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ABSTRACT

Lanthanum-135 (**°La) is a favorable Auger electron emitter with a high Auger electron yield and low gamma
emission, making it promising for Auger electron radiotherapy. However, successful application requires reliable
and scalable 1%La production. Up to now, metallic natural barium ("*Ba) is a commonly used target material,
but this material is sensitive to moisture and oxidation. BaCO3 has also been tested, due to its higher chemical
stability. However, BaCOs3 has poor thermal conductivity, limiting the applicable current and making high yield
production challenging. In this study, we pressed a mixture of enriched [135Ba]BaC03 and fine aluminum (Al)
powder to provide a stable target with improved thermal conductivity compared to pure BaCOs. After 4 h of
irradiation with a 16.5 MeV proton beam at 20 pA current, 1.62 + 0.18 GBq was produced from a 200 mg [**°Ba]
BaCOs:Al (1:2, w/w) target. This corresponded to a saturation yield of 11.91 + 1.31 GBq (or 596 + 66 MBq/pA).
A purification procedure involving initial precipitation, followed by a single composite column containing a layer
of TK200 resin and a second layer of branched DGA resin was developed, with 97.1 + 3.6 % decay corrected
13514 recovery. [135La]LaC13 was obtained in an effective molar activity of 79.6 + 25.3 MBq/nmol (DOTA
titration), 104.0 + 40.4 MBq/nmol (DTPA titration) and 186.5 + 83.8 MBq/nmol (CHX-A”-DTPA titration), and
a radionuclidic purity (RNP) of >99.9 % at end of purification, hereby demonstrating a purity suitable for
radiopharmaceutical use.

1. Introduction

deliver the radionuclide to or close to the targeted cell nuclei (Filosofov
etal., 2021). 1%La has been attracting increasing attention during recent

Auger electron radiotherapy (AeRT) utilizes radionuclides that emit
cascades of low energy electrons (<25 keV) upon decay by electron
capture or isomeric transition (Ku et al., 2019). The linear energy
transfer (LET) for Auger electrons is around 4-26 keV/pm, meaning that
the energy is deposited within a very short tissue range. This makes
AeRT favorable for a highly accurate therapy, targeting cancer cell
nuclei, with low off-target damage (Alvarez et al., 2021). A variety of
Auger emitting radionuclides with favorable properties for AeRT exist.
The production of the radionuclide is an important factor for the po-
tential use of the radionuclide in clinical applications since sufficient
amounts and purity are needed. Furthermore, the labeling of suitable
targeting vectors with the radionuclide must be developed in order to
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years due to its favorable properties for AeRT. *°La decays to stable
1354 by electron capture with a half-life of 18.91 h (Abel et al., 2018). It
is a suitable Auger emitter with an average of 10.9 electrons emitted per
decay (Fonslet et al., 2018) and with limited other emissions, most
notably one y photon at 480.51 keV (1.52%), and $* annihilation pho-
tons at 511 keV (0.014%) and X-ray emissions between 4.5 and 37.3 keV
(84.3 %). These properties make ®°La a highly promising candidate for
AeRT (Buchegger et al., 2006). The chemical properties are also favor-
able as La(IIl) forms stable complexes with the widely used 1,4,7,10-tet-
raazacyclododecane-1,4,7,10-tetraacetic ~ acid (DOTA) chelator
(Viola-Villegas and Doyle, 2009). This simplifies the implementation of
13513 in the development of radiopharmaceuticals as currently know
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targeting vectors conjugated to DOTA can be used.

135La production on cyclotrons has been reported by several research
laboratories through the past years. In most cases, pressed "*'Ba was
used as target material. "Ba contains a mixture of six stable Ba isotopes:
13283 (0.1%), **Ba (2.4%), 13°Ba (6.6%), '*°Ba (7.9%), **"Ba (11.2%),
and '%®Ba (71.7%). Bombardment of "Ba therefore results in a mixture
of La isotopes. The commonly observed La radioisotopes produced by
cyclotron bombardment of "Ba are '32La, ®3La, and '%°La. In 2018,
Fonslet et al. reported a procedure in which they reached a saturation
yield of 407 MBq/pA for 1*°La and an effective molar activity of 70
MBq/nmol after purification on a CM cation exchange resin (Fonslet
et al., 2015, 2018). In this report, the Auger electron cascade was
calculated to give on average 10.6 very low energy electrons per decay,
which have energies below 4 keV. Abel et al. produced 1*°La and '*2La in
order to precisely measure their half-lives (Abel et al., 2018). Pressed
metallic "Ba was again used as target material and the purification was
performed on a column packed with DGA resin. The same target mate-
rial and a similar purification method were applied by Aluicio-Sarduy
et al. (2019) in the production of the theranostic pair 1327 2/135La. Two
different irradiation conditions were tested and it was observed that
irradiation at 16 MeV/25 pA produced a better '*°La yield, albeit with
lower radionuclidic purity due to the production of proportionally
higher amounts of 3*La (T, = 3.91 h) compared to irradiation at 11.9
MeV/10 pA. After the purification, an effective molar activity of 22
MBgq/nmol was measured. The study also reported the biodistribution of
unchelated La, which was found to essentially accumulate in the liver
and bones. The same research group produced the pair '3?La/!*°La
again one year later (Aluicio-Sarduy et al., 2020) with focus on chelation
chemistry and potential medical applications of the radionuclides,
investigated in a murine PSMA expressing prostate cancer model.
Metallic "*'Ba has the drawback of being very sensitive to moisture and
oxidation, which affects the chemical composition and thereby the
physical properties such as thermal conductivity and melting point of
the target. To address this problem, Nelson et al. (Nelson et al., 2020,
2022) reported a "*'Ba target sealed with a 25 pm Al foil, and stored
under argon atmosphere. Irradiation with a proton beam at 22 MeV
produced the pair 1**La/!3%La with saturation yields of 161 MBq/pA and
561 MBq/pA, respectively. After purification on DGA resin, the resulting
effective molar activities were 33 MBg/nmol for '*3La and 47
MBg/nmol for '*°La. In the same paper, cross sections for the
proton-induced nuclear reactions on !32/13#135/136/137p5 {4 make
132/133/1351 5 were simulated and reported. Recently, Nielsen & Jensen
produced '3°La from metallic "*Ba and used the LN resin in an effective
and rapid purification procedure (Nielsen and Jensen, 2021).

