progression in epithelial carcinomas such as pancreatic cancer
(40). FAP-specific enzyme inhibitors (FAPI) can be labeled
with ®8Ga for imaging or with therapeutic isotopes such as
77Lu (41). A recent study used ®*Cu and ?2°Ac-labeled FAPI
in pancreatic cancer xenograft mouse models, revealing rapid
clearance through the kidneys, high accumulation in the tumors
and significant tumor growth suppression in the mice injected
with 22> Ac-FAPI (42).

Integrins are transmembrane glycoproteins that can
contribute to cancer progression and be targeted for
radioimmunotherapy (43). The integrin agfs is involved
in invasion and is overexpressed in pancreatic
adenocarcinoma. A study using *’Y-labeled ogBs integrin
antibody in mice showed reduction in tumor volumes
and decreased cell proliferation compared with the
control group (44).

Therefore, different targets are available for endoradiotherapy
in pancreatic cancer. Further studies are needed to research the
effects on overall survival.

tumor

Brachytherapy for Pancreatic Cancer

Treatment

The radioactive isotopes produced by CERN-MEDICIS could
also be directly implanted within the tumor tissue, using
brachytherapy. After radioactive seed placement, the target tissue
is continuously exposed to radiation, which produces localized
tissue injury and high tumor ablation. The tumor volumes
and number of implants required must be evaluated before
implantation to optimize the treatment.

CT-Guided Percutaneous Implantation
A study on CT-guided percutaneous implantation of 2°ITodine
seeds directly in pancreatic lesions was performed in patients
with stage III and IV pancreatic carcinoma, without significant
adverse effects and less toxicity than standard radiotherapy (45).
Another study with 12°I-seeds brachytherapy in patients with
unresectable pancreatic cancer, showed after 2 months 70% pain
relief in patients, an overall response rate (including complete

and partial remission) of 65.4% and a local control rate of
88.5% (46).

A meta-analysis of 23 studies (47) concluded that 125T_seeds
brachytherapy leads to an overall survival of 9 months in patients
with advanced pancreatic cancer. When combined with other
therapies such as chemotherapy, the overall survival in these
patients reaches a duration of 12 months. Brachytherapy with
125T_seeds implantation in combination with cryoablation was
found to be associated with the longest survival: up to 14 months.

Cryotherapy is performed by inserting a cryoprobe through
peritoneal or retroperitoneal approach. It can also be performed
on liver metastases using additional cryoprobes which are
inserted through the right intercostal space. The cycles of
freezing are performed once all the probes are inserted. !2°1
seed implantation is often performed following cryoablation.
Studies comparing cryosurgery in combination with 2T seed
implantation and cryosurgery alone showed higher survival
rates and longer median survival in the patients undergoing
combination treatment (48, 49).

Brachytherapy Through Endoscopy

Endoscopic ultrasonography (EUS)-guided brachytherapy has
shown to be a feasible and safe treatment of unresectable
pancreatic adenocarcinoma using radioactive seeds with isotopes
such as Iridium-192 (1%2Ir), Palladium-103 (13Pd), or the
most frequently used Iodine-125 (1) (50). EUS-guided
brachytherapy has the advantages of accurate positioning,
mild injury and a shorter puncture distance than CT-guided
percutaneous implantation.

In a recent retrospective clinical study, patients with stage III
and IV pancreatic head adenocarcinoma underwent endoscopic
brachytherapy through implantation of Iodine-125 seeds (51).
Results showed no serious complications, a partial remission
rate of 80% of the patients with stage III disease and an
improved quality of life through an improved median Karnofsky
performance status score.

Another study evaluated the results of EUS-guided
brachytherapy combined with intratumoral implants for
sustained delivery of 5-Fluorouracil in patients with advanced
pancreatic cancer (52). A mean of 18 Iodine-125 seeds and 36
implants delivering 5-fluorouracil were inserted into the tumors.
No local complications or haematologic toxicity occurred. There
was a partial response in 1 out of 8 patients, a minimal response
in 2 out of 8 patients and a stable disease in 3 out of 8 patients.
50% of the patients presented pain reduction and improved
Karnofsky performance status score.

Brachytherapy Through Minimally Invasive Surgery

Encapsulated radioactive sources, such as Iodine-125 seeds, can
also be placed within the tumor through minimally invasive
surgery. The Da Vinci Surgical System could enable the surgeon
to insert the seeds with great precision, at a safe distance
to prevent unwanted irradiation, with minimal damage or
complications for the patient. Few studies have been carried
out yet to examine the potential benefits of robotic-assisted
brachytherapy. Some studies described brachytherapy through
surgery with the Da Vinci System in pigs after thoracoscopic
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wedge resection (53) and in patients with prostate (54) or
bladder (55) cancer. There hasn’t been any study using
brachytherapy with the Da Vinci System in patients with
pancreatic adenocarcinoma so far.

A study was performed in eight patients with unresectable
pancreatic head tumors, suffering from pain of high intensity
who were candidates for palliative surgery due to jaundice
and/or recurrent ileus (56). They underwent perioperative
high dose rate brachytherapy with °*Iridium implants. During
the surgery, after palliative choledochoenteroanastomosis and
gastrointestinal bypass using a Roux-en-Y loop, a catheter
was implanted through the abdominal wall and the transverse
mesocolon, to prepare the patients for later brachytherapy.
Brachytherapy was initiated at the 6th post-operative day in
fractionated doses of 5 Gy, by inserting temporary '*?Ir-implants.

The patients who underwent perioperative palliative
brachytherapy described more pain relief. Mean survival time
was 6.7 months in the brachytherapy group, vs. 4.4 months in
the group where no brachytherapy was performed (56).

A study examined the combination of palliative surgery
through biliary and gastric bypass associated with surgical
brachytherapy in patients with unresectable pancreatic head
adenocarcinoma (57). In the group undergoing brachytherapy,
during exploratory laparotomy after Kocher manoeuver, needles
were implanted into the tumor and spaced at parallel intervals
of 10 mm, extending at >5mm beyond the margins of the mass.
The needles allowed to verify positioning and were retracted if
bile, blood, or pancreatic juice issued from the needle. '2°T seeds
were then injected at the location of the needles. A median of 27
seeds per patients were implanted.

No mortality occurred in the perioperative period in both
groups, with or without brachytherapy and there were no
significant differences in morbidity and length of hospital stay. In
the group undergoing brachytherapy, partial response rate was 56
vs. 0% (P < 0.001) and progression was of 24 vs. 85% (P = 0.013).
The median survival time was longer as well, corresponding to 11
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Radiolabeling of Human Serum
Albumin With Terbium-161 Using Mild
Conditions and Evaluation of in vivo
Stability
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Christophe M. Deroose?®, Thomas Cardinaels?“, Guy Bormans', Maarten Ooms?* and
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Hospitals Leuven, Nuclear Medicine & Molecular Imaging, Department of Imaging and Pathology, KU Leuven, Leuven,
Belgium, * Department of Chemistry, KU Leuven, Leuven, Belgium

Targeted radionuclide therapy (TRNT) is a promising approach for cancer therapy.
Terbium has four medically interesting isotopes (*°Tb, '%2Tb, 1%5Tb and '8 Tb) which
span the entire radiopharmaceutical space (TRNT, PET and SPECT imaging). Since the
same element is used, accessing the various diagnostic or therapeutic properties without
changing radiochemical procedures and pharmacokinetic properties is advantageous.
The use of (heat-sensitive) biomolecules as vector molecule with high affinity and
selectivity for a certain molecular target is promising. However, mild radiolabeling
conditions are required to prevent thermal degradation of the biomolecule. Herein, we
report the evaluation of potential bifunctional chelators for Th-labeling of heat-sensitive
biomolecules using human serum albumin (HSA) to assess the in vivo stability
of the constructs. p-SCN-Bn-CHX-A’-DTPA, p-SCN-Bn-DOTA, p-NCS-Bz-DOTA-GA
and p-SCN-3p-C-NETA were conjugated to HSA via a lysine coupling method. Al
HSA-constructs were labeled with ['61Tb] TbCls at 40°C with radiochemical yields higher
than 98%. The radiolabeled constructs were stable in human serum up to 24h at
37°C. 161Tb-HSA-constructs were injected in mice to evaluate their in vivo stability.
Increasing bone accumulation as a function of time was observed for ['6'Tb]TbCls
and ['®1Tb]Tb-DTPA-CHX-A’-Bn-HSA, while negligible bone uptake was observed
with the DOTA, DOTA-GA and NETA variants over a 7-day period. The results
indicate that the p-SCN-Bn-DOTA, p-NCS-Bz-DOTA-GA and p-SCN-3p-C-NETA are
suitable bifunctional ligands for Tb-based radiopharmaceuticals, allowing for high yield
radiolabeling in mild conditions.

Keywords: terbium-161, radiopharmaceutical, radiolabeling, TRNT, bio-conjugation
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Cassells et al.

Terbium Radiolabeling and in vivo Stability

INTRODUCTION

Terbium is an emerging theranostic element that has four
medically relevant radioisotopes (M9Tb, 152Tb, 15>Tb and %' Tb)
(1). For instance, "**Tb (B emitter, t1/2 = 17.5h, EBferpee =
1.140 MeV) and >>Tb (EC, y emitter, ti» = 5.32 days, Ey
= 0.105 MeV) can be used in diagnostic applications, such as
positron emission tomography (PET) and single photon emission
computed tomography (SPECT), respectively (1, 2). MTb (a
emitter, t;;; = 4.12h, Ea = 3.97 MeV) and 161Th (B~ emitter,
ty2 = 6.90 days, EBa_Verage = 0.154 MeV) on the other hand
can be applied in targeted alpha (o) and beta (B) therapy,
respectively (3-5). Once radiolabeling is optimized for a single
radionuclide, the same protocol can be used to incorporate other
terbium isotopes.

Because of its similar decay process and physical half-life,
161Th is often considered a promising alternative for 7’Lu
(B~ emitter, t;;, = 6.7 days, EBa_Verage = 0.134 MeV) (4, 6),
which has become the golden standard in beta therapy since the
clinical approval of Lutathera® ([177Lu]Lu-DOTATATE) for the
treatment of neuroendocrine tumors (7, 8). In a study by Miiller
et al. (9), a direct comparison of the therapeutic effect of the two
radioisotopes was investigated. It was concluded that [1°1Tb] Tb-
cm09 had increased potency compared to [!7”Lu]Lu-cm09 (9).
In a follow-up study using a prostate specific membrane antigen
(PSMA) targeting radiopharmaceutical, increased survival of
prostate cancer tumor-bearing mice was observed when treated
with ['*1Tb]Tb-DOTA-PSMA-617 compared to [!”’Lu]Lu-
DOTA-PSMA-617 (3). It has been postulated that the added
efficacy of '®!Tb is due to the additional therapeutic effect of
Auger/conversion electrons (E.— = 36 keV) (3, 4, 9, 10). In
addition to the therapeutic power of '®!'Tb, there is co-emission
of gamma radiation (Ey = 49 keV, I = 17.0%; Ey = 75 keV, I
= 10.2%) (4), which can be used for SPECT imaging [similar to
77w (Ey = 113 keV, I = 6.17%, Ey = 208 keV, I = 10.36%)]
(11, 12), as illustrated with the first-in-human application of
(**'Tb]Tb-DOTATOC (13).

Radiolabeling of a vector molecule with a terbium isotope
is accomplished through specific bifunctional chelating agents
(1). These bifunctional agents are often coupled in a non-
site-specific manner to biological vector molecules through
reactions with free lysines (e.g., using bifunctional chelators
containing activated esters or isothiocyanate groups) or coupled
site-specifically on cysteine groups (e.g., using thiol-maleimide
chemistry) (14). Chelating agents, such as the macrocyclic
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)
and acyclic diethylene-triamine-pentaacetic acid (DTPA) type
ligands exhibit high affinity for lanthanides and have been used
extensively for decades by the radiopharmaceutical community
(2, 15-17). Ideally, to allow radiolabeling of heat-sensitive
vector molecules, ligands should combine the stable nature
of the DOTA-metal bond and the fast reaction kinetics of

Abbreviations: HSA, human serum albumin; SEC, size exclusion

chromatography; HPLC, high-performance liquid chromatography; iTLC,
instant thin-layered liquid chromatography; SUV, standardized uptake value.

DTPA chelators (18). In recent years, ligands such as [4-
[2-(bis-carboxymethyl-amino)-ethyl]-7-carboxymethyl-[1, 4, 7]
triazonan-1-yl]-acetic acid (NETA) have recently also received
attention, as they have a hybrid structure in between the flexible
DTPA framework and rigid DOTA core (19, 20).

Up until now, most terbium-labeling reactions were
reported with ligands and peptides which are compatible with
high radiolabeling temperatures (3, 9). Biomolecule-based
radionuclide therapies, e.g., using trastuzumab for cancers with
overexpression of human epidermal growth factor receptor-2
(HER-2), have paved the way for a more targeted approach
to theranostics (21). Radiolabeling with terbium, and most of
the other f-block elements, were performed at temperatures
(>90°C), well-exceeding the temperatures compatible with
heat-sensitive biomolecules such as monoclonal antibodies and
antibody fragments (22). In this study, we developed a mild
radiolabeling protocol (reaction temperature of 40°C in an
aqueous buffer), with a series of commonly used bifunctional
ligands (Figure 1). We then used human serum albumin (HSA,
66.5 kDa) as a model protein to assess the in vitro and in vivo
stability of the corresponding %! Tb-labeled HSA conjugates. The
high solubility, stability and plasma half-life of approximately
16-18 h make HSA the ideal vector to evaluate the stability of the
161Th-chelates in vivo.

MATERIALS AND METHODS

Materials

Reagents, unless specified otherwise, were purchased from
Sigma-Aldrich (Bornem, Belgium) and used without further
purification. Solvents were purchased from VWR (Leuven,
Belgium) or Sigma-Aldrich, and wused without further
purification. p-SCN-Bn-CHX-A’-DTPA (DTPA) and p-
SCN-Bn-DOTA (DOTA) were purchased from Macrocyclics,
Inc. (Texas, USA), and p-NCS-Bz-DOTA-GA (DOTA-GA)
was purchased from CheMatech (Dijon, France), and used
without further purification. 3p-C-NETA-NCS (NETA) was
synthesized and characterized according to literature methods
(19). All radiolabeling buffers were stirred with chelex [Chelex
100 sodium form (50-100 mesh, Sigma Aldrich)], to remove
trace metals, for 15min and then filtered to remove the chelex
beads. All solutions were degassed and filtered before use.

Animals

Healthy albino Naval Medical Research Institute (NMRI) mice
(age: 6-8 weeks, Envigo, Gannat, France) were housed in
individually ventilated cages (IVC) in a regulated environment
(22°C, humidity, 12h day/night cycle), with food and water.
Animal experiments were conducted according to the Belgian
code of practice and use of animal experiments were approved
by the ethical committee for animal care from KU Leuven.

Instrumentation and Characterization

Mass spectra were recorded on an ultra-high-resolution time-
of-flight mass spectrometer with electrospray ionization (ESI)
(Bruker MaXis Impact, Bremen, Germany), coupled to a Dionex
Ultimate 3,000 UPLC System (Thermo Fisher Scientific, USA).
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FIGURE 1 | Chemical structure of bifunctional chelators used in this study.
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Quantification of protein concentration was determined using
a microvolume UV-Vis spectrophotometer (NanoDrop One,
Thermo Fisher Scientific). Quality assurance of the derivatized
HSA constructs and '®'Tb-HSA constructs were carried out
with size-exclusion chromatography (SEC) using a Superdex 200
10/300 GL column (GE Healthcare Bio-Science AB, Uppsala,
Sweden), eluted with a sodium phosphate buffer (0.15 M sodium
chloride, 0.01 M phosphate, pH 7.4, Thermo Fisher) at a flow
rate of 0.75 mL/min. The column effluent was passed through a
UV detector (2998 PDA detector, Waters) in series with a 3-inch
Nal(T1) radioactivity detector. Gamma counting was performed
on a Wizard? 3470 [crystal: Nal (T1), 50 mm in height, 32 mm
in diameter, dead time 2.5 ps; Perkin Elmer, Germany], with
a detection profile referenced for 1617, decay (4). Counts were
corrected for background radiation, physical decay and counter
dead time.

