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An Improved Method for the Production of
Ac-225/Bi-213 from Th-229 for Targeted
Alpha Therapy

B. Zielinska, C. Apostolidis, F. Bruchertseifer, and
A. Morgenstern
European Commission, Joint Research Centre, Institute for Transuranium
Elements, Karlsruhe, Germany

Abstract: This work describes animproved method for radium /actinium separation as part
of a process for the production of Ac-225 from a Th-229 source for targeted alpha therapy of
cancer. The separation method is based on the use of a newly developed extraction chroma-
tographic resin containing the diglycolamide (DGA) class of molecules. The weight
distribution ratios of Ac(IIT) on the extraction chromatographic resins N,N,N'N' tetraoctyl-
diglycolamide (TODGA) and N,N,N'N' tetrakis-2-ethylhexyldiglycolamide (TEHDGA)
(both Eichrom Inc.) were determined at varying nitric and hydrochloric acid concentrations
by batch experiments to optimize conditions for the separation of Ac(I1I) from Ra(1I). Con-
sequently, a robust and rapid procedure based on the use of TEHDGA resin was developed
yielding a carrier-free, clinical-grade Ac-225 with an overall yield exceeding 98%.

Keywords: Actinium-225, Radium-225, diglycolamide, weight distribution ratio,
extraction chromatography, batch method, targeted alpha therapy

INTRODUCTION

Targeted alpha therapy (TAT) is a novel and promising treatment strategy for
the therapy of a variety of cancers and infectious diseases. It is based on the
selective targeting of malignant cells using tumor specific carrier molecules,
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e.g. monoclonal antibodies or peptides, linked to alpha-emitting radionuclides.
Due to the high linear energy transfer (LET = 100 keV/pm) of alpha particles
and their short path length in human tissue (40—90 wm) such radio-immuno-
conjugates have the potential of delivering a highly cytotoxic radiation dose
to the tumor cells while sparing normal body tissues. A number of pre-
clinical and clinical studies have demonstrated the potential of TAT.!" !

Among the a-emitting radioisotopes considered for targeted alpha therapy,
23g; (T; /> = 46 min) available through the decay chain of BAc (Ty,=10
days) is presently the most promising. Bi-213 is a mixed alpha/beta emitter
that mainly decays to the pure alpha emitter Po-213 with a branching ratio of
98%. Due to the very short half-life of the daughter nuclide Po-213
(T2 = 4.2 ps), Bi-213 itself can be practically considered an alpha emitter.
The mother nuclide **Ac can be produced through extraction from Th-229
sources and the routine process developed at the Institute for Transuranium
Elements (ITU) for the separation and purification of Ac-225 from a 46 mCi
Th-229 source has been reported recently.'® The process is based on the combi-
nation of ion exchange and extraction chromatographic methods in nitric acid
media (Fig. 1). Following the separation of Ra-225/Ac-225 from the Th-229
source using Dowex 1 x 8 anion exchange resin, the separation of Ac-225
from Ra-225 was described in 4 M HNO; using RE (Rare Earth) extraction chro-
matographic resin. Although RE resin affords an effective separation of Ac(III)
from Ra(Il) in nitric acid media, the RE separation step has some limitations.
Due to a relatively moderate retention of Ac(Ill) on RE resin washing steps
have to be carefully controlled to avoid breakthrough and consequently the loss
of Ac(TII).

Recently a new class of extraction chromatographic resins, based on the
use of diglycolamide extractants, has been developed by Horwitz et al.'”! A

Ra-225/ Ac-225 (+Th-229/232) L. 8 M HNO, Ra-225 /Ac-225
8 M HNO, 11, 0.05 M HNO, 4 M HNO,
Th-229/232 -
Ra-225/A¢-225 L
Dowex 1x8 ) 0.05 M HNO,
Dowex
8 M HNO; \xB | &
RE
Make
8 M HNO, ‘ ‘
1. Th-229/232 1. Ra-225 / Ac-225 1. Ra-225 I Ac-225
0.05 M IINO_, 8 M HNO, 4 M HNO, 0.05 M HNO,