Pressed "'BaCO3 (Jastrzebski et al., 2020; Chakravarty et al., 2022)
and enriched ['®°Ba]BaCO3 (Mansel and Franke, 2015; Nelson et al.,
2022) have also been reported as suitable target materials. The activities
produced were low however, likely due to the necessity of applying only
low current during the bombardment (less than 10 pA). BaCOs3 has a
lower thermal conductivity than metallic Ba and target decomposition
may occur at higher currents. BaCOs also presents the drawback of being
difficult to press in pure form as it is significantly harder than silver
(BaCOs3 3.5 Mohs vs Ag 2.5 Mohs), excluding the use of silver as target
supports.

In this report, we describe two separate improvements to the pro-
duction and purification of 1*°La. The first pertains to target composi-
tion. We report the use of a combination of enriched [135Ba]BaC03 and
fine Al powder as target material. This allows for the production of 1*°La
at higher beam currents and thus higher activities without the presence
of other La radioisotopes arising from the irradiation of a "*Ba target.
Further, a higher current can be used compared to a pure [1>>Ba]BaCO3
target, as the presence of Al leads to better heat conduction and makes
the target stable during irradiation at up to 20 pA. The second
improvement is the use of a mixture of branched DGA resin and TK200
resin in the purification procedure. This makes it possible to obtain '°La
of adequate chemical and radionuclidic purity after a simple purification
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procedure, despite the substantial amounts of Al and trace metal im-
purities present in the target.

2. Experimental part
2.1. Material and methods

All chemicals were purchased from Sigma-Aldrich unless otherwise
noted, and used without further purification. [*3°Ba]BaCO3; (94.9 %
enrichment) was purchased from CortecNet SA. Al powder (99.9 %, 60
pm max. particle size) and Nb foil (99.9 %, 50 pm thickness) were
purchased from Goodfellow. Water was of 18 MQ MilliQ-grade. The
TK200 resin was purchased from TrisKkem and DGA resin (branched) was
purchased from TrisKem or from Eichrom Technologies Inc. DOTA and
p-NO,-Bn-CHX-A"”-DTPA were purchased from Macrocyclics. Mouse
serum was purchased from Biowest. TLC Silica gel 60 Fos4 plates
(Aluminium sheets) were used for thin layer chromatography and pur-
chased from Merck. A GE 16.5 MeV PETtrace cyclotron was used for the
irradiations of the targets. The peristaltic pump was a BT100-2J Lon-
gerPump. Non-radioactive metal impurities in the final sample were
quantified by ICP-OES using a Thermo Scientific iCAP 7000 Plus Series
ICP-OES apparatus. The activities of the samples were measured using a
Princeton Gammatech LGC 5 germanium detector Gamma spectrometer.
For the effective specific activity measurements, the TLC plates were
eluted with a 1:1 H,0:MeOH mixture containing NH4OAc (5%, w/v) and
were read using a PerkinElmer Cyclone® Plus Storage Phosphor System
apparatus.

2.2. Cyclotron production of **La from "“BaCO3

A homogeneous "*BaCO3:Al powder mixture (1:2, w/w, 150 mg)
was pressed into a silver disc (28 mm x 5 mm) carved in the center (9
mm x 3 mm hole) with 0.5-1 t pressure using a hydraulic press. The disc
was mounted into a target holder with direct water cooling on the
backside of the silver disc. A 50 pm thick Nb foil was placed in front of
the target. The target was irradiated with a 16.5 MeV proton beam at
10-20 pA for 30-120 min. The target was left overnight on the cyclotron
before handling for short-lived isotopes to decay.

The same procedure was used for the target with a larger target
diameter, where 361 mg "BaCO3:Al powder mixture (1:2, w/w) was
pressed into a silver disc (28 mm x 5 mm) carved in the center (14 mm
x 3 mm hole) with 2.5 t pressure using a hydraulic press. The target was
irradiated at 20 pA for 1 h.

The target with a higher "*BaCO3 content was prepared by pressing a
homogeneous "'BaCO3:Al powder mixture (1:1, w/w, 150 mg) into a
silver disc (28 mm x 5 mm) carved in the center (9 mm x 3 mm hole)
with 0.5-1 t pressure using a hydraulic press and following the same
procedure as for the "™BaCOs3:Al (1:2, w/w) target. The target was
irradiated at 20 pA for 1 h.

2.3. Cyclotron production of 13°La from [***BaJBaCO;

[BSBa]BaC03 (135Ba enrichment 94.9%) was used in this procedure.
The ['3°Ba]BaCO3:Al ratio was 1:2 (w/w) and the target preparation
was the same as with "BaCOj3. 150-200 mg of the target material with a
9 mm target diameter was used. The target was irradiated with 16.5
MeV proton beam at 20 pA for 4 h. The target was left for 30 min on the
cyclotron before handling for short-lived isotopes to decay.

2.4. 13La purification (procedure for irradiated [1*°BaJBaCO3 targets)