Production of ['®1Tb]TbCl3

[*1'TH]TbCl; was produced using a method adapted from
literature (4). In brief, enriched 1°°Gd, 03 (1.0 mg, 98.2 %, Isoflex
USA) was loaded as a nitrate salt into a quartz ampoule and
sealed. The ampoule was sealed inside an aluminum capsule and

was irradiated for 10 days in the BR2 Reactor at the Belgian
Nuclear Research Centre (SCK CEN) at a thermal neutron flux
of 3.0 x 10 n/cm?/s. Following the irradiation and subsequent
cooling for 5 days, the irradiated material was dissolved in trace-
metal grade water. High-pressure ion chromatography (HPIC,
Shimadzu), with a strong cation exchange column (¢: 6 mm, L:
50 mm, Shodex IC R-621), was used to separate the ['°1Tb] from
the [1°Gd] target matrix by elution with a-hydroxyisobutyric
acid, with ammonium hydroxide (trace-metal grade) (added to
adjust to pH 4.5). The collected fractions containing ['°!Tb]
were combined and concentrated by loading them onto a
column packed with extraction resin (¢: 2.1 mm, I: 30 mm, LN3,
TrisKem International) and eluted with 50 mM hydrochloric
acid (trace-metal free). The isolated solutions of ['*'Tb]TbCl3
had a radionuclidical purity of 99.998% (determined by gamma
spectroscopy), a concentration of ~ 0.99 MBq/nL, and specific
activity of ~ 3.6 TBq/mg.

Human Serum Albumin (HSA) Ligand

Constructs
A five-molar excess of bifunctional ligand (3 pmol) in 200 pl of a
sodium bicarbonate solution (0.05M, pH 8.5, 1.5 % DMSO) was
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added dropwise to a stirring solution of human serum albumin
(400 pL, 0.6 pmol, CAF-DCE Brussels, Belgium) in sodium
bicarbonate (0.05M, pH 8.5) in a LoBind vial (Eppendorf,
Aarschot, Belgium). The mixture was then stirred for 2h at
room temperature and the conjugate was purified using a
size exclusion chromatography cartridge (PD-10 column, GE
Healthcare Bio-Science AB, Uppsala, Sweden) eluted with
sodium acetate buffer (0.1 M, pH 4.7). The concentration of
the HSA-ligand construct in the final reaction product was
determined using spectrophotometry at 280 nm (NanoDrop®
One, Thermo Fisher Scientific), with ¢ = 35,700 L/mol/cm and
M = 66,477 g/mol. The purified product was analyzed using
SEC using the method described above. UV detection of the
eluate was performed at 280 nm. The number of chelators per
protein was estimated by ESI-TOF-HRMS analysis considering
the most abundant peak. The system was equipped with a
Waters Acquity UPLC BEH C18 column (1.7 pm 2.1 X 50 mm,
Waters, Milford, USA) using a gradient at a flowrate of 0.6
mL/min with mobile phase A: H,O, 0.1% HCOOH and mobile
phase B: acetonitrile, 0.1 % HCOOH. The column was heated
to 40°C. The elution gradient was: 0-2 min: 95% A; 2-8 min:
from 95% A to 5% A; 8-10 min: 5% A; 10-12 min: from
5% A to 95% A. Calculated molecular ion mass values were
obtained using Compass Isotope Pattern (version 3.2, Bruker)
software. HSA-DTPA: ESI-MS m/z (decon.) calculated for HSA
(66,477.96] + CsyHesNgO20S2-HeClg [1,296.33]: 67,852.22.
Found: 67,852.20 (81.9 %). HSA-DOTA: ESI-MS m/z (decon.)
calculated for HSA [66,477.96] + CyusHggN19O16S2-H3Cl3
[1,210.34]: 67 688.30. Found: 67 687.74 (31.4 %). HSA-DOTA-
GA: ESI-MS m/z (decon.) calculated for HSA [66,485.42]
+ Cs54H76N12018S,-C,H4O4 [1,336.50]: 67,821.91. Found:
67,821.87 (95.2 %). HSA-NETA: ESI-MS m/z (decon.) calculated
for HSA [66,457.96] + C52H74N1001552-C205H6 [1,268.49]:
67,726.46. Found: 67,726.63 (80.1 %).

Radiolabeling Studies With ['¢1Tb]TbCl3
Optimization of radiolabeling conditions: [!*'Tb]TbCl; (0.2
MBgq, 10 pL, 50 mM HCI) was added to 90 nL of a solution
with different quantities of the ligand (DTPA, DOTA, DOTA-
GA or NETA, 0.1-1.0 nmol) in sodium acetate buffer (0.1M, pH
4.7, chelex treated) and reacted in a glass vial for 60 min at 25 or
40°C (n = 3). The radiochemical yield of each reaction mixture
was determined by instant thin-layer liquid chromatography
(iTLC-SG, Varian, Diegem, Belgium). iTLC-SG papers were
developed in an elution chamber using acetonitrile/water (75/25).
The distribution of activity on the iTLC chromatograms was
quantified using phosphor storage autoradiography [super-
resolution screen, Perkin Elmer, Waltham, USA processed in
a Cyclone Plus system (Perkin Elmer) and analyzed using
Optiquant software (Perkin Elmer)].

Radiolabeling HSA-constructs: Purified HSA-constructs were
labeled using 10puwM of the HSA-conjugate (90 pL) with
['*1'Tb]TbCl3 (0.2 MBq, 10 pL, 50 mM HCI) at 40°C for 60 min
(n = 3). Radiochemical yields were determined by iTLC-SG,
eluted with sodium citrate buffer (0.1 M, pH 5.8). Radiolabeled
HSA-constructs were additionally analyzed by radio-SEC using
the method described above.

In vitro Stability Studies

Stability of ligand complexes in phosphate buffered saline pH
7.4: The radiolabeled ligands were purified using a C18 Plus
SEP-PAK cartridge (Waters, Antwerp, Belgium) by loading the
reaction mixture, rinsing with water (5 mL) to remove unreacted
['61Tb]TbCl3, and eluting the purified complex with abs. ethanol
(0.5mL). 80 L of the ethanolic solution was added to 720 wL
of sodium phosphate buffer (0.15M sodium chloride, 0.01 M
phosphate, pH 7.4, Thermo Fisher) and incubated at 37°C
(n = 3). Samples were collected at different time points (10 min,
1h, 4h, and 24h) and the percentage of intact '®' Tb-complex
was determined using the same iTLC chromatography system as
used above.

Stability of HSA-ligand in human serum: After radiolabeling
and without purification, 50 L of the ®' Tb-HSA radiolabeling
solution was added to 720 pL human serum (Sigma Aldrich) and
incubated at 37°C (n = 3). Samples were collected at different
time points (10min, 1h, 4h, and 24h) and the percentage of
intact ''Tb-HSA construct was determined using the same
instant thin-layered liquid chromatography system as used in
radiolabeling and referenced to the initial radiochemical yield.
The in vitro stability was confirmed with the radio-SEC method
described above at 1, 4 and 24 h.

Competition studies with EDTA: After radiolabeling and
without purification, 50 WL of the '®'Tb-HSA radiolabeling
solution was added to 50 wL EDTA solution (10 mM, 0.1M
PBS, pH 7.4, Sigma Aldrich) and incubated at 37°C (n = 3).
Samples were collected at different time points after incubation
(1h, 4h, and 24h) and the percentage of intact 161 .
HSA construct was determined using the same iTLC method
mentioned above.

Biodistribution Studies

Mice were anesthetized with 2.5% isoflurane in O, at a flow of 1
L/min and injected with ~1 MBq of ['1Tb]TbCl; or ' Th-HSA
construct (0.1-0.3 nmoles) via a tail vein. Animals were sacrificed
by decapitation at 10 min, 1h, 4h, 24h, or 7 days post injection
(n = 3 animals per time point). Blood and organs were collected
in tubes, weighed, and radioactivity was determined using an
automated gamma counter as described above. Results are
presented as standardized uptake values [SUV; determined using
SUV = (MBCItissue/gtissue)/(Mqunjected/gmouse)]~ For calculation
of percentage injected dose (%ID) in blood, bone and muscle,
masses were assumed to be 7, 12, and 40% of mouse body weight,
respectively (23, 24). Blood data points (%IDyculated) Were
fitted to a standard half-life equation (least-squares regression
analysis), %ID, . = A - 0.5, where A = constant, At = hours
after injection (h), and k = 1/plasma half-life (h™1).

Statistical Analysis

Quantitative data are expressed as mean & SD unless stated
otherwise. Means were compared using a mixed model ANOVA
analysis in GraphPad Prism 9.1.2. Values were determined to be
statistically significant for p-values less than the threshold value
of 0.05.
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RESULTS

Optimization of Radiolabeling Conditions

for Low Temperature Labeling

Radiolabeling efficiency of all ligands (DTPA, DOTA,
DOTA-GA, NETA) was evaluated using four different ligand
concentrations (0.1, 1, 5 and 10 wM) at 25°C and 40°C after
60 min reaction time. Results of the radiolabeling can be found
in Figures 2A,B. Radiolabeling with DTPA resulted in >98%
radiolabeling efficiency at all tested concentrations, even at 25°C.
All other ligands required a temperature of 40°C to efficiently
(>90%) chelate the terbium (III) ion. Radiolabeling using NETA
at 40°C resulted in quantitative yields in all investigated ligand
concentrations (labeling efficiency >97%). Both DOTA and
DOTA-GA required higher concentrations to reach suffucient
radiolabeling efficiency.

In vitro Stability of Radiolabeled Ligands
Metal-ligand in vitro stability was determined in phosphate
buffered saline (PBS, pH 7.4) at 37°C and analyzed over 24h
(Figure 3). The amount of ''Tb bound to the ligand was
referenced to the initial radiochemical purity. For DTPA, DOTA
and NETA ligand systems, >95% of the metal was still chelated
to the ligand after 24 h. The DOTA-GA ligand was observed to
have retained only 92.1 £ 6.8% of the initial radiochemical purity
over the same period.

Synthesis, Radiolabeling and in vitro
Stability of Human Serum Albumin

Conjugates

DTPA, DOTA, DOTA-GA or NETA was reacted with
HSA in a 5:1 molar excess. HSA-constructs were purified
using a size exclusion cartridge and analyzed using HPLC-
SEC. Unconjugated human serum albumin was found to
be retained in the size exclusion column for 19min and
HSA-chelator constructs eluted at the same retention time
(Supplementary Figures 1-6). Constructs were analyzed using
mass spectrometry to determine the number of ligands attached
to the HSA protein. An increase of 1,000-1,300 Da was observed
for each conjugate, indicating an average number of two chelators
per albumin molecule. The mass spectra data is summarized in
Table 1.

HSA-conjugates and unconjugated HSA were radiolabeled
at a concentration of 10 uM with [®'Tb]TbCl; at 40°C to
ensure maximum radiochemical yield. HSA (not conjugated
to any chelator) only coordinated 6.0 £ 1.2% of the
['Tb]TbCl; in the reaction mixture. The investigated
conjugates were all labeled with quantitative yields (>98%)
(Supplementary Table 1) as determined with iTLC and radio-
SEC-HPLC (Supplementary Figures 3-6). The radiolabeled
constructs (without further purification) were added to human
serum and incubated at 37°C for 24 h. [!®!Tb]Tb-DOTA-HSA,
(**'Tb]Tb-DOTA-GA-HSA  and  [''Tb]Tb-NETA-HSA
remained intact (>93%) for at least 24h. In contrast,
only 87.5 £ 2.6% of radiometal remained coordinated to
['*1Tb] Tb-DTPA-HSA after 24h (Figure 4). Radio-SEC-HPLC
chromatograms of 6! Tb-labeled HSA conjugates are provided

in the supporting information (Supplementary Figures 7-10).
To assess the susceptibility of trans-chelation, the labeled
HSA-conjugates were incubated with 1,000-fold excess of EDTA
(Supplementary Figure 11). As observed in the previous study,
161Th leached from the DTPA-HSA ligand system, with only 64.4
+ 0.9% of the initial ! Tb remained bound to HSA after 24 h at
37°C. For the other conjugates, >90% of the initial fraction of
the radiometal remained bound to HSA after 24 h.

Ex vivo Biodistribution of ['®1Tb]TbCl; and

161Th-Labeled HSA-Conjugates

HSA-conjugates were labeled with ["*1Tb]TbCl; and injected
into mice intravenously (tail vein). Additionally, [1°1Tb]TbCl3
(PBS, pH 7.4) was injected in a control group to identify
the organs in which '®!Tb accumulates in case it leaches
from the complex. Unconjugated ['1TH]TbCl; showed
high accumulation in bone and liver (Figure5; Table2;
Supplementary Tables 4-6). Four hours after injection of
[**1Tb]TbCl3, an SUV of 5.0 0.5 (60.2 £ 6.4% ID) and 4.1 + 0.4
(23.8 £ 2.5% ID) was observed for bone and liver, respectively.
A Dbone-to-blood ratio of 4.8 £ 3.8 was observed already
after 1h post injection (p.i.) and this value further increased
reaching a bone-to-blood ratio of 39.3 £ 13.0 after 4h p.i
(Supplementary Table 2). The half-life of the free ['°' Tb]TbCl3
in blood was about 0.4h (Supplementary Figure17). As
could be expected, the HSA constructs did not show any
specific accumulation in any target tissue. No significant bone
uptake of activity was observed for the ['61Tb]Tb-DOTA-
HSA, ['*'Tb]Tb-NETA-HSA, and ['®'Tb]Tb-DOTA-GA-HSA
conjugates (Figures 6A-D, Table 2). In contrast, in the mice
injected with [!®'Tb]Tb-DTPA-HSA, increasing bone uptake
was observed (SUV: 0.8 £ 0.3 and 1.1 £ 0.3 at 24h and 7 days
p.i., respectively) in function of time (Table 2), suggesting in
vivo dissociation and absorption of free '°'Tb in bone. The
blood half-life of the HSA constructs was significantly longer
than for ['*'Tb]TbCl; (8-15h, Supplementary Figures 17-
21). Standardized uptake value graphs are provided in
Figure 6, with % injected activity diagrams provided in
Supplementary Figures 12-16. %ID, %ID/g and SUV values are
presented in Supplementary Tables 4-18.

DISCUSSION

In this study, we aimed to develop techniques that allow
radiolabeling of heat sensitive biomolecules with '*1Tb. A series
of ligands were preselected based on their lanthanide chelating
capacity reported in literature (20, 25, 26). For each ligand, we
evaluated the effect of ligand concentration and temperature
on radiolabeling yields. Finally, stability of the different ligand
complexes was evaluated in vitro and in vivo.

Coordination of terbium is pH sensitive, as too low pH blocks
carboxyl coordination, which is the main coordinating moiety
of the ligands of interest (Supplementary Table 3). In aqueous
terbium solutions, hydrolysis (formation of Tb(H,O)x(OH)y
species) will occur at increased pH (pH ~ 6-7.6) (3, 10, 12, 27—
29). Hydrolysis will dramatically reduce or prevent the overall
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FIGURE 2 | Radiochemical yields of ['®' Tb]Tb-L (where L

quantitative yield (95%).

hydrolysis and enable low-temperature chelation of Tb. When
radiolabeling the DTPA ligand, quantitative radiochemical yields

formation of Tb-ligand complex, which might be mitigated by
increasing the temperature during radiolabeling. We selected low

pH conditions [sodium acetate buffer (0.1 M, pH 4.7)] to prevent

(>98%) were observed for all conditions investigated. Incubating
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% radiometal bound

['*'Tb]Tb-DTPA

FIGURE 3 | In vitro stability of "6 Th-radiolabeled complexes in PBS at 37°C.

[®'Tb]Tb-DOTA  ["®'Tb]Tb-DOTA-GA

Em 10 min
Ea 1hr
= 4 hr
= 24 hr

("' Tb]Tb-NETA

TABLE 1 | Mass spectrum data of HSA and compounds L-HAS.

