b
Faara?
o ¢\“ S

e,
S

)
(n]
(]
g
(]
—
O
e |
|
|
O
DR
(]
(K
|
]
]
AR

i
e
(i
[l
-

Therapeutic Radionuclide
Generators: *°Sr/°° and
188\y /138Re Generators




THERAPEUTIC RADIONUCLIDE
GENERATORS: Sr/*Y AND
188W/18%Re GENERATORS



The following States are Members of the International Atomic Energy Agency:

AFGHANISTAN
ALBANIA
ALGERIA
ANGOLA
ARGENTINA
ARMENIA
AUSTRALIA
AUSTRIA
AZERBAIJAN
BAHRAIN
BANGLADESH
BELARUS
BELGIUM
BELIZE
BENIN
BOLIVIA
BOSNIA AND HERZEGOVINA
BOTSWANA
BRAZIL
BULGARIA
BURKINA FASO
BURUNDI
CAMEROON
CANADA
CENTRAL AFRICAN
REPUBLIC
CHAD
CHILE
CHINA
COLOMBIA
COSTA RICA
COTE D’IVOIRE
CROATIA
CUBA
CYPRUS
CZECH REPUBLIC
DEMOCRATIC REPUBLIC
OF THE CONGO
DENMARK
DOMINICAN REPUBLIC
ECUADOR
EGYPT
EL SALVADOR
ERITREA
ESTONIA
ETHIOPIA
FINLAND
FRANCE
GABON
GEORGIA
GERMANY
GHANA

GREECE
GUATEMALA
HAITI

HOLY SEE
HONDURAS
HUNGARY
ICELAND
INDIA
INDONESIA
IRAN, ISLAMIC REPUBLIC OF
IRAQ

IRELAND
ISRAEL

ITALY
JAMAICA
JAPAN

JORDAN
KAZAKHSTAN
KENYA
KOREA, REPUBLIC OF
KUWAIT
KYRGYZSTAN
LATVIA
LEBANON
LIBERIA
LIBYAN ARAB JAMAHIRIYA
LIECHTENSTEIN
LITHUANIA
LUXEMBOURG
MADAGASCAR
MALAWI
MALAYSIA
MALI

MALTA
MARSHALL ISLANDS
MAURITANIA
MAURITIUS
MEXICO
MONACO
MONGOLIA
MONTENEGRO
MOROCCO
MOZAMBIQUE
MYANMAR
NAMIBIA
NEPAL
NETHERLANDS
NEW ZEALAND
NICARAGUA
NIGER
NIGERIA
NORWAY

OMAN

PAKISTAN

PALAU

PANAMA

PARAGUAY

PERU

PHILIPPINES

POLAND

PORTUGAL

QATAR

REPUBLIC OF MOLDOVA

ROMANIA

RUSSIAN FEDERATION

SAUDI ARABIA

SENEGAL

SERBIA

SEYCHELLES

SIERRA LEONE

SINGAPORE

SLOVAKIA

SLOVENIA

SOUTH AFRICA

SPAIN

SRI LANKA

SUDAN

SWEDEN

SWITZERLAND

SYRIAN ARAB REPUBLIC

TAJIKISTAN

THAILAND

THE FORMER YUGOSLAV
REPUBLIC OF MACEDONIA

TUNISIA

TURKEY

UGANDA

UKRAINE

UNITED ARAB EMIRATES

UNITED KINGDOM OF
GREAT BRITAIN AND
NORTHERN IRELAND

UNITED REPUBLIC
OF TANZANIA

UNITED STATES OF AMERICA

URUGUAY

UZBEKISTAN

VENEZUELA

VIETNAM

YEMEN

ZAMBIA

ZIMBABWE

The Agency’s Statute was approved on 23 October 1956 by the Conference on the Statute of
the IAEA held at United Nations Headquarters, New York; it entered into force on 29 July 1957.
The Headquarters of the Agency are situated in Vienna. Its principal objective is “to accelerate and
enlarge the contribution of atomic energy to peace, health and prosperity throughout the world”.