The target holder was dismounted, the Nb foil removed, and the
silver disc was attached to a dissolution chamber. Portions of aq. HCI (3
M) were added until complete dissolution of the Al and BaCOs at 60 °C
(total volume added: 9-11 mL). The target solution was evaporated to
dryness at 130 °C under a stream of argon in a closed vial with argon
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inlet and a wider diameter outlet to avoid contamination. The resulting
solid was then taken up in aq. HCI (0.01 M, 1.5-1.75 mL) and this so-
lution was transferred to a 15 mL centrifugal tube. Aq. HCI (30 % (w/w),
8-9 mL) was added and the mixture was left a few minutes to allow for
BaCl, to precipitate. The mixture was centrifuged at 3000 rpm for 1 min
and the supernatant was collected. The precipitate was extracted twice
with aq. HCI (8 M, 2 mL), followed by centrifugation and collection of
the supernatants. The combined supernatants were loaded on a 1 mL
column filled with 100 mg TrisKem TK200 resin at the bottom and 300
mg TrisKem DGA resin (branched) on the top, previously washed with
aq. HCl (3 M, 5 mL) and conditioned with aq. HCI (8 M, 5 mL). The
column was washed with aq. HCI (8 M, 20 mL) using a peristaltic pump
with a flow rate of 1 mL/min. The *°La was then eluted with aq. HCI (3
M, 3 mL). The eluate was evaporated to dryness and reconstituted in aq.
HCI1 (0.001 M, 0.2 mL). The product was analyzed by ICP-OES in order to
quantify the remaining non-radioactive metal impurities. 10 pL of the
product was diluted up to 5 mL with 1 % aq. HCl. Ba/La and Al/La
separation factors were calculated from the distribution of the elements
on the column. The distribution was calculated by dividing the amount
of the element after the purification with the amount of the element
before the purification subtracted the amount of the element after the
purification. The separation factors were calculated by dividing the
distribution of La with the distribution of Ba or Al.

2.5. Recycling of 1%°Ba from 1*°BaCl, precipitate

The ['%°Ba]BaCl, precipitate was dissolved in water (4-6 mL) and
the solution was passed through a syringe filter. An aqueous solution of
(NH4)2CO3 (1.3 M, 6 mL) was added dropwise until full precipitation of
the [135Ba]BaC03 was obtained. The resulting suspension was centri-
fuged at 3000 rpm for 1 min and the supernatant was removed. The
sample was washed twice, by addition of 5 mL water followed by
centrifugation. After removal of the supernatant, the wet powder was
transferred into a vial and dried at 130 °C under a stream of argon.

2.6. Effective molar activity determination

The effective molar activity was measured by titrating an aliquot of
the final sample with DOTA, DTPA, or p-NO,-Bn-CHX-A"-DTPA. 25-50
uL of the purified 1*LaCls solution (12.5-25% of total volume), was
mixed with ag. NH4OAc (0.03-0.1 M, 230 pL). Increasing amounts of aq.
DOTA, DTPA or CHX-A"-DTPA (50 pM) in aq. NH40OAc (0.1 M) were
then added. First, 10-20 pL of chelator solution was added (0.5-1 nmol
chelator), followed by 30 min heating at 90 °C for DOTA and 30 min at
room temperature for DTPA and CHX-A”-DTPA. The solutions were
spotted on a TLC plate (normal phase). Then 4-5 successive additions of
10 pL (1, 1.5, 2, 2.5, 3 nmol) or 20 puL (2, 3, 4, 5, 6 nmol) chelator so-
lution were performed. The TLC plates were eluted with a 1:1 HyO:
MeOH mixture containing NH40Ac (5%, w/v). The 1351,a-DOTA com-
plex had an Ry of 0.3-0.4, the 13513.DTPA an Rfof 0.6-0.7 and the 135 5.
CHX-A"-DTPA an Rs of 0.8-0.9, while the non-chelated 1°La remained
on the starting line. The amount of competing metals was calculated by
dividing the amount of chelator added to the solution with the fraction
of 13La-complex formed. Only points with chelator complex formation
below 100% were used for the calculations.

2.7. Serum stability of **La-DOTA, 1®°La-DTPA and '*°La-CHX-A"-
DTPA

50 pL of around 10 MBq of '*°La-DOTA, !®°La-DTPA, or '**La-DTPA
in aq. NH40Ac (0.1 M), were mixed with mouse serum (1.0 mL). The
mixtures were incubated at 37 °C. Samples were analyzed by radio-TLC
(normal phase, eluent 1:1 Hy0:MeOH mixture containing 5% (w/v)
NH40Ac) at 0, 3, 18, 24, 42, and 48 h. The experiment was done in
triplicate.
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3. Results
3.1. Evaluation of 1*°La production with a "“BaCO3:Al target

A "'BaCOj3 based target was first developed, which would remain
stable when exposed to a proton beam at 16.5 MeV and 20 pA, behind a
50 pm thick niobium (Nb) foil degrading the on-target beam energy to
15.8 MeV. An overview of the tested "*BaCO3:Al targets can be seen in
Table 1. 150 mg of a 1:2 (w/w) mixture of "BaCO3 and Al was pressed
at 0.5-1 tons (780-1560 kg/cmz) into a silver disc (28 mm x 5 mm)
carved in the center (9 mm x 3 mm hole) (Table 1, Target 1). The targets
pressed in this way presented a smooth, metallic, slightly shiny surface
(Fig. 1A). A w/w ratio of 1:2 ("**BaCO3:Al) was found to be a suitable
ratio for ensuring the stability under these conditions, while maintaining
an appreciable '*°Ba content (Fig. 1B). Limited burnings could be
observed on the surface of the 1:2 "™'BaCO3:Al (w/w) target after 1 h of
irradiation if the target pressing was imperfect and the target slightly
cracked. This was likely due to a decrease in heat conductivity and
decomposition of some of the carbonate on the surface. However, it did
not have any consequences on the target integrity or the *°La yield as
the burnings were limited and the target material had not moved away
from the proton beam. After 1 h irradiation at 20 pA, 55 MBq (2.75
MBgq/pAh) of 1*°La was produced at end-of-bombardment (EOB).

After irradiation, the silver around the target material showed some
burnt discoloring (Fig. 1B). This hinted at the used target diameter being
too small to take advantage of the whole beam diameter. We therefore
prepared a target of similar composition, 1:2 "™'BaCOs:Al (w/w), but
pressed at 2.5 tons in a silver disc carved with a larger hole (@ = 14 mm)
in the center. The amount of target material was increased to 361 mg in
order to maintain the same thickness as the target with a 9 mm diameter
(Table 1, Target 2). The larger diameter of the target unfortunately led to
areduction of the heat dissipation capacity of the silver disc. After 1 h of
irradiation at 20 pA, the target had suffered from overheating and was
severely damaged (Fig. 1C). The Nb foil did not break but presented with
a strong deformation due to the exposure to high temperature. The
target material had turned black and crumbly. This might be due to a
redox reaction between the Al and the CO32 which would lead to the
formation of Al,O3 and carbon compounds. The gain in activity from
utilizing more of the beam was very limited with 65 MBq (3.25 MBq/
pAh) of 1%5La measured at EOB. Even if the target had been able to
withstand the irradiation conditions, the gain in activity was only 18%,
which was too small compared to the additional amount of target ma-
terial used. The 9 mm diameter was therefore kept as preferred target
size.