Compound Mass found (kDa) Chelators per albumin
HSA 66.478 N/A
HSA-DTPA 67.852 ~2
HSA-DOTA 67.688 ~2
HSA-DOTA-GA 67.821 ~2
HSA-NETA 67.726 ~2

the reaction mixture at 25°C was enough to obtain quantitative
yields, even at low ligand concentrations (Figure 2A). This can
be attributed to the flexible nature of the linear DTPA framework
which makes chelating the terbium (III) ion easier (1). At
25°C, radiochemical yields of DOTA and DOTA-GA were lower,
with a maximum radiochemical yield of 91% (10 wM). This
could be expected in view of the more rigid tetraaza ring of
the latter two ligand structures. Increasing the temperature to
40°C yielded no change in the maximum yields obtained for
higher concentrations of DOTA and DOTA-GA but allowed
for better radiochemical yields in the low concentrations tested
(Figure 2B). Finally, for NETA, a mean radiochemical yield of
~60% was observed at 25°C but quantitative yields (>95%),
comparable to DTPA, were obtained at 40°C. The hybrid nature
of the NETA framework could explain the radiochemical yields
similar to DOTA and DOTA-GA at 25°C. Slightly increasing the
temperature however seems to provide enough energy to allow
terbium(III) to be incorporated more efficiently into the chelator
binding pocket.

The stability of the ®!Tb-ligand bond was evaluated in a
phosphate buffered saline solution (pH 7.4) at 37°C during a

time period of 24h using instant thin-layer chromatography
(Figure 3). At the end of the study, >95% (relative to
the initial radiochemical purity) of the metal remained
intact for complexes with DTPA, DOTA and NETA. The
complex with DOTA-GA was found to be the least stable,
with 92.1 £+ 6.8% of the initially chelated metal intact
after 24 h.

After optimizing the radiolabeling conditions, we used these
optimized conditions to radiolabel HSA conjugates, as a proof
of concept. HSA is a heat sensitive molecule and is the
most abundant protein in blood essential for the transport
of many proteins throughout the body (30, 31). It has a
prolonged serum half-life (30), which also makes it advantageous
for determining long-term in vivo stability of radiolabeled
conjugates. Additionally, since HSA circulates in the blood and
shows minimal physiological accumulation in tissue, it is the
perfect tool to evaluate dissociation and potential accumulation
of the free radiometal to other tissues. Bifunctional ligands were
conjugated to HSA non-regioselectively, using lysine coupling.
The ligands were reacted with HSA to afford conjugates L-
HSA (where L = DTPA, DOTA, DOTA-GA or NETA), and
analyzed by UV-HPLC and high-resolution mass spectrometry.
Only a single peak (Rt = 19min) was recorded in the UV
channel (L-HSA), and their retention time is identical to
that of underivatized HSA (Supplementary Figures 1, 3-6). No
aggregation or degradation products were observed via SEC-
HPLC. Furthermore, high resolution mass spectrometry was
used to estimate the number of ligands conjugated to HSA for
every conjugate. Unconjugated HSA was used as a reference for
calculating the number of ligand molecules that are conjugated
(66477- 66485 Da) to HSA. The molecular mass of all the
conjugates increased by 1,000-1,300 Da relative to HSA, which
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FIGURE 5 | Biodistribution of ['®' Tb]TbCls expressed in standardized uptake values per organ.
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suggests that the conjugates have an average of two ligands per
HSA moiety (Table 1).

Using the optimized labeling conditions (60 min, 40°C),
HSA constructs L-HSA were radiolabeled with '®'Tb and the
labeling reaction mixture was analyzed by iTLC and radio-
SEC. In addition, non-derivatized HSA was incubated with
['1'Tb]TbCl; to determine if there is any non-chelator related
binding of terbium to the protein. The ¢! Tb-labeled conjugates

TABLE 2 | SUV values of bone uptake in healthy mice.

([**'Tb]Tb-L-HSA) were found to have radiochemical purity
>98% for all constructs. In contrast, unconjugated HSA was
observed to have a radiochemical purity of only 6.0 £+ 1.2%,
suggesting minimal complexation of ''Tb occurs in absence of
a chelator (Supplementary Table 1). RadioHPLC analysis of the
HSA-constructs confirms successful coordination of 6! Tb to the
investigated HSA conjugates (Supplementary Figures 1-6).
Upon incubation in human serum, a radiochemical purity
above 95% was maintained for the radiolabeled HSA constructs
['°ITb]Tb-DOTA-HSA,  ['®'Tb]Tb-DOTA-GA-HSA  and
[1e1Tb]Tb-NETA-HSA over a 24-h study period. [161TH]Thb-
DTPA-HSA had a noticeable decrease in radiochemical purity
after 24 h from 98.6 £ 0.5% to 88.1 & 1.3%. This is commonly

['6'Tb]TbCl; ["®'Tb]Tb  [®'Tb]Tb  [®'Tb]Tb  ['®'Tb]Tb o . .
-DTPA-HSA -DOTA-HSA -DOTA-GA- -NETA-HSA obs-er.ved with ligands bearing thfz DTPA chela.tmg framework,
HSA as it is often labeled as an “easy-in-easy-out" ligand for metals
(18). In a competition study with EDTA (1,000x molar
10min 1.77£0.76 0.44+0.30 0.46+0.25 0.29+0.05 0.39+0.02 excess), [!°!Tb]Tb-DOTA-HSA, [!°'Tb]Tb-DOTA-GA-HSA
1h 2584046 0.64+0.15 050+026 0.28+0.02 0.35+0.07 and ['®'Tb]Tb-NETA-HSA was observed to show minimal
4h 5.02+0.53 0.62+0.22 0.27+£0.15 0.29+0.02 0.49 +0.11 transchelation of '°1Tb, with >90% of metal still associated to
24h  4.63+1.21 0.83+026 020+001 0.28+0.03 0.38+0.06 L-HSA. In stark contrast, >35% of 1°Tb transchelated from
7d  853+1.02 1.1+0834 013+£004 012+002 0.21£0.06 DTPA-HSA to EDTA (Supplementary Figure 11). These in
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FIGURE 6 | Biodistribution of ['®' To]Tb-DTPA-HSA (A), ['®' To|Tb-DOTA-HSA (B), ['®' Tb|Tb-DOTA-GA-HSA (C) and ['6' Tb|Tb-NETA-HSA (D) expressed in
standardized uptake values per organ (n = 2).
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vitro results indicate that DTPA is a poor choice for chelation
of terbium.

As described before, HSA can be used as an effective
model protein to evaluate the in vivo stability of radiolabeled
complexes (30). First, a biodistribution was performed with
['1Tb]TbCl; to determine its in vivo fate. Free [\®1Tb] TbCl; was
observed to clear from the blood within the first 24 h (Figure 5;
Supplementary Tables 4-6) and high uptake and retention were
observed in liver and bone, with the highest values observed
at 4h pi (SUVjyer = 4.1 £ 0.4 and SUVygpe 5.0 £ 0.5). At
day 7, still high retention of radioactivity in bone and liver
was observed (SUVjyer = 1.4 £ 0.8, SUVpone = 3.5 £ 1.0),
resulting in a strongly increasing bone-to-blood and bone-to-
muscle ratio over the 7-day period (Supplementary Table 2).
The high accumulation of radioactivity in bone, allowed us to
identify this tissue as an indicator for leaching of the radionuclide
from the radiopharmaceutical in vivo. The biodistribution of the
161Th-labeled HSA constructs showed the expected accumulation
of activity in organs with high blood content (heart, lungs,
spleen, etc.). As observed with the free [161Tb]TbCls, increased
bone and liver uptake was observed over the entire 7-day
period for [161Tb]Tb-DTPA-HSA (Figure 6A). At 7 days post
injection of ['*1Tb]Tb-DTPA-HSA, a SUVy,,. value of 1.1 +
0.3 was observed. This is significantly higher (P < 0.001) than
for the other three constructs ([1¢1Tb]Tb-DOTA-HSA: SUV} e
0.1 &+ 0.0; ["*'Tb]Tb-DOTA-GA-HSA: SUVpne 0.1 % 0.0;
[1Tb] Tb-NETA-HSA: SUVjopne 0.2 £ 0.1), strongly suggesting
that there is in vivo dissociation of the metal from the DTPA-
HSA ligand (Figures 6B-D). This result, together with the in
vitro stability data in human serum and EDTA competition
study, strongly suggests DTPA has fast radiolabeling kinetics
but does not adequately retain the radiometal after chelation.
In the in vitro test with human serum, 10% of the radioactivity
of ['1Tb]Tb-DTPA-HSA was dissociated after 24 h. After 24 h
in vivo studies showed 10% of the injected activity in the
bone (Supplementary Figure 12), showing a good concordance
between in vitro and in vivo results. No increase in retention of
liver and bone activity was observed over 7 days after injection
of radiolabeled constructs with DOTA-HSA, DOTA-GA-HSA
and NETA-HSA (Figures 6B-D), suggesting high in vivo stability
of '81Tb complexes with ligands DOTA, DOTA-GA and NETA
as compared to DTPA. This is an important result for further
studies with radioactive terbium isotopes as the CHX-A”-DTPA
framework (DTPA, Figure 1) is often seen and used as a generic
chelator for different radiometals (32). DOTA, DOTA-GA and
NETA have more rigid frameworks, which can explain the more
stable chelation of metals in vivo.

As expected, radiolabeled HSA-constructs were retained
longer in blood compared to [1e1Tb]TbCl;. The blood
biological half-life increased from 0.4h (free [161TH]TbCls,

Supplementary Figure 17) to 8-14h  ([!*'Tb]Tb-DTPA-
HSA: 14.8h; ['°'Tb]Tb-DOTA-HSA: 8.6h; ['°'Tb]Tb-
DOTA-GA-HSA: 142h; [''Tb]Tb-NETA-HSA: 10.8h;

Supplementary Figures 18-21). This minor variation in blood
biological half-life of the different conjugates might be attributed
to the non-regioselective coupling of ligands to HSA; potentially
reacting with regions essential to biological circulating proteins
(neonatal Fc receptor, etc.). Therefore, in future experiments, it is

essential to make use of more site-specific targeting approaches
(his-tag coupling, sortase A, etc.) (33-35) to avoid interfering
with the binding affinity of the biomolecule.

CONCLUSION

This study is the first report on labeling with '®'Tb in
mild conditions (25°C and 40°C in aqueous buffer). As a
proof of concept, we successfully radiolabeled the heat-sensitive
biomolecule HSA with ''Tb, with high radiochemical yields.
Several bifunctional ligands were evaluated for their radiolabeling
properties, as well as their in vivo and in vitro stability. Of these
ligands, radiolabeling with DTPA was highly efficient, even at
room temperature. However, the DTPA-HSA construct showed
the lowest stability, both in vitro and in vivo, leading to significant
off-target bone uptake and retention. In contrast, complexes
with a more rigid backbone (DOTA, DOTA-GA and NETA)
required slightly higher radiolabeling temperatures but were
found to be very stable in vitro and in vivo. These ligands have
potential to be used with other vector molecules for diagnostic
and therapeutic applications of the terbium radioisotope family.
Research is currently ongoing to conjugate these ligands to other
heat-sensitive vector molecules to allow delivery of 11 Tb or other
terbium radioisotopes to the biological target of interest.
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CERN-MEDICIS is an off-line isotope separator facility for the extraction of radioisotopes
from irradiated targets of interest to medical applications. The beamline, between
the ion source and the collection chamber, consists of ion extraction and focusing
elements, and a dipole magnet mass spectrometer recovered from the LISOL facility in
Louvain-la-Neuve. The latter has been modified for compatibility with MEDICIS, including
the installation of a window for injecting laser light into the ion source for resonance
photo-ionization. lon beam optics and magnetic field modeling using SIMION and OPERA
respectively were performed for the design and characterization of the beamline. The
individual components and their optimal configuration in terms of ion beam extraction,
mass separation, and ion transport efficiency is described, along with details of the
commissioning and initial performance assessment with stable ion beams.

Keywords: MEDICIS, radioisotopes, mass separator, radioactive beams, beamline optics

1. INTRODUCTION

The availability of isotopes for use in the medical field traditionally relies on the extraction of
radionuclides from nuclear reactors or targets irradiated by medical cyclotrons or proton/electron
accelerators. The radioisotopes that are currently commercially available for nuclear medicine do
not necessarily possess the optimal nuclear properties for the treatment or diagnostics of cancer.
In this respect, several more promising candidates across the entire nuclear landscape have been
identified. Efforts to isolate these and test them for nuclear medicine applications are ongoing.

The ISOLDE (Isotope Separator On Line DEvice) laboratory (1, 2) at CERN has the capability
of offering to experimentalists >1,000 isotopes in the form of mass-separated ion beams by using
the ISOL (Isotope Separator On-Line) method (3). The diversity and purity of these beams allows
for the collection of high-specific activity samples of promising isotopes for the nuclear-medicine
community. For example, '**Tb (collected from ISOLDE) emits both & and B particles, enabling
targeted therapeutic use and PET imaging to be combined (4). '*2Tb and '>>Tb (also produced at
ISOLDE) have proven to be suitable candidates for PET and SPECT imaging (5, 6). At ISOLDE,
however, the production of radionuclides for medical applications is somewhat restricted by the
prioritization of the fundamental nuclear physics research programme. To address this, the CERN-
MEDICIS (MEDical Isotopes Collected from ISOLDE) laboratory was constructed to operate
parasitically alongside ISOLDE, making use of targets irradiated either at ISOLDE or elsewhere.
Both ISOLDE and CERN-MEDICIS are now the main producers of '>>Tb (7, 8).

CERN-MEDICIS is referred to as an “off-line” isotope separator facility (meaning that it is not
directly coupled to a driver beam for isotope production). The production occurs first elsewhere,
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and only isotope extraction and mass separation take place at
MEDICIS. For medical isotope production this is not necessarily
disadvantageous since the isotopes of medical interest typically
have half-lives of the order of hours to days.

In this paper the MEDICIS beamline elements (ion extraction,
focusing and mass separation) are described along with the steps
taken to ensure compatibility with standard ISOLDE targets and
the space constraints of the MEDICIS bunker. The first results on
the production of stable ion beams are also discussed.

2. TECHNICAL DESCRIPTION OF THE
BEAMLINE ELEMENTS

The beamline is located in the so-called MEDICIS bunker. The
main elements of the beamline are highlighted in Figure 1 and
are described in the list below:

e Target and ion source unit: MEDICIS makes use of ISOLDE-
standard target/ion source units. The target consists of a

tantalum tubular oven of 2 cm diameter and 20 cm length.
In a future stage of the development, a larger diameter
target container will be used to improve production rates by
accounting for the broadened proton beam spot at the ISOLDE
irradiation point, located between the primary ISOLDE
production target and the proton beam dump. The target
container is connected to the ion source via a transfer line.
The first beams, both stable and radioactive, were produced at
the CERN-MEDICIS facility using a standard ISOLDE surface
ionizer. This is a tubular cavity of 3 mm inner diameter
and 34 mm length typically made of tantalum, rhenium or
tungsten (9, 10). This geometry served as an input for particle
tracking, emittance, and mass resolving power calculations
using the SIMION software for the characterization and
optimization of the beamline elements. SIMION enables the
tracking of charged particles when traveling through a region
of space in the presence of electromagnetic fields, by solving
the equation of motion as a function of their position and
velocity (11).