TECHNICAL REPORTS SERIES No. 470

THERAPEUTIC RADIONUCLIDE
GENERATORS: PSt/”Y AND
188W/18%Re GENERATORS

INTERNATIONAL ATOMIC ENERGY AGENCY
VIENNA, 2009



COPYRIGHT NOTICE

All TAEA scientific and technical publications are protected by the terms
of the Universal Copyright Convention as adopted in 1952 (Berne) and as
revised in 1972 (Paris). The copyright has since been extended by the World
Intellectual Property Organization (Geneva) to include electronic and virtual
intellectual property. Permission to use whole or parts of texts contained in
IAEA publications in printed or electronic form must be obtained and is
usually subject to royalty agreements. Proposals for non-commercial
reproductions and translations are welcomed and considered on a case-by-case
basis. Enquiries should be addressed to the IAEA Publishing Section at:

Sales and Promotion, Publishing Section
International Atomic Energy Agency
Wagramer Strasse 5

P.O. Box 100

1400 Vienna, Austria

fax: +43 1 2600 29302

tel.: +43 1 2600 22417

email: sales.publications@iaea.org
http://www.iaea.org/books

© IAEA, 2009

Printed by the IAEA in Austria
July 2009
STI/DOC/010/470

TAEA Library Cataloguing in Publication Data

Therapeutic radionuclide generators : *Sr/”’Y and 'SW/'$¥Re generators.
— Vienna : International Atomic Energy Agency, 2009.
p. ; 24 cm. - (Technical reports series, ISSN 0074-1914 ; no. 470)
STI/DOC/010/470
ISBN 978-92-0-111408-2
Includes bibliographical references.

1. Radioisotopes — Therapeutic use. 2. Radiopharmaceuticals.
3. Radionuclide generators. I. International Atomic Energy Agency.
II. Series: Technical reports series (International Atomic Energy
Agency) ; 470.

IAEAL 09-00587



FOREWORD

Rapid progress in preclinical and clinical research realized over the past
two decades has stimulated broad interest in the use of radionuclides for
targeted therapy of cancer and for other therapeutic applications using
unsealed sources. The use of radiopharmaceuticals labelled with short lived
radioisotopes for these applications has advantages such as higher rates of dose
delivery and shorter hospital stays. Wider use of targeted therapy using
radiopharmaceuticals requires the reliable availability of cost effective
products of short lived radionuclides from dependable sources and suppliers.
The use of short lived radionuclides is thus often restricted to places with local
production of these radionuclides or places that are well connected to
production facilities. An important additional strategy is the use of
radionuclide generator systems that utilize parent radionuclides with long
physical half-lives of months or years. The daughter can be extracted from
these radionuclide generators at periodic intervals to obtain short lived
radionuclides for formulation of therapeutic radiopharmaceuticals. Hence,
there is great interest in developing technologies for therapeutic radionuclide
generators.

To address this need, the IAEA implemented a coordinated research
project (CRP) on the development of generator technologies for therapeutic
radionuclides. This publication is based on the work carried out at participating
institutions in several Member States aimed at developing generator
prototypes using various separation techniques. The two radionuclide
generators described in this publication are based on *Sr/*’Y and W/'"®*Re
generator systems. Strontium-90 has a physical half-life of over 28 years, and
188W has a physical half-life of 69 days. Radionuclide generators prepared from
these long lived parents can serve as convenient production systems to provide
the therapeutic radioisotopes *’Y and ' Re on a routine basis. By adapting the
technologies described in this publication, *Sr/*’Y and "*¥W/'®Re generators
can be fabricated for cost effective production of Y and ®Re for
radiopharmaceutical preparation.