Another attempt to increase the production of *°La was to use a
target mixture with a larger "™BaCO3 content (Table 1, Target 3). A
target consisting of 150 mg of a 1:1 "'BaCQ3:Al (w/w) mixture and with
a 9 mm diameter was irradiated for 1 h at 20 pA, which resulted in the
target material becoming burned and crumbly after the irradiation
(Fig. 1D). The amount of 13519 produced was 66 MBq (3.3 MBq/pAh) at
EOB, which was higher than for the 150 mg 1:2 "BaCOs3:Al (w/w)
target, which was 55 MBq (2.75 MBq/pAh) at EOB. Further studies with
varying "'BaCOs:Al ratios were however not made due to the limited
yield increase from the 1:2 to 1:1 ratio. The 1:2 natBaC04:Al (w/w) ratio
was therefore kept as the favored target mixture ratio.

Table 1
Composition and '*°La yield of the tested "BaCOs:Al targets. All targets were
irradiated at 20 pA for 1.

Target 1 Target 2 Target 3
Target diameter (mm) 9 14 9
Target mass (mg) 150 361 150
Target thickness (mg/cm?) 236 235 236
BaCO3/Al ratio (w/w) 1/2 1/2 1/1
Yield (MBq/pAh) 2.75 3.25 3.3




K.S. Pedersen et al.

Applied Radiation and Isotopes 192 (2023) 110612

Fig. 1. Target compositions and irradiation. (A) Magnification of a 1:2 NABACO45:Al (w/w) target (@ = 9 mm) pressed in a silver disc, before irradiation. (B) The same
target as 1A, after irradiation. (C) A 1:2 "™BaCOs3:Al (w/w) target (@ = 14 mm) pressed in a silver disc, after irradiation. (D) A 1:1 "'BaCO5:Al (w/w) target (@ = 9

mm) pressed in a silver disc, after irradiation.

After irradiation, the targets were dissolved at 60 °C in aq. HCI (3 M,
7-10 mL). Analysis by gamma spectroscopy 20-22 h after EOB, showed
that the main radionuclides produced were: 132La, 133La, 135La, 135mBa,
and 32Cs, the latter possibly originating from the **Ba(p,a)'32Cs nu-
clear reaction. In addition to those, radionuclides produced from im-
purities in the target material and from the silver backing material could
also be identified: 1°’Cd originating from the silver disc, *°Co from the
presence of an iron (Fe) impurity in the Al powder, and 8¢ 87> 87m, 8y
from a strontium (Sr) impurity in "BaCOs.

3.2. Theoretical yield calculations

When using "'BaCOj as target material and irradiating with a 16.5
MeV proton beam, two nuclear reactions contribute to the *La pro-
duction: 135Ba(p,n)le’sLa and 136Ba(p,2r1)135La. Enriched ['%°Ba] BaCOs3
could therefore also be a suitable starting material. In order to estimate
the yields that could be achieved when using enriched [*3°Ba] BaCOs3
and ['%°Ba]BaCOj3 respectively, we performed theoretical yield calcu-
lations. Using SRIM software, we calculated the stopping power of
successive layers of a 1:2 "'BaCO3:Al mixture, corresponding to the
decreased beam energy in the layers from 16 MeV to 10 MeV. For each
layer, the associated "'Ba cross-section for the (p,xn) reactions leading
to the production of 13°La was taken from experimental cross-sections
data published by Prescher and Tarkanyi (Prescher et al., 1991;
Tarkanyi et al., 2010). As a result, for our 9 mm diameter target (0.64
cm? area, 153 mg target material) and after 2 h irradiation at 20 pA with
a 16 MeV proton beam, we obtained a theoretical yield of 170 MBq of
135a, Experimentally, with those irradiation conditions and the stated
composition, 102 MBq of '*°La at EOB was produced from a 150 mg
target. A similar target pressed with an enriched ['*°Ba]BaCOg:Al 1:2
mixture (152 mg) produced 811 MBq at EOB of '*La. The natural
abundance of '*°Ba is 6.6 % and the isotopic enrichment of the [*3°Ba]
BaCOj3 used for the experiment was 94.9 %. If 1%°La was produced only
from the 135Ba(p,n)wSLa nuclear reaction when using "atBaCO;, the
estimated produced activity at EOB from [135Ba]BaC03 would be 1469
MBq. As only 811 MBq was produced from the target containing
enriched [135Ba]BaCO3, it is assumed that around 55 % of 1®°La was
produced by the 135Ba(p,n)lgsLa nuclear reaction and thus 45 % of *°La
was produced from the '*®Ba(p,2n)'**La nuclear reaction when using
MBaCO3 as target material. It is important to note that these values are
to be taken with caution. They are most likely underestimating the
proportion of activity coming from the 3°Ba(p,n)'*°La reaction, since
the calculations assume that no '*°La is produced when the beam energy
is below 8 MeV. This is due to the lack of experimental cross-section data
below 11.9 MeV. In reality, the 135Ba(p,rl)135La reaction likely keeps
occurring down to 6-7 MeV as suggested by the calculated cross-sections
reported by Nelson et al. (2020). Our calculations therefore also show
that 150 mg of target material in a 9 mm diameter disc is not sufficient to
have a “thick target”. 153 mg of target material has only enough stop-
ping power to reduce the proton beam energy down to 10 MeV, leaving
some of the beam energy unused for *°La production. To verify that, we
prepared new targets with 200 mg target material for the high activity

135La production which would have enough stopping power to reduce
the proton beam energy to 7 MeV. The 200 mg target seemed to have
similar beam current tolerance as the 150 mg target as it stayed intact at
a beam current of 20 pA. This resulted in an increase in >°La produced
from 1.46 + 0.11 GBq (18 + 1 MBq/pAh) (150 mg target, n = 6) to 1.62
+ 0.18 GBq (20 + 2 MBq/pAh) (200 mg target, n = 5) decay corrected to
EOB, which is consistent with the calculations.