Ion beam Transfer
container
Vacuum
valve
Beam
instrumentation
&
| HV insulator Front-end | Dispersion
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FIGURE 1 | CERN-MEDICIS beamline with the main elements highlighted. The inset shows the inclination of the focal plane with respect to the ion beam in the central
trajectory (A/g = 100). This plane is determined by the focal distance of ion beams with mass A/q = 99, 100, and 101. The different pumping sectors —target,
separator, collection box, and transfer container—are shown in blue, orange, red, and green, respectively.
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e Front-end: A spare ISOLDE front-end 5 (FE5) was adapted for
use at MEDICIS taking into account the limited space available
in the laboratory. The main components are the electrically
isolated target coupling flange usually held at a potential of
30 kV (and up to 60 kV possible), and a ground-potential
extraction electrode placed after an acceleration gap of 50-100
mm from the ion source exit. Due to the space constrains in
the bunker, an einzel lens was used instead of an electrostatic
quadrupole triplet to shape the ion beam downstream of the
extraction electrode. It consists of three separate cylindrical
electrodes. The radius of the electrodes are 45 mm and their
length 77, 90, and 77 mm, respectively. The gap between them
is 20 mm. The outer electrodes are at ground, while the central
one is kept at a potential in the range of 18 kV (for a beam
energy of 30 keV), and is adjusted depending on the focal
length required to obtain a parallel beam at the entrance of
the magnet. This is a requirement for horizontal and vertical
focusing at the focal plane for the kind of magnet employed
(12). Between the extraction electrode and the einzel lenses, an
X-Y electrostatic deflector is used to adjust for misalignments
that may cause the transport of the beam with a wrong angle.
This can be achieved by applying a voltage of &5 kV to the
deflectors. The initial position of the vacuum valve in the
separator sector was changed to reduce the pumping volume as
well as the required volume of the gas storage tanks receiving
the radioactive gas load. The final geometry is seen in Figure 1.
More details can be found in (9).

e Beamline vacuum: The operational vacuum pressure for the
different sectors of the MEDICIS beamline are: 107°-107°
mbar for the target sector, 1077 mbar for the separator
sector, and 107® mbar for the collection box and transfer
container. The volume of these sectors are ~ 11, 375, 15,
and 0.33 L, respectively. The different regions are highlighted
in Figurel. As the pumped volume contains radioactive
isotopes, the contaminated gas is stored in tanks located
behind the MEDICIS bunker. The gas is held there until the
radioactivity falls to a sufficiently low level to allow release into
the atmosphere. For more details on the MEDICIS vacuum
system [see (13)].

e Mass separator: The mass separator dipole magnet used at
CERN-MEDICIS was provided by the University of Leuven
(KU Leuven) in Belgium, and is the magnet from the former
Leuven ISOL (LISOL) facility (12). It is a 55° double focusing
magnet with a bending radius of 1.5 m. The entrance angle of
the magnet is 90 and 35.5° at the exit. The magnet has a curved,
H-type yoke made of solid iron, with an aperture of 200 mm
width and 55 mm height (full mechanical aperture). It has
an indirect water cooled, bedstead coil electrically connected
in series. The required maximum integrated field strength is
provided by 90 turns per coil with a current of 120 A.

Ions are bent in the horizontal plane following a
55° curvature radius. The integrated field homogeneity
AB,;d./By(0,0,z)d, must be better than 2-107% inside the
rectangular homogeneous field region, where z is the distance
along the central trajectory.

The mass separator was modified to enable use with a
resonance ionization laser ion source (MELISSA—MEDICIS

laser ion source setup) (14). The laser ion source is crucial
when surface or electron-impact ionization is either not
sufficiently efficient or selective. A window for the lasers with a
33 mm diameter was incorporated to the vacuum chamber of
the magnet to allow a clear line-of sight to the ion source [see
Figure 2 (Right)]. For this, a hole in the magnet yoke had to
be machined. A shutter was installed in front of the window to
prevent ion beam implantation when, for example, the dipole
magnet is off but the high voltage is on, which may cause a
reduction in transparency.

e Beam  diagnostics  instrumentation: The  beam
instrumentation is located inside the collection box. Faraday
cups are used, one for total beam current measurements
(before the mass separator) and one to measure the separated
beam (in the collection box). Wire scanners are used for beam
profile and quality assessment in the transversal plane. The
focal plane distance and inclination with respect to the central
beam trajectory was determined using the simulation software
SIMION. For this, particles with A/q = 99, 100, and 101 were
launched from either side of the central trajectory, upstream
of the dipole magnet at 30 keV.

The angle of the focal plane with respect to the central
trajectory is ~24° and the focal plane distance is ~2,100
mm [which agrees with the theoretically calculated distance
following matrix formulation (9)] (see inset in Figure 1).
These results were used to determine beam instrumentation
specifications. The scanner moves along the focal plane with
the calculated inclination angle. The collection point is then
placed as close as possible to the focal point for the beam on
the central trajectory.

e Sample collection system: This is also located inside the
collection box. Up to three samples can be placed in the
transfer container separated by 15 mm with a size of 10 x 10
mm. In front of the holder for the sample plates, a collimator
and electron deflector are placed. The current in the sample
should be maximized while it should be minimized in the
collimator. The position of the sample plate is controlled by
an arm that moves perpendicularly to the beam and intercepts
the beam in the central trajectory as shown in Figure 3.

3. BEAMLINE OPTIMIZATION AND
CHARACTERIZATION

3.1. Mass Resolving Power

The mass resolving power (MRP) depends on the properties of
the magnet and on the optical properties of the ion beam. Here
we will use the MRP definition given in (12):

M
FWHM

MRP =d - (1)

where d is the distance between two adjacent peaks with masses
M and M+ 1 and FWHM (with units of distance) is the full width
at half maximum of a beam of ions with mass M in the focal plane
of the separator.

The MRP was calculated as a function of the einzel lens
voltage for the original configuration (geometry 1), in which
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FIGURE 2 | Mass separator donated by KU Leuven to the MEDICIS experiment while at the LISOL facility (Left) and once installed at the MEDICIS bunker (Right).
The window that was installed to allow lasers to be sent toward the ion source for resonance ionization is clearly seen in the right-hand image.

FIGURE 3 | Sample holder positioning. Three different sample positions are shown (blue, green, and yellow). A vacuum valve separates the sample container from the
collection box. Once the container is attached to the collection box, the valve is opened, the samples moved into the collection box, and the vacuum valve is closed.
Fresh samples to be placed at irradiation position (Left) and samples in position to be irradiated, docked in the transport box (Right).

the vacuum valve for vacuum sector 1 (target sector) is placed
downstream of the einzel lens. The results are compared with
a new geometry (geometry 2), in which the vacuum valve is
instead placed right after the target. This way, the target sector
is isolated from the rest of the beamline (see Figure 1) reducing
its pumping volume and thereby reducing the required volume
of the contaminated gas storage tanks. Other elements of the
beamline were also discarded/replaced during the modifications.
The einzel lens was moved 80 mm away from the ion source
to accommodate this modification. More details can be found
in (15).

SIMION was used to assess the effect of such modification on
the MRP. Figure 4 shows the main elements taken into account
to perform the simulations.

Ions of A/g = 99, 100, and 101 were launched from a
surface ion source as shown in Figure 4, with an homogeneous
distribution inside the ion source that follows a Gaussian energy
distribution [with mean energy of 0.25 eV (~3,000 K) and a 10%
energy spread]. Ions drift toward the exit of the hot cavity due to a
longitudinal voltage drop of ~2 V (this voltage gradient was also
taken into account for the simulations) and are extracted due to
the field penetration created by the extraction electrode. The ions

are then accelerated toward the dipole magnet and focused at the
focal plane.

The results of the simulations are shown in Figure 5 (Left). It
can be clearly seen how the voltage of the einzel lens needs to be
adjusted to maximize the MRP, which is also influenced by such
displacement dropping from 400 to 380. For an ion beam with
A/q = 100, the MRP is approximately halved with only a ~3%
deviation of the optimal einzel lens voltage. This MRP sensitivity
to the strength of the einzel lens or its positioning is due to the
requirement of a parallel beam entering the separator magnet.

The simulated beam emittance was computed at the entrance
of the magnet and it is displayed in Figure 5 (Right). The ellipse
that has been drawn and the values computed encompass 95% of
the simulated events.

3.2. Incorporation of the Laser Window

The installation of the laser window [Figure 2 (Right)] required
a perforation of the magnet yoke. To make sure this modification
wouldn’t affect the magnetic field homogeneity, magnetic field
calculations of the dipole magnet using the Opera-3D/TOSCA
program were performed. OPERA is a software suite for
electromagnetic, thermal and structural simulations (16).
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The magnetic field distribution along the central trajectory for
three different values of the current was determined. Figure 6
(Left) compares the magnetic field along the magnet central
trajectory for the original structure of the magnet (no hole) and
when the hole in the yoke (40 mm outer diameter for the laser
window) is taken into account.

It is seen then that the impact of the hole in the return
yoke (laser window, with hole) on the field strength is negligible
compared to model without the hole.

Calculations were performed to determine the homogeneous
field region of the magnetic field. The field was calculated
at different heights [Y-direction, different colors as shown in
Figure 6 (Right)]. The X-axis represents the shift from the
central trajectory.

From this plot we can conclude that in order to keep an
integrated field homogeneity better than £2.107%, the beam
should stay within a rectangle of 40 mm in the X-direction
(horizontal) and 20 mm in the Y-direction (vertical).

4. FIRST MASS SEPARATED ION BEAMS
AT MEDICIS

The production of the first stable (non-radioactive) beams at
MEDICIS was performed with a standard ISOLDE surface ion
source (17) as well as the ISOLDE variant of the FEBIAD (18),
known as the VADIS (Versatile Arc Discharge Ion Source) (19).
The correct functioning of the following services were verified:
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three different values of the current | (A), needed to have masses A/q = 1, 100, and 300 in the central trajectory, respectively (Left). Relative integrated field error
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FIGURE 7 | Calibration curve of the MEDICIS dipole magnet for 30 and 60 kV extraction voltage. The solid lines are second order polynomial fits to the experimental
data. The simulated curve obtained from OPERA calculations is represented by the dashed line. The fit residuals are shown in the right hand side of the figure.

Residuals (A)

target coupling, target and ion source heating and cooling, high
voltage, einzel lens, and deflector voltage, magnet cooling as well
as proper operation of the scanners and Faraday cups. This has
been demonstrated by the observation of mass-separated ion
beams of Na, K, Al, La (surface ion source) and the noble gases
He, Ne, K1, Ar, Xe (VADIS).

Figure 7 shows a magnet calibration using the most intense
beams produced by the surface ion source. The simulated curve
for a 30 kV extraction voltage (dashed line), was generated using

the technical specifications of the magnet from the manufacturer
as described in section 2, by means of OPERA simulations and
electromagnetism calculations. The experimental points (and
2nd order polynomial fitted curve shown in black) lie closely on
this line, and the similarity of these curves serve as a validation
of the OPERA simulations. The magnet calibration for 60 kV
extraction voltage is also represented by the red curves.

A gas mixture of helium, neon, argon, krypton and xenon
(20% each) was injected into the target/ion source unit (a VADIS
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FIGURE 8 | Xe beam profile with A = 129, 130, 131, and 132 and respective natural
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via a heatmap (top) with red and blue being the maximum and minimum values, respectively. 2D plot of the Xe beam profile (bottom).

abundances. The relative beam intensities and beam spotsize are represented

in this case) using a gas leak. Figure 8 shows the beam profile in
the xenon region with masses 129, 130, 131, and 132 visible and
with the expected natural abundances. The extraction electrode
was 40 mm away from the exit of the ion source. The measured
total beam was 1.33 A and the separated beam for '32Xe
equalled 135 nA. The cathode temperature was kept at 1,950°C.
The beam transmission, calculated by comparing the sum of
the mass separated beams to total beam before separation was
determined to be ~90%.

The mass resolving power (MRP) was calculated using
Equation 1, based on information extracted from Figure 8.
Considering FWHM~3 mm for A = 131 and d(33,_132)~12 mm,
a value for the MRP = 500 is obtained.

5. CONCLUSIONS

A dipole magnet mass separator, previously used at the LISOL
experiment for over 40 years, was recovered and installed in a
compact bunker in the MEDICIS laboratory for the extraction
of radioisotopes of medical interest. The magnet was modified
for compatibility with resonance ionization by installing a laser
window. It was demonstrated by means of OPERA simulations
that the field homogeneity was not affected by such modification.

SIMION was used to show that the mass resolving power
depends on the divergence of the beam entering the magnet,

which can be optimized by adjusting the einzel lens voltage. It
was also shown that the required voltage for maximum mass
resolving power depends on the longitudinal position of the
einzel lens with respect to the extraction. The dependence of the
mass resolving power on the einzel lens voltage and longitudinal
position highlights the importance of these parameters when
optimizing the MEDICIS beamline. This is crucial if there are
more intense neighboring components in the mass spectrum
since the use of a Faraday cup alone may give an ambiguous result
during beam tuning optimization.

The first stable beams produced during the commissioning
phase showed that the facility is operating in line with
expectations and indicated its suitability for full scale operation.
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Terbium (Tb) is a promising element for the theranostic approach in nuclear medicine. The
new CERN-MEDICIS facility aims for production of its medical radioisotopes to support
related R&D projects in biomedicine. The use of laser resonance ionization is essential to
provide radioisotopic yields of highest quantity and quality, specifically regarding purity.
This paper presents the results of preparation and characterization of a suitable two-step
laser resonance ionization process for Th. By resonance excitation via an auto-ionizing
level, the high ionization efficiency of 53% was achieved. To simulate realistic production
conditions for Tb radioisotopes, the influence of a surplus of Gd atoms, which is a
typical target material for Tb generation, was considered, showing the necessity of
radiochemical purification procedures before mass separation. Nevertheless, a 10-fold
enhancement of the Tb ion beam using laser resonance ionization was observed even
with Gd:Tb atomic ratio of 100:1.

Keywords: CERN-MEDICIS, RISIKO mass separator, terbium, gadolinium, laser resonance ionization, isotope
separation, Ti:Sapphire laser, theranostics

1. INTRODUCTION

The novel CERN-MEDICIS facility aims for the production of non-conventional medical
radioisotopes, being previously unavailable on the global market for biomedical research and
development (1, 2). It is based on the use of electromagnetic mass separation for extraction of a
desired radionuclide from a pre-irradiated target material (3). The facility exploits capabilities of the
existing CERN accelerator complex around the ISOLDE on-line mass separator for radionuclide
generation (4); in addition it is able to handle irradiated materials from other nuclear facilities for
further extraction and purification of radioisotopes (5, 6).

The main application fields for medical radioisotopes are diagnostics and therapy, notably for
cancer treatment (7). Both are accompanying each other, and the correctness and precision of
the former defines the effectiveness of the latter. Moreover, in a personalized treatment modality,
the use of the theranostic approach is rapidly developing: diagnostic and therapeutic active agents
should imply radionuclides of the same chemical element or at least those species or compounds
having very similar chemical properties, to reach the full control of the radiopharmaceuticals
performance in the organism (8).
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One promising chemical element for nuclear medicine
and specifically for the theranostic approach is terbium. This
lanthanide element, entitled as “Swiss army knife” of nuclear
medicine (9), offers four different radioisotopes to researchers
providing a desired combination of & or 8~ therapy (}*°Tb,
161T) along with PET or SPECT imaging (2Th, °Tb) (10-
15). Whereas '®'Tb can be produced in nuclear reactors, the
other three isotopes are available only at cyclotrons (16) or
at radioactive ion beam facilities, like CERN-MEDICIS (17).
Unfortunately, their production process is associated with high
isobaric and isotopic contaminations, and, therefore, their use is
not yet well-established (18).

In 2019, the dedicated laser ion source MELISSA was
implemented to improve the production yield of the CERN-
MEDICIS mass separator (19). Via a laser based multi-step
excitation and ionization process, ideally only a single chemical
element of interest is selectively ionized by laser photons, which
are fine-tuned to resonances of strong transitions between
atomic energy levels of the element (20). Due to the high
efficiency of the laser ionization process via transitions into
auto-ionizing levels, the ion beam production, and extraction
throughput are strongly enhanced, while the product purity
against other elements is in parallel improved due to the
high selectivity of the resonance ionization technique (21,
22). In combination with electromagnetic mass separation, the
laser ion source thus provides an output, which is almost
entirely free of any kind of isobaric or isotopic contaminations
(23).

Nevertheless, the use of laser resonance ionization for isotope
separation requires the identification and characterization of
the most suitable laser excitation scheme for later routine
application. In this work, a highly efficient two-step ionization
of terbium was investigated as optimum and simple for robust
technical implementation. The efficiency and selectivity of the
scheme was examined at the Mainz RISIKO mass separator,
which offers very similar ion source conditions as the CERN-
MEDICIS facility.

2. MATERIALS AND METHODS

2.1. Experimental Setup

The LARISSA team of Mainz University operates two specific
experimental setups for atomic spectroscopy and R&D on
resonance ionization and isotope separation. The Mainz Atomic
Beam Unit (MABU) is a compact quadrupole mass spectrometer
(24), well-suited for spectroscopic analysis, which was used
in this work to develop a suitable laser ionization scheme
for Tb. The RISIKO setup (23) is a 30 keV beam energy
electromagnetic off-line mass separator (in the experiment,
the mass resolution was about 150 for the region of Tb
isotopes), which serves as a substitute of the CERN-MEDICIS
mass separator due to their widely similar experimental
arrangement. RISIKO was used to perform ionization efficiency
measurements and to study the ion source performance under
the presence of contaminants, simulating the real production
conditions of Tb radioisotopes. Both setups involve a dedicated

laser system to induce the laser ionization process (see
Figure 1).