Figure 1. Anion exchange procedure using Dowex 1X8 for separation of Ra-225 and
Ac-225 from a Th-229 source (left) and extraction chromatographic procedure based
on UTEVA/RE resin for Ra-225/Ac-225 separation (right).
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number of studies have described these extractants based on tetraalkyl-
diglycolamides as unusually effective extractants of trivalent actinides and
lanthanides from nitric acid. These studies are directed at the separation of
long-lived minor actinides (mainly Am and Cm) and lanthanides from high
level and low level waste solutions.*~'") Horwitz et al. have reported
extensive studies of distribution coefficients for Am, lanthanides, Y, alkaline
earths, and transition and post transition element cations on TODGA and
TEHDGA.""" While it has been reported that the distribution coefficients of
actinium are typically lower than those of lanthanum and cerium,'"! our litera-
ture review failed to yield quantitative experimental data on the extraction of
Ac(IIT) on DGA resins. In this work we have studied the weight distribution
ratios of Ac(Ill) on TODGA and TEHDGA resins in nitric acid and
hydrochloric acid, respectively. Consequently, an improved method for the
separation of Ac(Ill) from Ra(Il) could be implemented into the routine
process for the production of clinical-grade Ac-225 for targeted alpha therapy.

EXPERIMENTAL
Materials

Extraction chromatographic resins commercially available from Eichrom Tech-
nologies, Inc., as DGA Resin, normal (TODGA), and DGA Resin, branched
(TEHDGA) were used as purchased without further purification. Nitric and hydro-
chloric acid solutions were prepared from suprapur grade reagents (Merck) and
deionized water obtained from a Milli-Q water purification system. *Ra and
23 Ac tracers were obtained by radiochemical separation from Th-229.

Radiometric Measurements

Gamma spectra were measured using a high resolution HpGe detector
connected to a 92X spectrum master multi-channel analyzer (EG&G Ortec).
For quantification of Ac-225 activitiy, sample aliquots were left for approx.
1 hour until a radiochemical equilibrium with the daughter nuclide Fr-221
was reached, and the gamma emission of Fr-221 (218 KeV, 11.6% emission
probability) was measured.

Measurements of Weight Distribution Ratios in Batch Experiment

The uptake of Ac(Ill) by TODGA and TEHDGA resins from acidic solutions
was measured by contacting a known volume of the solution (1 ml) spiked
with an ??°Ac radiotracer with a weighed amount of resin (10 mg,
50-100 pm particle size). All experiments were performed at room
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temperature (21 + 2°C). The mixing of the resin and the aqueous phase was
performed using a vortex mixer to keep the resin suspended in the aqueous
phase. For all batch experiments the solutions were equilibrated for 4h, sub-
sequently filtered through a membrane filter with 0.45-pm pore size to
remove any resin particles, and analyzed for Ac-225 concentration. The
values of D,, were calculated according to the equation:

_ (AI B Aeq)X

D,
" Ayq m

(1)
where A; and A, denote the actinium concentration of the initial solution and at
equilibrium, respectively, V is the volume (ml) of the solution, and m (g) is the
mass of the resin. The weight distribution ratios D, measured on TODGA and
TEHDGA resin can be converted to the number of free column volumes to peak
maximum, k' (the resin capacity factor) as described in.l”! Taking into account
the volumes of the stationary phase (extractant) and the mobile phase for slurry
packed columns on DGA resins, k' is calculated by multiplying Dy, with 0.57
(TODGA) and 0.58 (TEHDGA), respectively, according to the equation:

k' = D*0.57( for TODGA) )

Column Separations of Ac-225 from Ra-225

Column chromatographic experiments were performed with wet—packed
columns of the DGA resins. The resins were left overnight in 0.1 M HNO;

700 25
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20
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400

—= TODGA —&— TEHDGA

0 1 2 5 15 30 60 120 210 240 330 360
time (min)

Figure 2. k' for Ac(IIl) vs. equilibration time on TODGA (left Y-axis) and TEHDGA
resin (right Y-axis) (both 50—100 pm particle size) in 0.5 M HNOj; at 21 + 2°C.
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for pre-equilibration. The wet resins were packed into plastic columns
(Bio-Rad), making up bed volumes of 1.0 ml and were then preconditioned
with 5 bed volumes of the desired load solution (4 M HNO3).