The TAEA thanks all the participants in the CRP for their contributions
to this publication and FF. Knapp, Jr., for his valuable help in editing this
report. The IAEA officer responsible for this publication was M.R.A Pillai of
the Division of Physical and Chemical Sciences.
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Chapter 1

INTRODUCTION

1.1. BACKGROUND

Radionuclide therapy using radiopharmaceuticals has been in existence
for over 60 years and offers substantial benefits to cancer patients, in particular,
patients suffering from thyroid cancer. Numerous clinical trials for treating
other types of cancer using therapeutic radiopharmaceuticals are in progress,
and their success will increase the demand for therapeutic radionuclides in the
coming years. Those radioisotopes having short physical half-lives ranging from
a few hours to a few days are useful for radionuclide therapy. The use of short
lived radioisotopes for radionuclide therapy involves important challenges
including the transport of the radionuclides and the need for frequent
shipments. Radionuclide generators represent an efficient means for making
short lived therapeutic radionuclides more widely available throughout the
world.

To meet the requirements for sustained growth and future expansion of
the application of therapeutic radiopharmaceuticals in nuclear medicine,
particularly in oncology, it is important to develop and maintain a constant and
reliable supply of therapeutic radionuclides of the required quality in the
desired quantities. The IAEA has several activities to support programmes that
foster the enhanced availability of therapeutic radionuclides and
radiopharmaceuticals in Member States. One such activity was the coordinated
research project (CRP) on the development of generator technologies for
therapeutic radionuclides, which ran from 2004 to 2007, in which participants
from 13 countries worked to develop generator technologies for the
preparation of Y and '®Re usable for radionuclide therapy.

1.2. OBJECTIVE
The objectives of the CRP were:

(a) To develop reproducible methodologies for the preparation of *’Sr/*°Y
and ¥W/"®Re generators;

(b) To standardize quality control techniques for generator eluted
therapeutic radionuclides;
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(c) To optimize technologies for post-elution concentration of *Re;
(d) To prepare chromatography adsorbents having higher binding capacities
and demonstrate their utility in the preparation of column generators.

The objective of this publication is to summarize the work done and the results
achieved by the participating countries in the above areas.

1.3. SCOPE

This publication covers the results of the research undertaken in the
development of *Sr/Y and 'W/'®Re generators, studies on post-elution
concentration of '®Re, the use of higher capacity adsorbents based on
zirconium and titanium composites, and analytical techniques developed for
the quality control of generator produced radionuclides.

1.4. STRUCTURE

Chapter 2 of the report provides an overview of the CRP, the work
accomplished in different laboratories and the project’s achievements with
respect to realizing the objectives set out at the beginning of the CRP.

Several protocols were developed by the participants, and some of these
are sufficiently mature to be adapted by interested researchers. Chapter 3
details five such technologies developed during the course of the CRP. The
details provided are sufficient for adaptation of the technologies in interested
laboratories.

The main area of work under the CRP was the development of *Sr/*’Y
and '**W/'®Re generators. Chapters 4-10 summarize the results of the work on
PSr/"Y generators undertaken by the different participants. Chapters 11-20
summarize the results of the work done on ¥W/!*Re generators, post-elution
concentration of '¥Re and development of higher capacity adsorbents for W,
and provide details of the production of "W in a high flux research reactor.

Participants in the CRP published several papers in international journals
and presented these data at national and international conferences. A list of
journal publications by the participants is given in the end of the report as
material for further reading.
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OVERVIEW OF THE CRP

2.1. INTRODUCTION

Radionuclide therapy using unsealed radioactive sources requires the
reliable, cost effective availability of a variety of therapeutic radioisotopes.
Therapeutic applications include the treatment of cancer, bone pain
(palliation) and rheumatoid arthritis; bone marrow ablation; and inhibition of
coronary restenosis. Radioisotopes of current interest for these applications
include BT, "Ly, 13Sm, '*Re, *Ho, ¥ Re and Y. Targeted therapy of cancer
using radiopharmaceuticals generally requires the availability of high specific
activity radioisotopes.

Radioisotopes having short physical half-lives ranging from a few hours
to a few days are useful for radionuclide therapy. However, the use of short
lived radioisotopes for radionuclide therapy has severe constraints, such as the
need to supply a much larger amount in order to offset decay loss, difficulties
associated with transport and the need for frequent shipments. All of these
factors result in higher costs, especially for importation and distribution of
therapeutic radionuclides. In many countries, radiopharmaceuticals using these
short lived radionuclides often are not available owing to logistical
considerations.