One of crucial components of both setups is the ion source.
For MABU it is a 35 mm long ionization tube, made of tantalum
with inner and external diameters of, respectively, 2.5 and 4.5
mm, also called “hot cavity” or “line.” The RISIKO ion source also
consists of this hot cavity, and it is equipped with an additional
sample reservoir (or “mass marker”)—a thin 80 mm long
capillary made of tantalum with inner and external diameters
of 1.1 and 2 mm, respectively, which is directly connected to
the ionization tube. A sample under investigation can be placed
either in the ionization tube or in the sample reservoir. The line
and the mass marker independently can be resistively heated up
to 2,200°C to atomize and ionize the sample material via thermal
surface ionization (the temperature distribution is not uniform,
and derived from the comparison of simulation and direct
measurements with pyrometer) (25). Together they represent an
analogue of the target unit of CERN-MEDICIS mass separator:
the ionization tube is almost identical and the sample reservoir
represents the target container, from which radioactive nuclides
effuse to the hot cavity through a transfer line (3).

To induce the stepwise resonance ionization process, laser
beams are guided through a viewport window into the vacuum
chamber and travel anticollinearly to the ion beam into the
hot cavity to interact with the sample material and to form
laser ions After extraction from the hot cavity, ion optics
provide appropriate ion beam shaping. Mass separation of
the ion beam is performed by the quadrupole mass filter of
MABU or alternatively by the dipole magnet at RISIKO. As
detector, a channel electron multiplier at MABU (for sensitive
single ion detection) is used, or a Faraday cup at RISIKO (for
quantitative ion current measurement), shielded with the guard
voltage of 100 V to suppress the undesired contribution to
the signal from secondary electrons. During all experiments,
laser parameters (working wavelengths, position, timing, output
power) are carefully controlled, recorded and readjusted to
keep maximum ion signal. Lasers are usually set to maximum
achievable output power, measured before the viewport window,
and are overlapped spatially and temporally with a focus in the
hot cavity.

The laser system consists of a number of solid-state lasers,
which allow to implement and rapidly vary a multi-step
resonance ionization process for chosen elements. A commercial
Nd:YAG laser (Photonics Industries DM60, 532 nm with a
repetition rate of 10 kHz) is used to pump up to three Ti:Sapphire
lasers of the Mainz University design (26). With 15 W of pump
power, a Ti:Sapphire laser generates emission in a wide-tunable
wavelength range of 690-1,000 nm with ~40 ns long pulses
and average output power up to 5 W, with typical 3-5 GHz
spectral linewidth (27), resembling the MELISSA laser system at
CERN-MEDICIS (19).

2.2. Spectroscopic Investigations

Laser resonance ionization spectroscopy on Tb atoms was
performed in the past to study its high-lying and auto-ionizing
states (28). Three-step laser ionization schemes were identified
based on the wavelength range of dye lasers with first excitation
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FIGURE 1 | Schematic layout of MABU mass spectrometer, RISIKO mass separator, and a dedicated laser system (not to scale). Green, red, and blue lines represent

transitions of 510 or 602 nm. These wavelengths are far off the
working range of Ti:Sapphire laser, and therefore are not directly
applicable for CERN-MEDICIS.

Three excited energy levels at 23147.9, 23107.3, 23043.4 cm !
(29) were addressed from the ground state by the second
harmonic of a Ti:Sapphire laser in (30), as a basis for a three-
step ionization process. Nevertheless, from these first excitation
steps (FES) it is possible by using Ti:Sapphire second harmonic
output to ionize Tb atoms with a direct further step, either via
a transition into the jonization continuum or alternatively via
an auto-ionizing state located slightly above the first ionization
potential (see Figure 2). Since recently a spectroscopic scan in
this spectral region is possible thanks to an automated grating-
tuned Ti:Sapphire laser design, which was not available few years
ago (31, 32). To characterize these second excitation steps (SES)
into different auto-ionizing levels and to develop a suitable laser
ionization scheme, the resonance ionization spectroscopy was
undertaken at the MABU mass spectrometer using a pure Tb
sample, made of AAS standard solution'.

2.3. Efficiency Measurement

A crucial performance characteristic of a newly developed
scheme is its ionization efficiency. Commonly, the efficiency of a
separation process can be measured as the ratio between the total
number of detected ions Ny, against the initial number of atoms

!Terbium AAS Standard Solution, AlfaAesar, https://www.alfa.com/en/catalog/
088110/.

in the sample Nygpie (33). To evaluate the laser performance
in the process €, it is necessary to calculate the difference
between efficiencies with and without lasers under the same
experimental condition, to omit other factors of the process (34).

Therefore, the laser ionization efficiency can be calculated
using the formula

E _ Nger — Nsurf (1)
laser = Nsumple

where N, is the ion signal determined with blocked lasers.
Namely, this number of ions reflects the contribution of
thermally ionized atoms from the surface ionization. This
contribution can be estimated during the measurement by
periodically blocking the laser beams (35).

All efficiency measurements were accomplished interlaced
with a blank sample measurement before each new run of a Tb
sample (the same procedure for both). That is necessary to ensure
the absence of remaining Tb atoms either in the ionization tube
or in the sample reservoir, which can bias final results as memory
effect. A typical efficiency measurement is presented in Figure 3.
The ion current is monitored on mass 159 u, corresponding to the
only stable Tb isotope. During the first 40-50 min, the RISIKO
mass separator is set to the working parameters; the hot cavity
is heated up to 2,100°C (“Line power” of 400 W); the sample
reservoir temperature is increased stepwise up to 1,500°C (in the
Tb case), accompanied by the optimization of the mass separator
and laser fine adjustments onto the maximum of the ion signal.
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FIGURE 3 | A graphical representation of a typical ionization efficiency measurement (in this case, scheme B, run 4). (Upper Panel) The blue dashed curve—the
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temperature marks. (Lower Panel) The black solid curve—the measured ion current on Faraday cup, the gray filled area—the interpolated background signal of

surface ionization (laser blocked), the green dashed curve —cumulative overall ionization efficiency.

In the next 45 min most Tb atoms are extracted by a smooth
increase of the sample reservoir temperature up to 1,800°C;
this period gives the highest contribution to the measured
efficiency value; the surface ion signal is monitored each 4 min,
blocking laser beams for 10 s (vertical black stripes in Figure 3).
Afterwards, the ion signal is decreasing, and the sample reservoir

temperature is pushed to the maximum of 2,200°C to extract
the residual Tb atoms down to a negligible level; this last step
is also useful to avoid contaminations in further measurements.
During all measurements, the average laser power for the first
excitation step was 0.56 W, and for the second excitation step
about 1 W.
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Each efficiency measurement was accomplished with a pure
Tb sample, prepared by diluting of AAS standard solution? of
stable terbium oxide (TbsO7; 1,000 wg/ml Tb concentration)
with deionized water in the rate of 1-10. Five microliters (1.14 x
10'> Tb atoms) of the diluted mixture was pipetted onto a Zr
4 x 4 mm? carrier foil of 25 wm thickness, serving also as a
reducing agent, which was afterwards folded to fully enclose the
dried sample. The uncertainty of the pipetting procedure was
estimated to be around 3-5% (36), and it is the main source of
imprecision for an individual efficiency measurement (35).

2.4. Laser lon Source Performance Using a
Gd Surplus Sample

The typical problem of medical radioisotope production is
the presence of isotopic contaminants, in unfavorable cases in
orders of magnitude higher than the desired radionuclide, which
cannot be removed just by means of chemical separation. This
problem can be solved by mass separation. While a surface
ion source is not selective against isobaric contaminants with
similar chemical properties and thermal ionization behavior, the
combination of laser resonance ionization and electromagnetic
isotope separation allows to diminish or even overcome these
difficulties (23). Nevertheless, electromagnetic mass separation
has a limited resolution: the tails of neighboring mass peaks
can strongly interfere on the desired mass, particularly, if
the quantity of interfering material is very high. As a result,
the final product can be contaminated, and may require
additional post-purification procedures in order to meet purity
standards (leading to time-related and efficiency-related losses
of radioisotopes). For very severe contaminations within the
ion source, even the separation efficiency can be significantly
decreased due to disturbed performance of the laser ion source
(37).

For the cyclotron-based production route of terbium
radioisotopes, a typical target material is natural or isotopically-
enriched gadolinium (38). They both are lanthanides and have
almost identical thermal ionization efficiency. In case of Tb-152
or Tb-155 generation, isobaric Gd isotopes will be considered
as dominant contaminants for the product. For instance, after
irradiation of natural Gd target at the ARRONAX cyclotron,
the typical concentration of generated Tb-155 radioisotope is
estimated about 1 ppm (i.e., Gd:Tb ratio of 10%:1). To determine
an appropriate limit for before-separation radiochemistry
procedures and to assess the performance of the separation
process in this situation, the developed ionization scheme
was tested with tailored samples, simulating the extraction
of Tb isotopes in the presence of Gd target material. For
this purpose, two sample mixtures were prepared using AAS
standard solutions of stable terbium oxide (Tb,O7)> and stable
gadolinium oxide (Gd;O3)*: one with 50:1 and another with

2Terbium AAS Standard Solution, AlfaAesar, https://www.alfa.com/en/catalog/
088110/.

3Terbium AAS Standard Solution, AlfaAesar, https://www.alfa.com/en/catalog/
088110/.

4Gadolinium AAS Standard Solution, AlfaAesar, https://www.alfa.com/de/
catalog/088065/.

100:1 atomic ratio of natural Gd to Tb (for both samples, the
Tb quantity was the same as for efficiency measurements, i.e.,
1.14 x 10> atoms), which assumingly might already affect the Tb
extraction. The behavior of the ion signal under different sample
reservoir temperatures for Tb and Gd isotopes was characterized
with and without laser beams.

3. RESULTS

3.1. Resonance lonization Spectroscopy
Three different first excitation steps, FES 23147, FES 23107, FES
23043 (see Figure 2), were used to develop an optimum two-step
resonance ionization process for terbium. The merged results
of series of spectroscopic investigations for a second excitation
step are presented in Figure 4, exhibiting a very rich spectrum
of observed auto-ionizing states. Coincidentally, it was observed
that a spectrum of laser-dependent resonances can be obtained
using only one laser (see the bottom spectrum in Figure 4);
some of these resonances belong to so-called two-step single-
color laser resonance ionization processes, where the respective
wavelengths required for first excitation step and subsequent
second ionization transition overlap within the laser linewidth.

Comparing the multitude of observed laser combinations
under the same conditions (during the spectroscopy the laser
power could not be kept constant), two ionization schemes with
relatively higher ion signals among all the others of similar type
(Figure 4) were chosen to characterize their performance: the
single-color scheme A [starting from a thermally populated level
at462.1 cm~! (29)] and the two-color scheme B (from the ground
state, see Figure 2). Their positions in the spectra are indicated
in Figure 4. Both schemes seem promising to ensure a highly
efficient ionization process. Despite a slightly lower signal for
scheme A, it is convenient for many applications to resonantly
ionize Tb atoms only with one laser; therefore it was also
taken into consideration. More information on the spectroscopic
measurement results and the explanation on scheme choice can
be found in the Supplementary Materials to this article.

3.2. Efficiency Measurement Results

The data obtained from each efficiency measurement run for
both schemes are presented in Table 1. Graphically, an overview
of results is visualized in Figure5. The error bars for each
individual run correspond to the uncertainty of the pipetting
procedure (5% less or more atoms in the sample). One can see
that all measurements were clearly reproducible. The single-color
scheme A demonstrated a good average ionization efficiency of
33% with standard deviation <5%. The two-color scheme B
showed an excellent performance with 53% average ionization
efficiency also with <5% standard deviation.

One can notice that the total laser enhancement factor (the
ratio between detected ions with and without lasers) for almost
all runs ranged between 500 and 1,000 compared to the surface
ionization contribution without lasers. Except for the first two
measurements (A/1 and A/2), the blank sample tests verified a
negligible level of remaining Tb atoms in the ion source of <0.1%
of the initial sample before the efficiency measurement. The total

Frontiers in Medicine | www.frontiersin.org

October 2021 | Volume 8 | Article 727557


https://www.alfa.com/en/catalog/088110/
https://www.alfa.com/en/catalog/088110/
https://www.alfa.com/en/catalog/088110/
https://www.alfa.com/en/catalog/088110/
https://www.alfa.com/de/catalog/088065/
https://www.alfa.com/de/catalog/088065/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Gadelshin et al.

Terbium Laser lonization for MEDICIS

10°
.| FES 23147
10°F 1
10°F 1
10°k ] 1
10
10°F FES 23107 __.-3cheme B
10°} Ww ]
— 10k | Il 1
v
&1 | \].i i
Tcu 10'f FES 23043 ]
.0
(%] 103 [ ]
10°F i 1
10t [ {18 IM‘LLH Il
o Single laser Scheme A
10°F
10°F ) '
> e Lt M,l..lh\.k
23900 24000 24100 24200 24300 24400 24500 24600 24700 24800 24900 25000 25100 25200 25300 25400 25500 25600 25700
Wavenumber (cm™)
FIGURE 4 | Laser resonance ionization spectra of terbium for scans of the second excitation step (SES) in three different two-step photoionization schemes: starting
from first excitation steps (FES) of 23147.9, 23107.3, and 23043.4cm~". At the bottom the spectrum of a scan using just one laser in the considered region is given
(schemes A and B, see text).

TABLE 1 | Experimental results of Tb laser resonance ionization efficiency measurements for schemes A and B (sample size is 1.14 x 10'® atoms).

Scheme/ Detected ions Detected ions Background ions Laser ionization
Run from blank sample from Tb sample from Tb sample efficiency
(laser ON) (laser ON) (laser OFF) %
A1 6.01 x 102 3.10 x 10™ 6.23 x 1012 (26.8 + 1.3)
A2 8.49 x 102 4.49 x 10" 0.50 x 102 (39.5+ 1.9)
A/3 0.27 x 10" 3.50 x 10" 1.30 x 10'? (30.7+1.5)
A4 0.60 x 10'? 3.87 x 10" 1.39 x 10'? (34.0+1.6)
B/1 0.12 x 102 5.36 x 10™ 2.34 x 1012 47.0+2.2)
B/2 0.19 x 10" 6.57 x 10" 1.30 x 102 (57.7 +2.8)
B/3 0.01 x 10" 5.75 x 10" 0.78 x 102 (50.6 + 2.4)
B/4 0.27 x 10" 6.56 x 10™ 0.79 x 102 (57.7 +2.8)

detected ions for a blank sample were at least twice less than the
thermally ionized background, obtained for a real sample with
blocked lasers. This eliminates the doubts, whether the efficiency
measurements are interfered between each other.

A scrupulous reader can remark that the obtained ionization
efficiency values clearly exceed the statistical thermal population
for both starting energy levels of the investigated ionization
schemes in the working temperature range (see Figure 6). This
fact can be explained as follows: during the excitation or
“depopulation” process of a starting level, thermal equilibrium
is disturbed. Afterwards, atoms from other levels are de-excited
or “re-populated” to the starting level to establish again the
equilibrium. In order to achieve these high ionization efficiency
values, the residence time of a Tb atom in the hot cavity has to
be long enough to allow for re-population of the starting level

over the course of multiple laser pulses. The RISIKO ion source
geometry facilitates this process by requiring a high number of
wall collisions before the atom exits, especially due to the narrow
capillary of the sample reservoir, which is at first accessible for
laser irradiation. Also, the low vapor pressure of Tb implies a
longer time for wall sticking, promoting equilibration.

3.3. Laser lon Source Performance

The performance of the laser ion source in the presence of
Gd surplus was studied using the Tb laser resonance ionization
scheme B. The results are presented in Figure 7. Both graphs
represent the ion signal behavior on mass 159u (Tb-159,
100% abundance) and on mass 158 u (Gd-158, 25% abundance)
depending on the mass marker heating power (temperature)
for samples with Gd:Tb ratio of 50:1 (left) and 100:1 (right
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graph). To observe the influence of the chosen Tb laser ionization
scheme, the ion current was measured with lasers switched
ON (solid curves) and OFF (dashed curves), representing pure
surface ionization for both elements. The ratio between Laser
ON/OFF ion signals for Tb gives then the laser enhancement
factor (represented with green bars).