From the comparison between our calculations and the corre-
sponding experiments, it appears that 13>BaCOj is a more suitable target
material than '**BaCOj for the production of 135La. Theoretical calcu-
lations performed by Jastrzebski et al. for 100 % enriched '**Ba and
136, also indicate that the 135Ba(p,n)135La reaction will result in a
higher production yield than the '%Ba(p,2n)!*°La reaction at proton
energies from 5 to 16 MeV (Jastrzebski et al., 2020). In addition to an
equal or even better production yield when using 135B43C03, the p,n
reaction is also expected to produce the cleanest outcome. A more en-
ergetic reaction such as p,2n will result in an increased 3°La yield when
using protons with energies from 35 MeV to 12 MeV, but has a higher
probability of forming undesired radioactive byproducts and requires a
proton beam of higher energy.

3.3. 35La purification procedure

The purification procedure was developed for a 150-200 mg 1:2
BaCOj3:Al (w/w) target. A summary of the purification procedure can be
seen in Scheme 1. The target was first dissolved at 60 °C in aq. HCI (3 M).
It was not possible to dissolve BaCOs in concentrated HCI and aq. HCI (3
M) was chosen to dissolve the target. The solution was then evaporated
to dryness in order to minimize the volume of the solution loaded on the
column. After evaporation of the aq. HCl to dryness, the solid was
redissolved in a few mL of aq. HCI (0.01 M). Addition of aq. HCI (30 %,
w/w) in order to reach an HCl concentration of around 8 M, led to the
precipitation of most of the Ba in the form of BaCl,. The precipitate was
removed by centrifugation and stored separately for recycling. 93 + 5 %
(n = 16) of the radionuclidic impurity 1**™Ba was removed in this way.

As part of the purification procedure optimization, we first deployed
two successive columns to remove Al as well as trace metal impurities
(essentially Fe and zinc (Zn)). In order to shorten the procedure as much
as possible, we developed a single column (1 mL volume) packed with
tandem layers of the two resins: a layer of TrisKkem DGA resin (branched,
300 mg) on top and TK200 resin (100 mg) at the bottom. The use of a
single column with DGA resin for the separation of '*°La from Ba has
previously been reported where the target was dissolved in aq. HNOg
and loaded on the column (Abel et al., 2018; Aluicio-Sarduy et al., 2019,
2020; Nelson et al., 2020, 2022). Silver discs were used as the target
backing in our experiments which excluded the use of HNOj3 to dissolve
the target. A separation procedure with aq. HCl was therefore devel-
oped. The DGA resin was found to efficiently retain the La and let the Al
and Ba pass through with aq. HCI (8 M) as eluent. DGA resin is however
not suitable for removing impurities such as Fe and Zn that tend to
partially co-elute with La when using HCI as eluent (Pourmand and
Dauphas, 2010). The TK200 resin is reported by the manufacturer to
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Purification procedure summary:

135BaC0O, + 135La + Al 135BaC0,
+ impurities recovery
dissolved in HCI3 M
1) Water

1) Evaporation 2) (NH.),CO5

2)HCI0.01M
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Pellet 135BaCl,
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5La*+ AP Centrifugation
+ impurities (soluble) ——<
+
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Scheme 1. Schematic overview of the procedure used for purification of 1351 from irradiated [135Ba]BaC03:A1 targets.

retain Fe and Zn when aq. HCI (3 M) is used as eluent (TRISKEM, 2017).
Since La can be eluted with aq. HCI concentrations of 3 M and lower, the
combination of both resins created a suitable column for *La purifi-
cation. With this column, Al and Ba were washed out first in aq. HCI (8
M), and trace impurities were retained during the elution of La with aq.
HCI (3 M).

After removal of the Ba precipitate, the supernatant was loaded on
the combined column described above, which had previously been
washed with aq. HCl (3 M) and conditioned with aq. HCl (8 M). The
column was then washed with aq. HCI (8 M) to remove Ba and Al, fol-
lowed by elution of the ***La with aq. HCI (3 M). The elution profile for
13513 and '3°™Ba can be seen in Fig. 2. The eluate was evaporated to
dryness and redissolved in aq. HCI (0.001 M), making it ready for
radiolabeling. The overall recovery of *°La was 97.2 + 3.6 %, decay
corrected (n = 13).

The stable element impurities in the final product from the first three
batches was measured by ICP-OES analysis. We saw primarily traces of
La (1.4 &+ 0.04 nmol) and Ba (1.6 & 1.5 nmol) and 78.3 & 45.1 nmol Al
(n = 3). The gamma spectrum at 21 h after EOB of the purified sample
from a 150 mg 1:2 "BaCO3:Al (w/w) target, which had been irradiated
for 2 h at 20 pA showed the presence of three La isotopes, 0.15 + 0.004
MBq '*%La, 0.87 + 0.04 MBq '*3La, and 44.2 + 0.76 MBq '*°La, as well
as 0.045 + 0.002 MBq *°Co, likely originating from an Fe impurity in the
Al powder. This radionuclidic impurity was not removed by our

135 I
110 - La purification
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Fig. 2. The percentage of '**La and '°*™Ba in the precipitate and in the
different fractions from the purification process.

purification procedure (Fig. 3A).