The use of radionuclide generators with long lived parent radionuclides
offers an efficient means for making short lived therapeutic radionuclides
readily available on an ‘as needed’ basis. A major advantage of generator
produced radionuclides is that they have very high specific activity and can be
used for the preparation of radiopharmaceuticals that target low density sites.
Radionuclide generators are also a cost effective way to ensure a continuous
and reliable supply of short lived radioisotopes.

The CRP on the development of generator technologies for therapeutic
radionuclides organized by the IAEA focused on optimizing *°Sr/*Y and
188W/'%Re generators that provide carrier free Y and '®Re therapeutic
radioisotopes, respectively.

2.1.1.  *’Sr”Y generators

Yttrium-90 is a therapeutic radioisotope of enormous interest, and
several established radiopharmaceuticals with this isotope are currently in use.
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Yttrium-90 (T, : 64.1 h; Eg,: 2.28 MeV) is a pure 8 particle emitter that can
be prepared by the irradiation of Y in a nuclear reactor or by the decay of
PSr. Yttrium-90 produced from a reactor is of very low specific activity owing
to the small neutron capture cross-section (0.001b) of *Y. As yttrium is
mononuclidic, there is no need for enriched isotopes for irradiation. The
radionuclidic purity of this directly (n,y) activated product is generally very
high. However, depending on the epithermal flux in the reactor, detectable
levels of ¥Sr could be present owing to the (n,p) reaction. Because ¥Sris a pure
beta emitter, its presence may not be detected by the conventional methods of
estimation of radionuclidic purity using gamma ray spectrometry.

There is unlimited potential availability of *°Y, since it exists in a secular
radioactive equilibrium with *°Sr (T,,: 28.8 a). Strontium-90 is a major fission
product, and the annual world production of **Sr in nuclear reactors amounts
to several hundred megacuries. Currently, spent reactor fuel is reprocessed in a
small number of countries, and these countries have the capability to develop
the process chemistry required for large scale isolation of *°Sr from fission
product waste. There is a high level facility for recovery of *Sr (and other
fission products) at Mayak, Russian Federation. A facility for the recovery of
55500 GBq (1500 Ci) of pure strontium was set up at the Pacific Northwest
National Laboratory, United States of America (USA), and the process
chemistry used in this facility is documented [2.1].

Owing to the long physical half-life of *Sr, a single batch can be used
indefinitely, which is an important advantage. However, because of the long
half-life, the technology required for fabrication of “Sr/’Y generators
is considerably different from that used for other generators such as the
PMo/”™Tc and 8W/'%Re generator systems. The **Sr cannot be left in the
column matrix any longer than necessary, because of denaturation resulting
from energy deposition of the high energy 8~ particles from decay of the *Sr
and *°Y, which often results in *’Sr breakthrough in the eluate. Yttrium-90 used
for therapy should be of very high radionuclidic purity (>99.998%), as the most
probable contaminant, *’Sr, is a bone seeker with a maximum permissible body
burden (MPBB) of only 74 kBq (2 uCi). Currently, °Y is separated by using a
combination of several separation techniques such as precipitation, solvent
extraction and ion exchange chromatography, or by using ion selective resins.
These operations are carried out at radiopharmaceutical manufacturing
centres, and the Y is shipped to hospitals. Consequently, Y is an expensive
radioisotope that is available only in places that are well connected to the
suppliers, since its short half-life limits the distances it can be shipped.

The development of a *’Sr/*"Y generator that can be operated in a central
pharmacy could increase the availability of *’Y. In smaller countries, such
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generators could also be located in national radiopharmaceutical production
centres.

The methods currently available for radionuclidic purity estimation that
can reliably measure “’Sr radionuclidic impurities at the desired low levels
(<2 x107%) cannot be adapted for use in a hospital pharmacy. Hence, there is
also an important need for the development of a ‘real time’ quality control
method for estimating the radionuclidic purity of Y prior to patient
administration.