RESULTS AND DISCUSSION
Measurement of Distribution Coefficients

The results of the kinetic study for the extraction of actinium(I1l) on TODGA
and TEHDGA resin from 0.5 M HNOj; are shown in Fig. 2. For both resins an
equilibrium was reached rapidly within less than 15 minutes. Equilibration
times at higher acid concentrations did not differ significantly (data not
shown).

Figures 3 and 4 show the uptake of Ac(Ill) on TODGA and TEHDGA
resins from HNO; and HCI solutions in comparison with literature data for
Ce.'” The k' values for Ac(Ill) for both DGA resins are summarized in
Table 1. Uncertainties are given as standard deviations of 3 measurements.
As expected for neutral extractants, the uptake of Ac(IIl) by TODGA and
TEHDGA is lower from HCIl than from HNOs;. In the nitric acid media
the maximum k' value on the TODGA resin was determined as
2,22¢3 + 79 (2 M HNOs;), while in hydrochloric acid k' did not exceed

10000
B Ac (HNO3) _ =
O Ac (HCI) m_ 4 a2
A - Ce (HNO3) L
1000 L
A Ce (HC)) EEEEE =%
== -
7as ;
K '
a
100 o Q'
‘ ]
10 ek » e
t :
Mo LA
; |
0.01 10

0.1 1
[HNOS],[HCI], (mol/L)

Figure 3. k' for Ac(Ill) on TODGA resin (50—100 pm particle size) vs. HNO3 and
HCI concentration at 21 + 2°C, 4 h equilibration time, compared with k' values for
Ce(111) from.!”
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Figure 4. k' for Ac(Ill) on TEHDGA resin (50— 100 pm particle size) vs. HNO; and
HCI concentration at 21 + 2°C, 4 h equilibration time, compared with k" values for
Ce(I1T) from.!”!

136 £+ 13 (6 M HCI). For the TEHDGA resin a similar trend in the uptake of
Ac(Ill) as a function of acidity can be observed; however, k' values are
lower for TEHDGA than for TODGA over the whole range of acidities
studied. The maximum k' values for Ac(III) on TEHDGA were found to
be 1,57e3 + 1,5e2 (4 M HNO;) and 21,7 + 1,3 (6 M HCI). In nitric acid
media, the decrease of k' with decreasing acidity is more pronounced for
TEHDGA, indicating the potential for more efficient stripping of Ac from
TEHDGA using dilute acid. The reproducibility of data was found to
decrease at acidities <1 M. This may be due to poor wetting of the resin
materials at these acid concentrations although solutions were equilibrated
overnight.

Horwitz et al."" report that the extraction behavior of Ac often follows
that of Ce, but the uptake is typically a factor of two to three lower.
However, for both the TODGA and TEHDGA resin our data show that k'
values for Ac and Ce are in the same order of magnitude in dilute to half-
concentrated acids, except in the TEHDGA/HCI] system, where the k'
values for Ac are even higher than for Ce. The differences in the behavior
of Ac and Ce are more pronounced on both resins at higher acid molarities.
While k' values for Ac go through a maximum at 2 M HNO; on TODGA
resin and at 4 M HNO; on TEHDGA, the extraction of Ce increases further
with increasing acidities. A similar trend can be observed at higher hydro-
chloric acid concentrations, where k' values for Ce are orders of magnitude
higher than those for Ac.