3.4. High activity 1%°La production with ['**Ba]BaCO3:Al target

The production procedure optimized with "'BaCOs as starting ma-
terial was applied to the production of 13513 from enriched ['®°Ba]
BaCOs. The BaCOs3:Al ratio was kept as 1:2 (w/w). As the aim was to
demonstrate a comparatively high '°La yield of more than 1 GBgq, the
target was irradiated for 4 h. The '*°Ba-enriched target limited the
formation of multiple La radioisotopes to negligible levels. The target
could therefore be handled and worked up already 30 min after EOB.
The only contaminant radionuclides detected besides >°La were 1>°™Ba,
107¢d, 132¢s, and ®0Co. The activity produced at EOB reached 1.46 +
0.11 GBq (18 + 1 MBq/pAh, 150 mg target, n = 6) to 1.62 + 0.18 GBq
(20 + 2 MBq/pAh, 200 mg target, n = 5). This corresponded to satu-
ration yields of 10.70 + 0.80 GBq (or 535 + 40 MBq/pA) and 11.91 +
1.31 GBq (or 596 + 66 MBq/pA), respectively. After dissolution in aq.
HCI (3 M) followed by evaporation to dryness, the solid was redissolved
in aq. HCI (0.01 M). Addition of aq. HCI (30% (w/w)) led to the pre-
cipitation of most of the 13583 in the form of [135Ba]BaC12. After
centrifugation, followed by washing, the supernatant was loaded on a
column packed with DGA resin on the top and TK200 resin at the bottom
washed with aq. HCI (3 M) and conditioned with aq. HCI (8 M) prior to
loading. The loaded column was first washed with aq. HCI (8 M), and the
1351 4 was then eluted with aq. HCl (3 M). After evaporation to dryness,
the eluate was redissolved in aq. HCI (0.001 M). ICP-OES measurement
showed that the procedure gave a high purity ['**La]LaCl; solution both
with a 150 mg and 200 mg target. The total amount of impurities
detected in the full batch (n = 11) were 37.4 4+ 17.5 nmol Al, 0.3 & 0.2
nmol Ba, 1.3 + 2.5 nmol Fe, 1.1 + 2.9 nmol Zn, and 1.3 + 0.3 nmol La,
which corresponded to a decay corrected molar activity of 1277 + 383
MBq/nmol (150 mg target, n = 6) and 1119 + 50 MBq/nmol (200 mg
target, n = 3) and a decay corrected apparent molar activity of 28.4 +
10.1 MBq/nmol (150 mg target, n = 6) and 86.5 + 39.5 MBq/nmol (200
mg target, n = 3). The Ba/La separation factor was 5107 = 4107 for
the 150 mg target and 6610 + 5107 for the 200 mg target and the Al/
La separation factor was 3e10° -+ 2¢10° for the 150 mg target and 5010°
+ 3108 for the 200 mg target.

The [**°Ba]BaCl, could be recycled and converted back to [*%5Ba]
BaCOs3 by dissolution in a few mL of water and addition of (NH4)2COs.
After centrifugation and thorough drying, the precipitated ['*°Ba]
BaCOj3 could be used to prepare a new target.
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Fig. 3. Gamma spectroscopic characterization of '*°La from different targets.
(A) Gamma spectrum of 13512 when produced from "BaCOs, 21 h after EOB.
(B) Gamma spectrum of 1351 2 when produced from enriched [*3°Ba] BaCO3, 22
h after EOB. The corresponding vy lines energies are given below the spectra.

Apart from the increased '3°La production yield, the enriched
[*3°Ba] BaCOg target material allowed for a much higher radionuclidic
purity (RNP). !3°La is the only La isotope detected in the final sample,
with 6Co present as a minor impurity (81 = 36 kBq (150 mg target, n =
6) and 103 + 20 kBq (200 mg target, n = 5)) (Fig. 3B). The >®Co likely
originated from an Fe impurity present in the Al powder. It can therefore
potentially be avoided by using an Al powder of higher purity.

3.5. Effective molar activity determination

To confirm the apparent molar activity determined from the ICP-OES
results, we measured the effective molar activity of the final 1*°La
samples. Titrations were done using the chelators DOTA, diethylene-
triaminepentaacetic acid (DTPA) and CHX-A"-DTPA ([(R)-2-Amino-3-
(4-nitrophenyl)propyl]-trans-(S,S)-cyclohexane-1,2-diamine-
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pentaacetic acid (p-NOo-Bn-CHX-A”-DTPA)), which are known to form
stable complexes with lanthanides (Byegard et al., 1999; Viola-Villegas
and Doyle, 2009; Pandey et al., 2017). The labeling of DTPA and
CHX-A"-DTPA could be performed at room temperature, while the la-
beling of DOTA was performed at 90 °C. An example of the formation of
the !3°La-complexes as a function of chelator added can be seen in Fig. 4.
The effective molar activity was calculated from the points with less
than 100 % complex formation. The amount of competing metals was
calculated by dividing the amount of chelator added with the fraction of
complex formed. The effective molar activity was calculated by dividing
the '%La activity with the amount of competing metals.

The DOTA titration showed the herein described methodology to
produce samples with a decay corrected effective molar activity of 57.7
+ 15.3 MBg/nmol (150 mg target, n = 3) and 79.6 + 25.3 MBq/nmol
(200 mg target, n = 4). The titration with DTPA gave similar results with
a decay corrected effective molar activity of 104.0 + 40.4 MBq/nmol
(200 mg target, n = 2), while the titration with CHX-A"-DTPA gave a
higher effective molar activity of 186.5 + 83.8 MBq/nmol (200 mg
target, n = 2). The same *°La batch was used for both of the two ti-
trations with DTPA and CHX-A"-DTPA. The same '*°La batch was used
for two of the titrations with DOTA and the average of these titrations
was 92.7 + 9.1 MBg/nmol, so this 1*°La batch was of slightly higher
purity than the average '*°La batch. The effective molar activity from
the CHX-A"-DTPA titrations was however still higher than for the DOTA
and DTPA titrations, which indicated that the labeling of CHX-A”-DTPA
was less affected by the metal impurities than the labeling of DOTA and
DTPA. The main metal impurity in the 13°La batches according to ICP-
OES was Al, but even when Al was present in concentrations higher
than that of the chelator during the titration, a full chelation of La could
still be obtained in most cases. This indicated that the presence of Al only
affected the labeling to some low extent and the effective molar activity
values demonstrate that the 1*°La purified with our method is suitable
for labeling.