2.1.2. '8W/'Re generators

Rhenium-188 (T,,: 16.9 h; Eg,,,: 2.12 MeV; E,: 155 keV (15%)) has a
chemistry similar to that of ™Tc and thus can be converted into the chemical
forms required for the preparation of various therapeutic
radiopharmaceuticals. It can be prepared either by irradiation of enriched
'Re in a nuclear reactor or as the daughter product of the 'W/'®Re
generator. The specific activity of the reactor produced '**Re is generally low
and will depend on the irradiation conditions, such as the neutron flux, time of
irradiation and post-irradiation cooling time. There could also be radionuclidic
impurities present from **Re depending on the enrichment of the target;
morever, highly enriched '®’Re targets are expensive. On the other hand, the
!8Re obtained from the 'W/!®Re generator is of high specific activity (near
theoretical) and, potentially, high radionuclidic purity. The most likely
radionuclidic impurity in a generator produced isotope is the parent
radionuclide; such impurities can be minimized by using an efficient separation
technique. However, the main problem in adapting this technology is the need
for high specific activity "W (T, ,: 69 d), which is produced by double neutron
capture of W in high flux research reactors. Even at high thermal neutron
flux, which is only available at the SM reactor in Dimitrovgrad, Russian
Federation, and at the High Flux Isotope Reactor (HFIR) at the Oak Ridge
National Laboratory (ORNL), USA, only relatively low specific activity
(148-185 GBqg/g (4-5 Cil/g)) is available because of the low production
cross-sections.

Member States having nuclear reactors with thermal neutron flux values
of less than 5 x 10" n-cm™s™! could still produce '**W, but only with low specific
activity (11-15 GBgq/g). Generators using W produced from such reactors
will give '®Re in a very large elution volume, which is not directly usable for
preparation of radiopharmaceuticals. Hence, it is essential to develop post-
elution concentration steps to increase the specific volume of 'Re. Such
techniques can also be used for increasing the length of time that adsorption
column based generators can be used.
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Alumina is the most commonly used adsorbent material for the
preparation of W/'%Re generators. Use of adsorbents with a higher capacity
for W could improve generator performance by producing higher capacity
generators and high specific volumes of '®Re, as well as allowing the use of
relatively low specific activity W,

2.2. OBJECTIVES OF THE CRP

The overall objectives of the CRP were (i) to develop technologies for the
preparation of *Sr/’Y and 'W/'®Re generators in order to optimize
generator fabrication and establish their use, and (ii) to standardize reliable
quality control techniques for the eluted radionuclides to ensure their
acceptability for clinical use. The following points were the specific objectives
of the CRP:

(a) Development of reproducible methodologies for the preparation of
YSr/Y and '®W/'¥Re generators;

(b) Development and evaluation of chromatography adsorbents (zirconium/
titanium composites) having higher %W binding capacities, and
demonstration of their utility in the preparation of column generators for
18Re (and ¥™Tc);

(c) Comparison and optimization of technologies for post-elution
concentration of Re (and *™Tc);

(d) Development of quality control techniques for generator eluted
therapeutic radionuclides.

2.3. KEY ISSUES ADDRESSED DURING THE CRP

The technologies for the development of the *’Sr/’Y generators are
different from those for the ¥W/!'¥Re generators, and consequently the key
issues to be addressed in the development of these generators varied. These are
discussed below.

2.3.1.  °°Sr/°’Y generators

The key issues to be addressed in the development of *Sr/*’Y generators
included the following:



(a)

(b)

(©)

(d)

2.3.2.
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Use of the long lived parent radionuclide poses a big challenge with
respect to the purity of the Y, as the breakthrough of *°Sr could increase
as the generator shelf life increases.

The Sr parent radionuclide is very long lived (T,,: 28.8 a); hence the
generators theoretically have a very long lifetime. However, leaving such
long lived parent radionuclides in a column matrix can lead to substantial
radiation degradation of the column matrix. Thus the generator
developed should allow elution of the *Sr parent and its storage after
every separation of the daughter product.