[7]
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Development of Improved Ra/Ac Separation using TEHDGA

A typical chromatogram of the previously reported method for the Ra/Ac sep-
aration based on the use of RE resin is shown in Fig. 5. The radium /actinium
eluate from the prior anion exchange step used to remove Th-229 (Fig. 1) is
loaded on a UTEVA /RE column cascade in 4 M HNO3. The UTEVA resin
retains residual traces of thorium while the radium and the actinium are not
extracted on UTEVA. Ra(Il) is also not retained on the RE resin and can be
washed through the column using 4 M HNO;. Although Ac(III) is extracted
on the RE resin, an increasing breakthrough can be observed after washing
with approx. 15 bed volumes. This can be problematic in particular when
the Ra/Ac load solution from the prior anion exchange separation step
contains high amounts of organic impurities from the radiolytic degradation
of the organic anion exchange material and extensive washing is required.
The quantitative elution of Ac(Ill) from Re resin requires up to 10 bed
volumes of 0.05 M HNO;. Consequently, an evaporation and concentration
step is required before the final Ac(Ill) product can be loaded on an Ac-
225/Bi-213 generator from 4 M HNOj; as described in.[!

Following the measurements of Ac(IIl) uptake on TODGA and
TEHDGA, both resins were tested for robust and effective radium/actinium
separation. The chromatograms obtained on both resins are shown in Figs. 6
and 7. As described in,!”’ Ra(ll) is not retained on either resin. Both resins

80

4 M HNO, 0.05 M HNO,

60

——Ra-225
—& Ac-225

40

Ra-225, Ac-225 (%)

20

0 5 10 15 20 25
Volume (ml)

Figure 5. Typical chromatogram for the separation of Ra-225/Ac-225 on RE-resin
(total column volume 1 ml). After loading Ra-225/Ac-225 in 2 ml 4 M HNOj, the col-
umn is washed with 4 M HNO; to remove Ra(ll) and other impurities. Washing steps
have to be carefully controlled to avoid breakthrough of Ac(lIl). Ac(Ill) is stripped
using 0.05 M HNO;.
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Figure 6. Typical chromatogram for the separation of Ra-225/Ac-225 on TODGA
resin (total column volume 1 ml). After loading Ra-225/Ac-225 in 2 ml 4 M HNO;,
the column is washed with 4 M HNO; to remove Ra(lIl) and other impurities. Ac(III)
is stripped in 5 bed volumes 0.05 M HNO;.
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Figure 7. Typical chromatogram for the separation of Ra-225/Ac-225 on TEHDGA
resin (total column volume 1 ml). After loading Ra-225/Ac-225 in 8 ml 4 M HNO;,
the column is washed with 4 M HNO; to remove Ra(ll) and other impurities. Ac(ILI)
is stripped in 2 bed volumes 0.05 M HNO;.
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show excellent retention of Ac(Ill) from 4 M HNO; even after extensive
washing. However, as expected from the differences of the k' values in
dilute nitric acid, the stripping of Ac(IIl) using 0.05 M HNO; was found to
be more effective from the TEHDGA resin than from the TODGA resin.
Five bed volumes of 0.05 M HNO; were required to strip >98% of Ac(III)
from the TODGA resin, similar to the results reported in'”! using 0.1 M
HCI. However, >99% of Ac(Ill) could be stripped from the TEHDGA
resin in only 2 bed volumes. Following acidification to 4 M HNOs;, the
Ac(Ill) eluate from the TEHDGA resin can therefore be directly loaded
onto an Ac-225/Bi-213 radionuclide generator (maximum loading volume
3 mi'), making an additional concentration step obsolete and saving the
time and the radiation dose for the operators. The use of a corrosive
hydrochloric acid for stripping of Ac(IIl) as described in'” can be avoided,
allowing the implementation of the separation method in a glove-box environ-
ment designed for the production of clinical grade Ac(III).

CONCLUSIONS

The extraction chromatographic resin TEHDGA offers a new possibility for
rapid, robust, and effective separation of actinium from radium. The resin
shows a strong retention of Ac(IIl) from half-concentrated nitric acid and
efficient stripping of Ac(Ill) in dilute nitric acid. It is particularly useful for
the rapid separation of high activity levels of the alpha emitter Ac-225 from
Ra-225 for application in targeted therapy of cancer and infectious diseases.
Consequently, the use of TEHDGA was implemented into the routine
procedure used at ITU for the production of Ac-225/Bi-213 radionuclide
generators.
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