3.6. Serum stability of 13°La-DOTA, 1*°La-DTPA and 1*°La-CHX-A"-
DTPA

Having in mind the potential future applications of *°La-DOTA,
135 ,-DTPA and '*°La-CHX-A”-DTPA derivatives for AeRT, we investi-
gated the serum stability of the *°La-DOTA, !®°La-DTPA and !*°La-
CHX-A"-DTPA complexes over two days (Fig. 5). Mixtures containing
each '*°La complex and mouse serum were incubated at 37 °C. The
mixtures were analyzed by radio-TLC after 0, 3, 18, 24, 42, and 48 h to
quantify the percentage of the '**La-complexes over time. During the

Chelator titration
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40 -

135 a-complex (%)

20 - -

O T T T 1
0 5 10 15 20
Amount of chelator (nmol)
DOTA & DTPA m CHX-A"-DTPA
Fig. 4. Example of the chelator titration for one of the '**La batches with

DOTA, DTPA and CHX-A"-DTPA. The amount of chelator was normalized to the
full ***La-batch.
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Fig. 5. Serum stability of free 1**La complexes. The percentage of intact **La-
DOTA, '*°La-DTPA, and '*°La-CHX-A"-DTPA complex in mouse serum at 37 °C
after 0, 3, 18, 24, 42 and 48 h. Error is shown as standard deviation (n = 3).

stability study 13°La-species with retention factors (R¢) of 0 started to
form, presumably due to instability of the complexes in serum. The
amount of 13°La-DTPA complex decreased rapidly, and the percentage of
the intact complex was already decreased to 76% immediately upon
mixing with serum. At the end of the study the remaining '**La-DTPA
complex was around 10%. The stability of the !**La-DOTA and *°La-
CHX-A"-DTPA complexes was higher than the 1**La-DTPA complex with
96% and 87% intact complex after 48 h, respectively.

4. Discussion

Pressed BaCO3/Al targets were suitable for the production of 13514
with a 16.5 MeV cyclotron. The content of Al used for the target made it
possible to irradiate BaCO3 at 20 pA, which is higher than previously
reported, to our knowledge (Mansel and Franke, 2015; Jastrzebski et al.,
2020; Chakravarty et al., 2022; Nelson et al., 2022). This increased
current was enabled by the high thermal conductivity of Al. The Al
powder was also necessary in order to press the BaCOs in a cylindrical
recession machined into a silver disc target backing. The presence of Al
in the target did not lead to the production of long-lived radionuclides
and Al is a light element with a low stopping of the proton beam.

It would be advantageous to increase the content of BaCOj3 in the
target in order to obtain higher *°La production yields. In our cyclotron
settings, a ratio of 1:1 between BaCO3/Al did lead to the target being
burned and crumbly after 1 h irradiation at 20 pA. The expected yield
increase was 38 % for a 200 mg target with ['**Ba]BaCO5 when going to
a ratio of 1:1 from 1:2, but as some burnings were observed already on
1:2 BaCOs3:Al targets if the pressing was imperfect, it was expected that
the ratio could only be increased slightly and it was not tested if a target
with a BaCOs:Al ratio between 1:2 and 1:1 was stable. In order to use
targets with a higher BaCOs:Al ratio, a lower current could be used or
the target cooling during the irradiation could be improved. Our target
was water-cooled on the back of the silver disc, but helium-cooling on
the Nb front foil could be implemented to improve the cooling.

The 1®La yield was increased by a factor of 8 by going from "BaCO3
to [135Ba] BaCOs. Due to the contribution from the (p,2n) reaction on
135Ba when using "*BaCOs, the increase was less than first expected.
With our target composition and purification method, the RNP at end of
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purification was improved from 98% (purification one day after pro-
duction) to >99.9% (purification directly after production). As both the
production yield and the RNP could be improved by using enriched
['%Ba] BaCOs and the fact that the material can be reused, compensate
for the higher cost of the enriched material. Stopping power values from
SRIM software were used to calculate the theoretical yield. No experi-
mental cross section data for the 135Ba(p,n)lz"sLa nuclear reaction could
be found on EXFOR, so the calculated cross section from Nelson and
coworkers were used for the calculation (Nelson et al., 2020). The
produced yield was 88.2 4 1.0 % of the theoretical yield. The use of the
BaCOs5:Al target results in a lower '®°La production compared to a
metallic Ba target with the same thickness due to the lower amount of Ba
in the mixed target. The BaCOg:Al target is not as sensitive to air and
moisture as the metallic Ba target and the access to enriched ['%°Ba]
BaCO3 makes the use of BaCO3 as target material advantageous.

The purification procedure could be performed within 4 h, where the
dissolution of the target and the following evaporation to dryness were
the most time-consuming steps. The actual purification step was fast and
efficient as the DGA resin and the TK200 resin were combined in one
column. The purification procedure was suitable both for 150 mg and
200 mg targets. The amount of DGA and TK200 resin was not optimized
and less resin might be used with similar separation efficiency. As Ba and
Al have no or very low binding to the DGA resin and TK200 resin
(Pourmand and Dauphas, 2010; TRISKEM, 2017) at high HCI concen-
tration, the washing step is relatively short. 3 M HCI was chosen for the
elution of La because Fe has a high binding to the DGA resin and the
TK200 resin at 3 M HCL. Zn has a high binding to the TK200 resin at HCL
concentrations above 1 M. It was possible to retain Fe and Zn, which are
common impurities in the production of *°La, on the resin by using 3 M
HCI. The eluate needs to be evaporated to dryness and redissolved in a
less acidic solution in order to be compatible with common labeling
procedures and it is not possible to elute La with a less acidic solution
without co-eluting Fe and Zn impurities.

An attempt to shortening the purification procedure could be to omit
the first evaporation step and add concentrated HCl directly to the dis-
solved target mixture. It is however necessary to reach an HCl concen-
tration around 8 M before loading on the column to ensure a high
binding of La to the DGA resin. The volume of aq. HCI (3 M) needed to
dissolve the target was 9-11 mL and the HCI concentration decreases
during the dissolving of the target. It will thus require a relatively large
volume of concentrated HCI to reach 8 M and the loading of the solution
on the column will take longer time.