One can see from Figure7 (left), that the observed laser
enhancement factor of Tb ion signal in the case of 50:1 Gd:Tb
mixture remained the same as for pure Tb sample (1,000 or
better). On the other hand, the Gd ion signal was affected by
laser beams: in their presence (laser ON) it was 10 times higher
than for blocked lasers (laser OFF, see Figure 7). To compensate
this finding, the laser power of both transitions was one-by-one
reduced to a level, when Gd ion signals with or without lasers are
equal (see Figure 7, left, at 1,800°C).

The mass scan at 1,800°C demonstrates this effect (Figure 8).
The gray filled area represents the ion signal from thermal surface
ionization (laser blocked, OFF); the red dashed curve depicts the
ion signal in the presence of both lasers on maximal power (laser
ON). The reduction of the laser power for the second excitation
step (from 1,000 to 154 mW) did significantly change neither Tb
nor Gd ion signal for all its isotopes. Reducing additionally the
laser power for the first excitation step (from 560 to 160 mW),
the ion signal of Gd atoms was decreased to the level of surface
ionization (the black solid curve, laser ON). Surely, the Tb ion
signal dropped as well, but the enhancement factor was still at
the same level as with pure Tb sample. From the literature it is
known that for Gd there is a transition from the ground state to
an excited level on 23103.7 cm™!. Albeit it is 4cm™! away from
FES of scheme B for Tb (23107.3), they are still quite close to each
other, and tails of Gd resonance can be affected by the laser power
broadening or/and by the Doppler broadening, as laser beams are
collinear to the ion beam.

The experiment with 100:1 Gd:Tb ratio sample showed a clear
decrease in the Tb laser enhancement factor down to values
around 100 (Figure 7, right). The laser power was kept from the
start on low values to avoid any contribution to Gd ion signal.
At higher temperatures with increasing surface ionization, the
ion signals on masses 158 and 159 u became comparable. The
influence of neighboring masses on the Tb ion signal did not
exceed 10% of the signal at the highest temperature (4% for 50:1
ratio sample). Nevertheless, the Tb signal enhancement induced
by laser ionization can be even higher under these unfavorable
conditions, but it cannot be observed due to the interference from
tails of neighboring mass peaks.

4. DISCUSSION AND CONCLUSIONS

The performed study serve as a basis for successful application of
the resonance photoionization of Tb at the MEDICIS laser ion
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uncertainty of data points is <0.25%.
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source MELISSA or elsewhere. The newly identified excitation
scheme B (Figure 2) can be directly applied for generation of
highly intense Tb ion beams due to its excellent ionization
efficiency. The obtained value of 53% ionization efficiency is
comparable with previous studies of laser ionization on other
lanthanides (23, 35). This ionization scheme is currently in use
at the CERN-MEDICIS facility to increase the production rate of
Tb medical radioisotopes [the efficiency of surface ion source in
case of Tb separation is estimated to be about 2% (2)].

Despite a relatively lower efficiency, the single-color two-
step laser ionization scheme A (Figure2) is favorable for

specific applications due to the handling of only one laser
beam. For example, scheme A was used to start the laser
ion source MELISSA in 2019 (37); its simplicity allows to
exploit it as a reference or signal control tool during mass
separator alignment and optimization. In general, using a
set of automated grating-tuned Ti:Sapphire lasers, several
pre-defined single-color or two-color two-step schemes can
be combined for a rapid and automated switching between
ionization of different elements, allowing for sequential
extraction of multiple specifically chosen isotopes from the
same target.
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Further important information can be perceived from laser
ion source performance studies in the presence of contaminants.
In the case of Tb radioisotope production at CERN-MEDICIS,
Gd atoms from a target material, irradiated at an external
cyclotron facility, will introduce a dominant contamination.
Experimental results with scheme B showed that already the
atomic ratio of Gd:Tb of 100:1 will reduce the laser enhancement
factor for stable Tb ion signal by an order of magnitude,
compared to 50:1 ratio. For RISIKO mass separator, it is
caused by the increasing surface ions contribution from tails
of adjacent mass peaks of Gd isotopes, which could not be
suppressed by the dipole magnet. Another possible reason is
a space-charge effect caused by the excess of ions in the hot
cavity, which reduces the laser ion source performance; but
this is usually observed at much more higher ion currents.
Anyway, at 100:1 ratio the extraction of Tb radioisotopes will
be technically interfered by Gd isobars, because the surface
ion signal of Gd-158 became comparable to Tb-159 laser
ion signal.

Obviously, radiochemistry measures are still necessary before
and after mass separation to remove the bulk quantity of the
target material and to get rid of final traces in the desired
product. Here more tests are required with a real target
unit to prove these conclusions in situ. To elucidate possible
interferences from Gd atomic structure, further spectroscopic
investigations on Gd atoms have to be undertaken. Eventually,
the real production tests at MEDICIS will help to find a
balance between the separation efficiency, the ion beam purity
and the time consumption for all additional radiochemistry
procedures.
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Thulium-167 is a promising radionuclide for nuclear medicine applications with potential
use for both diagnosis and therapy (“theragnostics”) in disseminated tumor cells
and small metastases, due to suitable gamma-line as well as conversion/Auger
electron energies. However, adequate delivery methods are yet to be developed and
accompanying radiobiological effects to be investigated, demanding the availability of
67Tm in appropriate activities and quality. We report herein on the production of
radionuclidically pure '67Tm from proton-irradiated natural erbium oxide targets at a
cyclotron and subsequent ion beam mass separation at the CERN-MEDICIS facility,
with a particular focus on the process efficiency. Development of the mass separation
process with studies on stable ®Tm yielded 65 and 60% for pure and erbium-excess
samples. An enhancement factor of thulium ion beam over that of erbium of up to several
10* was shown by utilizing laser resonance ionization and exploiting differences in their
vapor pressures. Three 6/ Tm samples produced at the IP2 irradiation station, receiving
22.8MeV protons from Injector Il at Paul Scherrer Institute (PSI), were mass separated
with collected radionuclide efficiencies between 11 and 20%. lon beam sputtering from
the collection foils was identified as a limiting factor. In-situ gamma-measurements
showed that up to 45% separation efficiency could be fully collected if these limits are
overcome. Comparative analyses show possible neighboring mass suppression factors
of more than 1,000, and overall ' Tm/Er purity increase in the same range. Both the
actual achieved collection and separation efficiencies present the highest values for the
mass separation of external radionuclide sources at MEDICIS to date.

Keywords: medical radionuclides, thulium-167, mass separation, laser resonance ionization, MEDICIS, Auger
electrons
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1. INTRODUCTION

Auger electrons (AEs) can be highly radiotoxic when they
decay in the vicinity of DNA in the cell nucleus (1, 2),
which makes them attractive for radiotherapy. Moreover, recent
studies have shown that, even without nuclear localization,
AEs can also kill targeted cancer cells by damaging the
cell membrane, or non-targeted cells by a local cross-dose
effect or a bystander effect (3). Nevertheless, to date, clinical
research has been very limited and there is still much to learn
about the molecular and cellular radiobiological effects of AEs.
Most of the AE-emitting radionuclides also emit conversion
electrons with higher energies compared to AEs, resulting in
a longer-range effect up to several micrometers (4, 5) and less
dense ionization.

Many research groups worldwide are focusing on the
development of new targeting agents, however, the radionuclides
have critical importance for the success of nuclear medicine
applications. Previously, it was demonstrated that the decay
of 12°I in mammalian cell DNA leads to more than one
double-strand break per decay (6). Examples of some of the
interesting AE emitting radionuclides include *™Tc (7), '''In
(8), 11 (9, 10), 2°1 (11), 2111, 19Sb (12), ’Ga (13), °'Pt
(14), 193mpt, and '™Pt. Due to the different chemical and
pharmacokinetic properties, it is not possible to perform direct
preclinical comparison studies with the radionuclides listed
above except I and Pt radionuclides. Up to date, *I is
the most studied AE-emitter (15). Its long half-life (59.4d)
makes it less practical for the clinical applications. Moreover,
low radioiodination efficiency (40-60%) precludes the kit
formulation for the radiopharmaceutical preparation with 12°1
and !2°1. Pt isotopes were shown to be highly radiotoxic due
to the high emission rates (due to the excess of 30 Auger
electrons per decay on average) (5). Nevertheless, low specific
activity and no satisfactory radiolabeling strategies obstruct their
further investigation.

Thanks to their similar chemical characteristics, such as
analogous coordination chemistry, radiolanthanides have great
potential to perform basic preclinical comparison studies to
improve the understanding of AE therapy. 167Tm (t; 2 =9.25d)
is a potential radionuclide both for medical diagnostics
and therapy, due to its gamma emission (E, = 207.8keV,
I = 42%) for single-photon emission computed tomography
(SPECT), and conversion/Auger electron emission (E = 5-
100keV, I = 120%) (16). Dosimetry calculations showed a
high ratio of absorbed dose rate in the tumor with respect
to the normal tissue (17, 18). In the past, '’ Tm-citrate was
used for tumor imaging (19) and comparative kinetic studies
showed the advantage of '®’Tm-citrate over simultaneously
applied %’Ga-citrate in normal and tumor-bearing mice (19,
20). The very fast clearance from blood and good retention
in tumor provided justifications for '“Tm to be more
appropriate than ®’Ga. However, suitable targeting methods
are still to be developed and accompanying radiobiological
effects have to be investigated. This is only possible if
this radionuclide becomes available in appropriate activities
and quality.

17Tm can be produced via several production routes
by charged particle induced reactions (20-24). However,
radionuclidically and chemically pure !'’Tm batches for
extensive studies can only be provided via a combination
of mass and chemical separation. Key parameters are the
overall efficiency and process duration. Respective operation
parameters have to be tailored to the specific peculiarities
of the isotope itself, as well as its chemical environment
determined by the production path. Systematic preparatory
studies are needed for optimization, to avoid losses in each
single step, and also due to time constraints imposed by ongoing
radioactive decay.

Mass separation at <100keV ion beam energy
electromagnetic mass separators, including sample preparation
and, especially, ion source design and laser ionization system
developments, has been proven to work efficiently for lanthanides
in recent studies. Efficiency values in the range of a few 10% and
up to more than 50% were reported for terbium (25), dysprosium
(26), holmium (27), ytterbium (28), and lutetium (29) under
optimum conditions.

This work focuses on the mass separation process at CERN-
MEDICIS with Tm produced by proton irradiation from
natural erbium oxide at PSL It describes both the preparatory
work with stable thulium, as well as the first three collections
of '7Tm, in detail. As such, it illustrates the first step for the
provision of this isotope by the collaboration, but also serves as
general description of introducing a new chemical element/target
matrix combination in a mass separation facility.

In addition, a full characterization of the samples via
gamma-ray spectrometry, ICP-OES and ICP-MS validated their
quality grade, toward their use in pre-clinical studies in the
near future.

2. EXPERIMENTAL SETUP AND METHODS
2.1. Production of 17Tm at PSI

MEr, 05 target discs, 6mm in diameter, were prepared and
irradiated at the PSI's IP2 irradiation station (30), using the
72 MeV proton beam from Injector II separated sector cyclotron.
Experimental cross-section results of "Er,0; were previously
reported by Tarkanyi et al. (31). It was shown that maximum
cross-section results were obtained between 18 and 22 MeV. In
this range, the obtained '’ Tm production cross-section results
are the sum of the 167Er(p,n) and 168Er(p,2n) reactions. In the
present study, a 2.4 mm niobium disc was used as a degrader to
decrease the proton energy to 22.8 MeV. The beam current was
set to 50 A and several test irradiations were performed using
30 mg "*Er,0; targets for 8 h. After irradiation, high dose rates
were obtained due to the high-energy gamma rays of the co-
product '*Tm (t;/, = 7.7 h). As a result of dose optimization for
transport classification and handling, transports of the samples
were performed 7 days after irradiation to await the complete
decay of '%Tm. Three targets, 106.13 (1,021), 97.81 (929), and
154.37 (1,482) MBq %7 Tm, respectively, at time of shipping, were
transported to the CERN-MEDICIS facility for mass separation.
Errors are given as 2-sigma interval.
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FIGURE 1 | Schematic overview of the MEDICIS mass separator. The inset on the right-hand side schematically depicts a cut view of the actuatable collection system

2.2. Mass Separation at MEDICIS

The CERN-MEDICIS (MEDical Isotopes Collected from ISolde)
facility is dedicated to the production of non-conventional
radionuclides for medical purposes (32-34). As schematically
shown in Figure 1, it comprises a 60 kV ion beam dipole sector
field magnet mass separator, that uses either targets that are
irradiated in a dedicated irradiation station at the adjacent
CERN-ISOLDE radioactive ion beam facility (33) by a 1.4 GeV
proton beam or, alternatively, radiogenic samples produced
and delivered by partner institutes. The radionuclide sample is
evaporated and atomized in the ion source, and predominantly
ionized by element-selective resonant laser radiation. The ion
beam resulting from 60kV extraction is separated according
to the mass-over-charge ratio of its constituents. Faraday cups
(FCs) can be inserted into the beam to monitor the beam
current before and after separation. Desired ions are implanted
into metallic foils situated in a holding system comprising
collimator and electron repeller structures to allow for FC-
like current monitoring. The sample collection system can be
actuated during collection to switch between three different
implantation foils. The samples are afterwards shipped to the
end users for chemical purification and preclinical/clinical tests.
A detailed technical overview of the MEDICIS separator, being
the principal infrastructure of the presented work, is given in
(35). The dedicated MEDICIS resonance ionization laser ion
source system MELISSA (36, 37), resembling the solid-state laser
system of ISOLDE RILIS (38), provides laser beams for element
selective ionization by 10 kHz repetition rate wavelength-tunable
Ti:sapphire lasers pumped by commercial frequency-doubled
diode-pumped Nd:YAG lasers (Innolas Nanio).

For the case of thulium, laser resonance ionization inside a
rhenium ion source was realized via a two-step two-resonance
scheme developed at the TRILIS group at TRIUMF (39)!. A
valence electron is excited from the atomic ground state into an
intermediate state at 26889.12cm™! and, subsequently, into an
auto-ionizing state at 51436.78 cm 1. The first step wavelength
A1 = 371.897 nm was provided with 500-700 mW, the second

"Mostamand M, Li R, Romans J, Lassen J. Odd-parity Rydberg and autoionizing
states of thulium studies by laser resonance ionization spectroscopy. Spectrochim
Acta B. (Submitted).

step wavelength A, = 407.371 nm with around 1.3W at the
output of the intra-cavity frequency-doubled Ti:sapphire lasers.
In the initial setup and optimization phase, it was confirmed
that both transitions were well-saturated, as expected from
the reported saturation parameters of Pge; = 12 (1) mW and
Ptz = 140 (21) mW (39). Additionally, the center wavelength
of the resonances was confirmed.

2.3. Efficiency Assessment With 1%9Tm

A sample of stable !*Tm was produced by evaporating 10 uL
of thulium standard solution (Alfa Aesar, 89889 Thulium, AAS
standard solution, Specpure®, Tm 1,000 1g/mL) on a rhenium
coated tantalum cylinder (“boat”), which was afterwards placed
in the center of the MEDICIS target container. This corresponds
to an overall amount of 10 u1g, 3.56 x 10'® atoms or 1,590 nAh
integrated charge for singly-charged ions.

The mass separation process efficiency € of stable isotope
separation processes can be determined by comparing the
amount of collected atoms of choice N, at the end of the process
to the amount of these atoms, which were initially present in
the target container, Nyymple.- Whereas, the latter is controlled by
the amount of calibrated solution that is deposited, the former
can be derived from the total collected charge C,y of the ions
at the collection point. This, in turn, can be calculated by time-
integration of the ion current Loy that is recorded after mass
separation in a Faraday cup, where every ion contributes an
elementary charge e.

o — Neoln . Ceoll/e _ f Tion dt/e
sep = = =
P Nsample

1

N, sample N, sample
For this type of measurement procedure a similar experimental
setup on holmium, using neutron activation analysis for sample
quantity confirmation (40), quantified the uncertainty in sample
preparation to 4%, and the measured efficiencies from ion
current were found to be consistent with the actual implanted
isotope amount.

This efficiency value contains all single sub-processes that
a sample atom has to undergo, i.e., diffusion and effusion out
of possible matrix materials, transport into the ion source,
transformation and persistence in its atomic form, ionization and
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non-neutralization, extraction, transport through the separator,
and detection. A detailed breakdown and disentanglement
of the individual contributions requires multiple dedicated
experiments, yet, the overall value €, also gives a lower limit
to each single one, assuming the others close to unity.

2.4. Efficiency Assessment With 1%°Tm in
Erbium Oxide

In order to provide a more realistic test environment and
to better evaluate the impact of the target material on the
aforementioned individual factors involved in the efficiency, a
second measurement was performed with the identical target
container/ion source assembly. To an identically prepared
1,590 nAh sample of 1% Tm, a huge excess quantity representative
of an irradiated target of ™ Er,03, used as material for 167Tm
production, was added. Therefore, 100 mg of Er,O3 powder were
dissolved in ethanol and the solution deposited and dried on
the rhenium boat inside the sample container. This amount of
Er,O3 corresponds to 87 mg of pure erbium, 3.1 x 10%° atoms
or 14 mAh total charge for singly-charged ions. Thus, the ratio of
169Tm:" Er was 1:8,800.

2.5, Efficiency Assessment With 17Tm

From Proton-Irradiated Erbium Oxide

A series of mass separations on three '’ Tm samples, produced
as described in section 2.1, was performed at MEDICIS. These
samples were weighed as 30-31 mg, thus, all containing around
9.4 x 10" erbium atoms, respectively, corresponding to 4.2
x 10°nAh for singly-charged ions. The ®’Tm activity, after
transport of the samples from PSI to MEDICIS and at the start
of the actual collections, was 83.04 (799), 76.85 (730), and 122.94
(1,180) MBgq, respectively. These activities correspond to contents
of around 5nAh, thus, the 17 Tm:"®Er ratio in all samples was
close to 1:10°.

Without any further treatment or dissolution, the irradiated
erbium pellets were put in the rhenium boat and loaded into
the target container. The same container/ion source unit as for
the non-radioactive tests was used. The greatly reduced overall
amount of thulium compared to the initial tests, in combination
with the overwhelming background of surface-ionized erbium
on this mass, did not allow for an initial optimization on a
Faraday cup. Therefore, a '®*Tm tracer amount about 30-fold
more than the radiogenic '’ Tm isotope was added in the same
way as for the non-radioactive tests. This enabled optimization
of the separator and laser operating parameters on mass 169
at still comparatively low container temperatures and thus low
evaporation rates, conserving the radioactive sample. For the
following actual '®Tm collection phase, the ion current was
continuously monitored both on the implantation foil (0.25 mm
thick gold foil coated with a 500 nm zinc layer) itself as well as on
the collimator cover (diameter 10 mm) in front of it. Up to three
implantation foils were used per run, while one each was used for
internal tests and implanted with low activity.

2.6. Sample Characterization
Different techniques were applied to both the initial "Er, O3
targets and the mass-separated samples at MEDICIS and PSI, to

characterize and quantify the production and separation process
with respect to different quality parameters.

2.6.1. Activity Measurements

At PSI, gamma-ray spectrometry measurements were performed
using a high-purity germanium (HPGe) detector (Canberra,
France). Full energy peak (FEP) efficiency calibration of the
spectrometer was performed using a certified ®?Eu point-
like source [provided by Physikalisch-Technische Bundesanstalt
(PTB), 1.49 x 10°Bg, 01.01.2015]. The spectra were analyzed
with Canberra’s Genie 2000 software package. The samples were
measured 7 days after irradiation, after mass separation and
after dissolving the zinc layer, to determine the mass separation
collection efficiencies and the remaining activities on the gold
foils, respectively. Half-lives and characteristic gamma-lines of
the Tm radionuclides used for calculations were as follows:

o '7Tm (t15: 9.25d, 207.8 ke V (42%) (16)
o 18Tm (t,5: 93.1d, 815.99keV (50.95%) (41)
o 165Tm (t;/5: 30.06 h, 242.92 keV (35.5%) (42)

Deadtime of the measurements was <6%. The gamma-ray
spectrometry measurements were performed with a 300cm
sample detector distance. Therefore, the geometry of the samples
was considered as a point source.

At MEDICIS, the present '’Tm amount in the collection
position was determined in-situ during the collection with a
compact cadmium zinc telluride (CZT) gamma-ray spectrometry
detector GR1 (Kromek, UK) fixed in front of the collection
chamber. The device was FEP calibrated with certified sources
(®°Co, 1¥3Ba, 1¥7Cs, 152Eu) at a setup resembling the geometry
beforehand (43). The count rate on the 207 keV gamma line of
167Tm was utilized. After collection, a dedicated measurement
of each foil was performed by the CERN radiation protection
service using a HPGe coaxial detector (Mirion Technologies).
For absolute efficiency calibration, the ISOCS (In Situ Object
Counting System) calibration software (44) was used, which
allows to produce an accurate quantitative gamma assay of
almost any sample type and size. After the measurements, the
Genie 2000 software was used to analyze the acquired spectra
and extract the corresponding activities. Corrections regarding
counting statistics, detector dead time, systematic uncertainties
of the peak area fitting, gamma emission probabilities and sample
geometry model uncertainties were considered to determine the
errors and limits of detection.

2.6.2. Isotope Ratio Measurements

Three ' Tm-implanted Zn coated gold foils were introduced
into a reaction vial and the Zn layer dissolved in 7mL 6 M
HNOs. The resultant solution was directly loaded onto a
column containing N,N,N/,N/-tetra-n-octyldiglycolamide, non-
branched resin (DGA, particle size 50-100 pum, TrisKem
International, France; volume 0.08 mL), which is based on
tetraoctyldiglycolamide as sorbent. The column was rinsed
several times with 6.0 M HNO3 to remove the remaining Zn
from the column. Thulium and erbium were, then, eluted using
5mL 0.05M HCl as it was reported in (45). These fractions were
analyzed using ICP-MS and ICP-OES techniques.
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A batch of "™'Er,O3, the test target and mass-separated
samples from three collections were analyzed with the Nu
Instruments Plasma 3 MultiCollector Inductively Coupled
Plasma Mass Spectrometer, at PSI's Hot Laboratory, using
an Elemental Scientific Apex HF nebulizing system and a
self aspiring PFA nebulizer for sample introduction. This
Plasma 3 is a sector-field mass spectrometer equipped
with 16 Faraday detectors, three Daly detectors, and three
secondary electron multipliers, ideal for measuring multiple ion
beams simultaneously.

All samples and standards were introduced as acidic solutions
in 0.28 M HNO3 and concentration-matched to yield similar ion
beam intensities on mass 167. The online-measured 7°Lu/!”°Lu
ratio of admixed natural Lu was used to determine the magnitude
of instrumental mass discrimination. Post-analyses and analyses
of mixed solutions of natural Er and Lu were used to characterize
the relation between the exponential mass discrimination factors
(46) for Er and Lu [using isotope abundances from (47) and
nuclide masses from (48)]. This relation, and the online-obtained
exponential mass discrimination factors for Lu, subsequently
allowed accurate mass discrimination corrections of Er isotope
analyses irrespective of whether Er in a sample analysis
exhibits natural isotope abundances. Ion beam intensities on
stable-isotope masses of Yb and Dy were monitored for the
mathematical correction, assuming natural isotope abundances
(47) of isobaric Yb or Dy contributions to ion beams of Lu or Er
masses of interest. These corrections were deemed insignificant
for all reported results.

For the analyses of mass-separated samples, all ion beams
were collected in Faraday detectors connected to amplifier
systems having either 10'? Q resistors in the feedback loop of
their preamplifier (masses 166 and 168) or 10! Q resistors
(all other masses). The fixed spacing of detectors on the
Plasma 3 mass spectrometer did not allow for a simultaneous
detection of 7®Lu and 7°Lu while measuring ion beams at
masses 166 and 168 using the more sensitive 1012 Q resistor-
amplifiers. Therefore, a two-step dynamic analysis routine
was chosen, in which the magnetic field was changed 20
times between two 15s long measurement steps. Instrumental
background signals were corrected using interspersed analyses
of sample-and-standard-free 0.28 M HNO3. No isotope ratios
involving Er masses 164 or 162 are reported because of Dy
contributions to ion beams of these masses that were too high
to correct for. Ion beam intensities on mass 167 were ca. 4 pA
obtained from 100ppb (element concentration) solutions of
natural Er.

For analyses of the natural Er,Os; and its irradiated
counterpart, all ion beams were detected simultaneously and,
with the exception of mass 162, collected in Faraday detectors
having either 10'2Q resistors in the feedback loop of their
preamplifier (161Dy) or 10! € resistors (all other masses). The
ion beam at mass 162 was detected using the more sensitive
Daly ion counter given the low isotopic abundance of ®2Er
[0.139% (49)]. The approximate signal yield of this ion counting
detector was determined by adjusting the yield value to obtain
the accepted '®2Er/1%7Er ratio (49), when measuring natural Er.
Single measurements consisted of 40 repetitions of 15s long

signal integrations at ion beam intensities on mass 167 of ca. 2 pA
obtained from ca. 50 ppb (element concentration) solutions of
natural Er.

The reported Er isotope ratios of the irradiated Er,O3 were
calculated from the %-deviations of the values obtained on nine
bracketing analyses of the natural pre-irradiated Er,O3 and the
accepted isotope composition of natural Er (49) (“bracketing
analyses” describe the analyses of natural Er,Os that were
performed immediately before and after the analyses of the
irradiated Er,O3). Final results represent the average of ten
individual measurements of the irradiated Er,Os. The reported
uncertainties are the 95% confidence interval of the reported
average values and incorporate the 95% confidence interval of
the corresponding average values of the natural Er,O3 analyses
by quadratic addition. Note that any inaccuracy or drift in the
yield value of the Daly ion counting detector canceled out,
because the irradiated Er,O3 analyses were evaluated relative
to the composition obtained for the bracketing analyses of the
natural pre-irradiated Er,O3. Instrumental background signals
were monitored using interspersed analyses of sample-and-
standard-free 0.28 M HNO3, but required no corrections given
the relative nature of the data evaluation and the (mostly) orders
of magnitude higher ion beam intensities at the most relevant
Er masses.

2.6.3. ICP-OES Measurements

Standard solutions containing Er, Tm, and Zn (0.1, 0.5, 1, 5 ppm)
were prepared in 2% HNOj; (Merck Suprapur), using Sigma-
Aldrich TraceCERT, 1,000 ppm Er, Tm, and Zn ICP standards.
Three mass separated samples were characterized using ICP-
OES (Agilent ICP-OES 5110) to determine Er, Zn, and Tm
concentration of the samples.

3. RESULTS AND DISCUSSION

3.1. Efficiency Assessment With 19°Tm

The efficiency determination measurement with the non-
radioactive thulium sample, as described in section 2.3, is
depicted in Figure 2. Before the start of the measurement, the
ion source was set to a nominal operation temperature of around
2,000°C2. The sample container was gradually heated and the ion
current on mass 169 monitored. At a low intensity ion beam of a
few 10 pA, the operation parameters of the separator and laser
system were optimized with direct feedback. Subsequently, the
container temperature was increased in steps to investigate the
response of the ion signal, which is governed by the supply rate
of the atomic fraction into the ion source. Thus, the temperature
dependence of the onset of release (around 1,600°C for ion
currents of 16 nA, representing collection of 1% of the complete
sample per hour) and possible interfering chemical reactions
or other effects that would decrease the atomic fraction can be
probed. Such effects were not observed. After this first phase of
heating, the sample gradually evaporated at a fixed temperature

2Note that this and all further temperature specifications are inferred from optical
pyrometer measurements performed after construction of the container/ion
source unit and their calibration to the applied current for ohmic heating. For
temperatures above 2,000°C, extrapolation of this calibration is used.
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FIGURE 2 | Overall efficiency determination measurement with a 1,590 nAh stable '8°Tm sample. The extracted ion current is shown with respect to the sample
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of around 1,700°C, producing a slow exponential decrease in ion
current intensity. Through step-wise increase of the temperature,
the process of evaporation can be accelerated. Additionally, some
parts of the sample which might have condensed at colder spots
within the setup were heated out. Once no more significant ion
current was detected despite further temperature increase, the
sample was treated as depleted and the measurement completed.
The chosen overall measurement’s duration of 3 days is typical for
the collection of radionuclides with a half-life of 5 days or more,
such as '®’Tm. In these collections, the sample heating can be
increased gradually over time to allow for less violent outgassing,
and decrease total average ion load and stress to the material.

A source of uncertainty in this type of measurement is
possible contamination by isobaric ions on the mass of interest,
which contribute to the integrated ion current. This would
cause an overestimation of the efficiency. Yet, by blocking and
unblocking the laser light to the ion source (or changing other
laser related parameters as wavelength or pulse timing), sharp,
brief drops in ion current can be observed (see Figure 2).
The resulting difference in ion current can unambiguously be
linked to the element of interest and facilitate the background
estimation. During the measurement, this laser enhancement
ratio was always >70, i.e., the possible contamination portion
was below 2% (and also likely to be surface-ionized thulium
itself). Performing a theoretical surface ionization estimation, as

described in (50) for a 2,000°C hot rhenium source using an
estimated survival parameter of @ = 0.1 as in (51), the rhenium
work function ® = 4.72 eV and the thulium ionization potential
of 6.1843 eV, roughly 0.5% thulium surface ionization efficiency
from the hot cavity itself could be calculated. In combination
with recorded laser enhancement factors at certain points of even
>150, this result is consistent with the 65% overall efficiency
determined by the complete measurement. While this value
presents a reliable assessment, it should not be taken as a precise
quantification, as a series of measurements would be required to
fully determine its uncertainty. Nevertheless, it enqueues into the
series of recently achieved efficiencies on lanthanides as described
in the introduction and qualified for the subsequent radiogenic
Tm separation tests.

3.2. Efficiency Assessment With 1%¥Tm in
Erbium Oxide

An efficiency and operation characteristics measurement with
the large erbium excess sample was performed in analog way
as the one described in section 3.1 and is reported in Figure 3.
The sharp and brief drops were caused by either probing the
laser enhancement factor or inserting a Faraday cup before the
separating magnet to probe the total ion beam current emitted
from the source. Additionally, records of the mass spectrum
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in the erbium and thulium region were performed at different
occasions and certain container temperatures.

From the initial period of the measurement, it was apparent
that higher temperatures were required for the same extracted
ion current compared to the pure thulium sample. A current
of around 16 nA, corresponding to 1% thulium extraction per
hour, was reached between 1,700 and 1,800°C. In order to
raise the extracted current to several 10nA at later stages,
200-300°C higher temperature had to be applied. Different
reasons may explain this difference: The presence of oxygen
and of a more oxidative environment may possibly favor
thulium oxide molecule formation, and dissociation of these
molecules to required atomic species could occur only at
higher temperatures. Indeed, equilibrium chemistry calculations
using the HSC Chemistry 10 software confirm higher required
temperatures for the same amount of thulium gas, yet also on a
lower magnitude of around 50°C. The latter can only serve as a
rough lead though, as equilibrium conditions are not guaranteed,
extrapolation of chemical properties for high temperatures are
used and the program is not designed to work reliable in low
pressure regimes. In addition, a small deviation can be attributed
to the exact sample position, but the overall temperature gradient
does not exceed 100°C over the full container length, and a
maximum of 30°C for positions near the center, as thermo-
electric simulations using ANSYS 2019 R3 show. Finally, the

higher ion load due to more surface-ionized erbium in the
source can have an influence, leading to a decrease in ionization
efficiency of laser-ionized species by providing less confinement
in the ion source and thus requiring higher temperature of the
setup parts to re-instate the ion survival conditions (50) from
the pure thulium sample test. This effect is currently under
systematic investigation in view of high throughput laser ion
source development.

The most important result is the overall recorded efficiency
of 60%, being very close to the value obtained in the pure
thulium measurement described in section 2.3. Actually, as seen
at the right-hand side of the graph, a considerable thulium
ion beam was still present when the machine had to be shut
down due to scheduling constraints. An even higher efficiency
number for complete depletion of the sample can thus be
assumed. This shows that no major interfering effect of the
overall evaporation/atomization of thulium by an erbium and
oxygen excess exists, besides the shift in temperature which is
easy to provide by the setup. Major limitations due to ion load
constraints can be neglected as the overall efficiency did not
change. The laser enhancement factors varied between 120 in
early and 30 in later stages of the measurement.