The labelling of the three chelators DOTA, DTPA, and CHX-A"-DTPA
and the stability of the 1®°La-complexes in serum were consistent with
the chemical structure of the chelators. DOTA is a macrocyclic chelator,
which often has a higher kinetic inertness than acyclic chelators as DTPA
and CHX-A"-DTPA. CHX-A"-DTPA has a more rigid structure and is more
kinetically inert compared to DTPA (Price and Orvig, 2014). DOTA is a
suitable chelator for 1%La, if DOTA is conjugated to a targeting vector,
which can withstand high labeling temperatures. The '*°La-DOTA
complex was in our experiment the most stable of the three complexes in
serum with around 96% intact complex after 48 h. If targeting vectors
which are not stable at high temperatures, e.g. antibodies, were to be
used, then CHX-A”-DTPA chelator seems to be more suitable, as the la-
beling with 1*°La can be performed at room temperature and the sta-
bility of the 13°La-CHX-A”-DTPA complex in serum was still relatively
high (87%) after 48 h. Furthermore, the CHX-A"”-DTPA chelator seemed
to be less affected by the metal impurities as a higher effective molar
activity was observed with this chelator compared to DOTA and DTPA.
The labeling with DTPA could be performed at room temperature as
with CHX-A"-DTPA, but the **La-DTPA complex was substantially less
stable in serum as only 30% of intact complex was present after 18 h,
which is around one half-life of 13°La, and it is assumed that the stability
of the '*®La-DTPA will not be sufficient for in vivo application.

The effective molar activities determined from the titrations with
DTPA and CHX-A"-DTPA was higher than the apparent molar activity
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measured by ICP-OES, which indicates that the labeling of these two
chelators is less affected by the presence of Al, since full chelation of
13513 could be obtained even when Al was present in concentrations
higher than that of the chelator during the titration. The effective molar
activity values of the DOTA titrations were closer to the apparent molar
activity values measured by ICP-OES. This indicates that the presence of
Al affects the labeling of DOTA more than for DTPA and CHX-A"-DTPA.
It was however possible to obtain full chelation of 3°La with DOTA in
most cases with DOTA concentrations lower than the concentration of
Al It is thus assumed that Al is a less critical impurity than Zn and Fe in
terms of labeling efficiency. The amount of Al should only be kept low to
prevent potential toxicological effects, if the finished labeled compound
is injected without further purification.

In our initial experiments we observed that the eluate from the DGA/
TK200 column had a high purity, but that the following evaporation step
could introduce impurities such as Fe, Zn, and Al. The evaporation was
therefore performed in a capped, acid-washed vial with an argon inlet
and an outlet tubing inserted in the cap, which made it possible to obtain
the final %La in a higher purity.

The amount of stable La at the end of purification was 1.3 + 0.3 nmol
and is expected to derive from the ['*°Ba]BaCOs. By using recovered
[*3°Ba] BaCOg3 the amount of La might be lower due to the separation of
Ba and La in the precipitation step. This would result in a higher molar
activity. Furthermore, the molar activity can be increased if higher 1*°La
activities are produced, e.g. with longer irradiation time or higher
current.

The quality and the yield of *°La produced in these settings are
likely to be sufficient for in vitro and in vivo efficacy studies, but an up-
scaled production would be needed for clinical studies. The advantages
of 1®La compared to other promising Auger electron emitters, e.g.
cobalt-58m (**™Co), antimony-119 (*!°Sb), and erbium-165 (}6°Er), are
the relative easy separation of the radionuclide and the target material,
the suitable decay characteristics, such as a half-life of around 19 h and
decay to a stable daughter, and the possibility of using well-established
DOTA for radiolabeling targeting vectors. *®™Co has a shorter half-life of
9.1 h and decays to 5®8Co, which has a long half-life of 70.9 d, but can
nonetheless be produced in very large activity yields. Enriched [°®Fe]Fe
is needed for high activity *®™Co productions but the natural abundance
of 58Fe is low (0.3 %). The advantages of 58MC are that the separation of
the radionuclide and the target material is well-described and >®™Co can
also be chelated by DOTA, as well as NOTA (Barrett et al., 2021). 119},
has a longer half-life of 38.2 h and suitable decay characteristics.
Enriched tin-119 ([*'°Sn]Sn) is needed for high activity production, and
the separation of 11°Sb and Sn is possible with ion exchange chroma-
tography or liquid-liquid extraction. The chelation of '!°Sb is chal-
lenging however and still under development (Randhawa et al., 2021).
165Er is another promising Auger emitter with a suitable half-life of 10.4
h '%5Er can be produced from monoisotopic holmium (Ho), so an
enriched target material is not needed. The separation of 1%°Er and Ho is
challenging however, as these are two neighboring lanthanides with
similar chemical properties (Gracheva et al., 2020). Even more prom-
ising Auger electron emitters exists, besides those mentioned here,
which all have different advantages and challenges, and with its suitable
decay and chemical properties *°La is among those candidates (Filo-
sofov et al., 2021).

5. Conclusion

A novel cyclotron target composition of an enriched [*°Ba]BaCOs:
Al mixture for the production of 13°La was developed. The target is more
stable than conventional pressed metallic Ba targets and has better
thermal conductivity compared to pure BaCOs. After 4 h of irradiation
with a 16.5 MeV proton beam and 20 pA current, 1.62 + 0.18 GBq (20
+ 2 MBq/pAh, n = 5, 200 mg [135Ba]BaCO3:Al 1:2 (w/w) target) was
produced, corresponding to a saturation yield of 11.91 + 1.31 GBq (or
596 + 66 MBq/pA). In order to deal with the high amount of Al filling,
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we developed an efficient purification procedure, comprising a precip-
itation step followed by a single column purification that yielded a high
purity ['*°La]LaCls solution. The precipitation step allowed for recy-
cling of the valuable enriched [135Ba]BaCO3 which makes the overall
procedure very cost efficient. The final [135La]LaC13 solution could be
used for the labeling of the DOTA, DTPA and CHX-A"-DTPA chelators
and a stability study in serum showed high stability of the '**La-DOTA
and '*°La-CHX-A"-DTPA complexes, while the '*>La-DTPA complex had
limited stability. The overall procedure for the production and purifi-
cation of '3°La was robust and reliable, which opens up for new possi-
bilities for high activity productions of '*°La and further research into
the therapeutic efficacy of **°La.
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