For the extraction of radioactive ' Tm from erbium oxide,
the ion beam on mass 167 is dominated by the stable '*’Er
isotope, which has a 22.87% natural abundance. In order to assess
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without lasers, the respective measured ion current on mass 169 with lasers is marked with star markers. Natural abundances of erbium and thulium are indicated.

a possible purification on this mass by using the element-selective
laser ionization, mass scans of the erbium and thulium region
were performed at different occasions during the measurement
to determine the current ratio in the extracted ion beam. The
measurement points were selected at different temperatures and
are marked in Figure 3. Mass scan “A” (1,440°C) was performed
before the efficiency determination measurement at a point with
very low thulium evaporation, mass scan “D” (2,000°C) directly
at the end of the measurement. The mass scan data are shown
in Figure 4. These scans were performed without lasers, the star
markers on mass 169 indicate the respective measured laser ion
current at that point.

The curves show that the separator output on these masses is
governed by surface-ionized erbium with its natural abundance
pattern of six stable isotopes in between masses 162 and 170. It is
also apparent that both the laser enhancement ratio and the ratio
of thulium vs. erbium decrease with higher temperatures. Yet,
even without laser enhancement, the relative thulium fraction
clearly exceeds the sample composition ratio of 1:8,800; thulium
extraction is favored over erbium. A breakdown of the involved
mechanisms that lead to respective ion beam extraction of
erbium and thulium are presented in Figure 5.

Neglecting deviations from the Knudsen law, the evaporation
rate of a sample in atomic form is governed by its vapor
pressure, which in turn depends on its temperature (52). The
thulium vapor pressure exceeds that of erbium by a factor 240-
60 in the investigated temperature range, with a decreasing
trend at higher temperatures (53). It is shown as the base
of the theoretical elemental purification factor in Figure5.
Furthermore, the element-selective laser resonance ionization
only affects thulium. The ratios shown were extracted from the

measured ion currents in Figure 4 on mass 169 with and without
lasers and reach from 110 for the first two measurements to 40
and 30 for the last two. The decline in enhancement may be
attributed to less pronounced laser ion confinement at higher
total ion load (50) and enhanced surface ionization of thulium.
For the calculation, it is assumed that the mass 169 ion current
without lasers is solely surface-ionized thulium. This assumption
is justified from the mass peak shapes shown in Figure 4. For
example, on the right-hand side of the mass 170 or left-hand
side of the mass 166 erbium peaks, it can be seen that, at a
neighboring mass, the remaining tailing has a residual intensity
reduced by a factor of close to 1,000 compared to the maximum.
Transferring this to mass 169 (where erbium has no stable
isotope), the admixture of erbium from the two neighboring
peak tailings is significantly <10% of its height. Also, no stable
isotope of a different element of mass 169 exists. To complete
the comparison between thulium and erbium, finally the different
surface ionization efficiencies have to be taken into account.
Using, again, the model from (50), ionization of erbium is favored
by between 60 and 35% for the investigated temperatures. The red
top parts in Figure 5 show this factor, which has to be deducted
from the previous mechanism all favoring thulium. The expected
final overall elemental enrichment factor is then depicted by the
dashed horizontal line.

The measured elemental enrichment factors in Figure 5 (left-
hand columns) were determined directly by the ratio of the
mass 169 thulium ion current (with lasers present) vs. the
erbium ion current on mass 167, taking the natural erbium
abundances and the sample composition ratio of 1:8,800 into
account. These measured values follow the trend of decrease
with higher temperature, albeit on an increased level of a factor
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2-3 for the first three measurements, and ~0.7 for the last. For
the latter it should be considered that it was performed at the
very end of the experiment, where, after already achieving 60%
collection efficiency of the thulium sample, it is close to depletion.
In contrast, the erbium should have remained at a higher fraction
due to the lower evaporation rate. These investigations, together
with the achieved efficiency, hint toward that additional effects
not covered in the model that would discriminate thulium in an
erbium oxide excess environment are not present. In contrary,
molecule formation e.g., on oxide sidebands leading to losses in
the atomic form, or permanent adsorption onto the container
or jon source material, seem to affect erbium more severely.
It should be noted though that on the mono-oxide sideband
of erbium the extracted ion current was a factor >100 smaller
than on the atomic fraction (but the ionization efficiency ratio
is unknown), and the calculated surface ionization efficiency
for erbium is also consistent with results obtained in (54) for
the respective setup. Thus, part of the discrepancy may also be
attributed to the rather crude model approach and potential
partial inappropriateness in the vapor pressure data for the actual
experimental environment.

The resulting measured elemental enrichment factors between
1,000 and a few 10,000s show the capability of using a
mass separator in combination with element-selective (laser
resonance) ionization not only for boosting the efficiency and
purity of the product itself by mass separation, but also the
performance under isobaric contamination. In the presented
case, thulium evaporation was favored at lower temperatures,
enabling us to perform the collections before the main part

of the contaminant is extracted. Should the opposite be the
case, a large fraction of the contaminant could be extracted and
dumped at low temperatures, while preserving the sample of
interest. The limits for both treatments (and especially the latter)
are time constraints for the extraction of the sample. This is
also depicted in the top panel of Figure 5, where the thulium
extraction rate at this point in time is given. Increasing the
temperature is mandatory for keeping a reasonable extraction
rate over time and achieving full release and depletion of the
isotope of interest.

3.3. Efficiency Assessment With 167Tm

From Proton-Irradiated Erbium Oxide
The collection process of sample number 1, as described in
section 2.5, is shown in Figure 6. The top panels show the step-
wise heating of the sample container to successively release the
thulium into the ion source. The left-hand bottom graph depicts
the corresponding evolution of both the ion current measured
on the implantation foil and the rate of ' Tm activity present on
the foil. The latter is derived from in-situ gamma-spectroscopic
activity determination at certain points in time, which are shown
on the right-hand bottom graph. It is complemented by the
integrated ion current as measure of overall deposited atoms. Up
to three different implantation foils were used per run, one foil
each only receiving low activity, which was afterwards used for
internal radiochemistry tests and not shipped back to PSI.
Starting from a container temperature of around 1,700°C
as derived as onset of significant thulium extraction in the
separation development (section 3.2), the temperature was
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FIGURE 6 | '%"Tm collection process for sample 1 (82.5MBq '8 Tm, see Table 1). The top panels show the sample container temperature over time. The bottom left
graph (A) depicts the ion current measured on the implantation foil and the rate of 16" Tm activity implantation. The bottom right graph (B) depicts the respective
accumulated values. Due to sputtering effects of the high intensity ion beam, only a fraction of the activity measured to be present in the collection chamber remained
on the foils, as shown by the star marker that depicts the gamma-ray spectroscopy measurements of the foils after collection. Errors on the activity are 95%
confidence intervals of constant 0.2 MBq for the activity which are propagated into the rates. The inset in (B) describes the measured total in-situ activity in
comparison to the gamma-ray spectrometry of the foil afterwards and the integrated intake of ion beam.

increased further while the amount of activity was measured  the test and actual collections. The overall reduction of a factor
in regular intervals. Respective activity implantation rates were 10 in comparison with the elemental enrichment rates in the
calculated as shown in Figure 6A, with the errors propagated  preparatory, non-radioactive test can most probably be attributed
from the 95% confidence intervals of 0.2 MBq on the total activity ~ to the above mentioned effect of a large fraction of thulium
throughout the measurements given by the detector. The pointof ~ being enclosed inside the erbium pellet, leading to reduced
1% 167Tm extraction rate, which was measured at 1,700°C with  evaporation rates.
stable 17 Tm in "Er, O3 environment, was observed to be shifted The '’Tm separation efficiency as a crucial performance
to roughly 1,800-1,900°C. These higher required temperature  parameter determined by comparing the measured activity
can be caused by the fact that this time the thulium had to diffuse ~ on the collection foil to the initial activity in the irradiated
out of the erbium pellet first. Additionally, the even higher excess ~ sample at the start of the collection. Figure 6B shows the
of erbium and oxygen might shift the effective dissociation point  activity at the implantation point for each of the foils from
of oxide molecules. in-situ measurements, determined by the difference between
After reaching the onset point of thulium extraction, the the readout at a given point in time and the background
container temperature was gradually increased further to  value at the time when this foil was moved into the beam. In
evaporate all thulium within the scheduled separation time.  previous MEDICIS runs with different elements (from a few
As already described in section 3.2, it can be seen that up to more than 100 MBq of >*Sm, 1>Tb, 22°Ac) on identical
the ratio of thulium in the extracted mass 167 ion beam  collection foils (34), this value proved to be a reliable estimate
(which predominantly consists of surface-ionized stable '’Er)  for the gamma-spectrometry measurements that are performed
decreases over time, with sample depletion and with increasing  on the foils afterwards by independent measurements in a
temperature. For 1/ Tm, a collection rate of 1 MBq/h corresponds  dedicated, external setup. Yet, for the presented case this value
to an ion beam current of around 50 pA. Thus, in Figure 6A, an  obtained after recuperation of the foil, shown as star marker
identical y-axis height of ion current and activity rate numbers  in Figure 6B with a 95% confidence interval error band, was
corresponds to a &~ 1:250 ratio of 167Tm:167Ey. Taking the 23% signiﬁcantly lower. Only 8.6 (15) MBq implanted in the main
natural abundance of '%’Er into account, this ratio corresponds ~ foil were measured, in contrast to 33.6 MBq as estimated from
to an overall '’ Tm:"Er purification factor of around 1,000.  the in-situ determinations. Loss of the main fraction onto the
Throughout the three collections, actual purification rates  collimator by a fault in the ion optics was excluded by the
between a factor 2 higher (low temperatures) and a factor 10  ratio of respectively measured ion currents, with <3% of the
lower (high temperatures, exhausting thulium sample) than this ~ overall current recorded on the collimator. An overview of
value were recorded. As expected, these results follow the same  the respective activities and efficiencies for all runs is given
trend as in Figure 5, showing no difference in behavior between  in Table 1.

Frontiers in Medicine | www.frontiersin.org 142 October 2021 | Volume 8 | Article 712374


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Heinke et al.

Tm-167 Production at PSI/MEDICIS

TABLE 1 | Overview of the three 8" Tm collections performed at MEDICIS.

Separated ' Tm

Collected *’Tm

No. 'Tmcontent® Foil Activity per foil° Total run activity° Dec.-corr.% (%) Activity per foil® Total run activity’ Dec.-corr.? (%) lon load®
(MBq) (MBq) (MBq) (MBq) (MBq) (nAh)
1A 33.6 8.7 938
1 83.0 (80) 33.8 — 41% 51 8.9(15) — 11(2)% 13
1B 0.2 0.2 1
2A 14.6 7.5 208
p) 76.9 (73) oB 20.2 34.4 - 45% 55 7.7 15.4(19) — 20(3)% 24 919
2C 0.5 0.7 5
3A 28.8 15.4 496
3 122.9(118)  ag 29 331 — 27% 32 59 19.2(25) — 16(3)% 19 5
3C 4.0 2.4 504

The mass 167 ion beam of three proton-irradiated erbium oxide pellets was implanted into two or three foils each per run. The activity on the foils was determined by in-situ
gamma-spectroscopy in the collection chamber (“Separated 8" Tm”) and dedicated gamma-ray spectroscopy measurements on the foils after retrieval (“Collected ' Tm”). Respective

efficiencies and uncertainties where applicable are given and discussed in the text.
aAt start of collection run.
bAt end of individual foil implantation.

¢Sum of foil activities at end of implantation of the last foil (end of run). Efficiency given as ratio to sample activity at start of run.

9Separation efficiency corrected for radioactive decay.
eCumulated ion beam intake.
The reason for bold typesetting is to mark these numbers as main result.

The “total run efficiency” describes the ratio of the activity
available at the overall end of the run compared to the available
activity at its start. If single foils would be extracted directly
at the end of their individual implantation (with the “activity
per foil” at that time,) instead of all together at the end of the
run, a small benefit in avoiding decay losses while implanting
the other foils would be gained; thus their sum is higher
than the total efficiency. Additionally, the “decay-corrected
efficiency” as technical separator performance parameter is given
by calculating the theoretical efficiency if no decay was present.

Visual inspection of the foil (Figure 7) and comparison to
operation beam parameters (especially ion beam intensity) of
previous MEDICIS runs identified sputtering effects on the foil
as dominant loss factor. Due to the high ion beam intensity
separated on the same mass of collection, some fraction of already
implanted ®”Tm was released from the foil and condensed onto
the structures in the collection chamber. The in-situ gamma-
activity measurement was able to detect this fraction (albeit with
an unknown, lower efficiency due to a different geometrical
distribution further away from the implantation point for which
the detector was calibrated—for this reason also error bars
on the in-situ activities can not be quantified), which could
not be recuperated with the foils any longer: a measurement
on the empty foil holder frame after the first implantation
yielded 20.8 (36) MBq, and later measurements with the in-situ
detector of the empty collection chamber yielded an apparent
value between 6 and 7 MBq. These results show that the in-situ
detector provides a reliable value for the extracted '/ Tm activity
within the collection chamber and can be used to determine
an “extraction and implantation point delivery” efficiency,
in contrast to the actual implanted activity remaining on
the foils.

FIGURE 7 | Effect of high ion beam load on the implantation foils. (A) Foil 2B:
919 nAh, (B) foil 2A: 208 nAh, (C) foil from different radionuclide implantation
with <80 nAh ion beam load as comparison.

In order to mitigate this effect with ad-hoc methods in the
immediate two subsequent collections, the implantation process
was distributed over two foils (in addition to the low-activity
one for internal use). The implantation timeline on sample 2
is depicted in Figure 8. While at the end of the first run only
around 25% of the in-situ measured activity was found on the
implantation foil, in this configuration fractions of close to 50%
(foil 2A) and 40% (foil 2B) were achieved. The low-activity
implantation foil 2C, which received very limited integrated ion
beam exposure, did not show any loss between the in-situ and a
dedicated subsequent measurement.

Table 1, where in-situ and actual implanted activities are
compared, also gives the overall integrated charge measured
on the implantation foils as an easy-to-access metric of ion
beam exposure. A complete description would require the time
evolution of the ion beam intensity as well. The correlation
between higher fractions of activity remaining on the foil and
low integrated charge can clearly be established. For run 3, the
ion beam load was distributed as equally as possible on the two
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FIGURE 8 | '%"Tm collection process for sample 2 (76.9 MBq '®"Tm, see Table 1) with distribution over multiple implantation foils. Depiction analogous to Figure 6.
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available implantation foils (foil 3C was for internal low-activity
use), and additionally the beam position was slightly moved at
various occasions to avoid exposure of the same spot to the
intense beam center for the whole duration. With these measures,
in run 2 and 3, 45% (15.5 out of 34.4 MBq measured in-situ)
and 58% (19.2/33.1) of the extracted activity remained on the
foil, compared to only 26% (8.9/33.6) for the first run. Follow-
up comparison studies using aluminum and copper layers on the
collections foils instead of zinc preliminarily yielded in between
75 and 80% of in-situ measured activity remaining on the foil
after retrieval for aluminum, while in the case of copper only a
minor amount of around 10% was determined for similar ion
current exposures.

Taking the extracted ' Tm as performance of the process
without implantation into account, these results prove that an
extraction and implantation point delivery efficiency of ¢’ Tm
from an irradiated "Er,O; target between 27 and 45% is
possible at MEDICIS if sputtering can be avoided. The decay-
corrected efficiency can be compared to the tests with stable
19Tm (60% efficiency), and achieved values of above 50% show
that no strong additional effects occur in the case of irradiated
natEl‘zOg;.

The actual achieved collection efficiency values of 11%, which
could be increased to 20% in subsequent collections by ad-
hoc implementation of sputtering mitigation procedures, already
exceed the 5% goal value on lanthanides for the first stage of
MEDICIS and even meet the 20% in scope of a facility upgrade
(32). The influence and mitigation of sputtering effects induced
by high intensity beams are currently subject to dedicated
developments, including different implantation materials as
mentioned above, automated permanent beam movement to
avoid a focus on the same spot for the whole duration, and
chemical purification of the samples beforehand to remove
isobaric contaminants in the