Strontium-90 is a bone seeker, and its MPBB of 2 uCi (74 MBq) should
not be exceeded [2.2]. The United States Pharmacopeia (USP) limit for
the content of *Sr is 740 KBq per 37 GBq (or 20 uCi per Ci) of *°Y at the
expiration date, as given in the monograph for *Y-ibritumomab tiuxetan
injection (Zevalin) [2.3]. Hence the radionuclidic purity should be
greater than 99.998%, or *°Sr contamination should be less than
2x107% or 20 ppm. There is a need to modify the above limit, as
patients are likely to receive several hundred millicuries of *°Y labelled
peptides or antibodies during the course of therapy.

Quality control of the eluted *°Y is an important issue. There is a need to
develop an analytical technique that can measure ppm levels of *°Sr in
Y. Both *Sr and Y are beta emitters with overlapping 3~ spectra, and
hence conventional techniques for estimating radionuclidic purity may be
of limited use. For these reasons, there is a need to develop ‘real time’
quality control procedures to estimate the purity of the Y daughter
product prior to clinical use.

188W/138Re generators

The key issues to be addressed in the development of 'W/!*Re

generators included the following:

(a)
(b)

(©)

Development of alumina based column generators using high specific
activity W obtained from one of the two high flux research reactors.
Development of post-elution concentration techniques to allow the
relatively low specific activity '¥W produced in reactors to be used in as
many Member States as possible. A limiting factor in this case is the high
generator elution volumes, which need to be effectively concentrated in
order to increase the specific volume of '*Re.

Development of high capacity adsorbents as an alternative to alumina
based chromatographic adsorbents for generator production.
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2.4. WORK PLAN OF THE CRP

The scientists who participated in the CRP were actively involved in
developing separation techniques for use in generator technologies. At the first
research coordination meeting (RCM), held in Vienna in October 2004, the
most critical production technology issues concerning the therapeutic
radioisotope generators were reviewed. The participants agreed to focus efforts
to develop “Sr/Y generators on the use of ion exchange resins, extraction
chromatography or chelate loaded supported liquid membranes (SLMs). In
the case of W/ Re generators, the work plan included the evaluation of
various generator adsorbents in order to achieve a high load of W on the
generator column, in addition to the development of concentration methods
for ®Re eluates. A major obstacle was found to be the limited availability of
high specific activity and high purity parent radionuclides. The need for high
specific activity W and “°Sr was met by organizing the supply of these
radionuclides through the IAEA. High specific activity W was sourced from
the Russian Federation, and *°Sr was obtained from various commercial
sources.

At the second RCM, held in April 2006 in Milan, the participants
discussed the progress of the investigations carried out according to the initial
work plan. Attempts to develop *°Sr/°Y generators had been undertaken in
several laboratories, with varying results. The issue of possible *’Sr
contamination of the eluate coming from Sr/"Y generators was discussed.
Efforts were aimed at developing technologies for the production of Y
suitable for therapeutic applications. Development of a suitable analytical
technique for ‘real time’ quality control of eluted *’Y was given high priority by
the participants.

Adsorbents based on alumina, hydroxyapatite and various composite
materials, as well as poly zirconium compound (PZC), had been studied by
several of the participants for development of a '¥W/'®¥Re generator. The work
plan for the second part of the CRP for the W/'®Re generator included
further evaluation of adsorbents such as alumina, hydroxyapatite particles, and
PZC and poly titanium compound (PTC), with the goal of using these for
generator fabrication. Further work on developing post-elution concentration
methods was also planned.

At the final RCM, the participants reported substantial progress in
achieving the objectives of the CRP. A summary of the work done in each
participating laboratory is given in Section 2.5. Overall achievements of the
CRP are listed in Section 2.6. Several specific protocols for the preparation of
“Sr/Y and 'W/'%Re generators were developed by the participants. In
addition, an analytical technique based on extraction paper chromatography
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(EPC) was developed for quality control of *Y for therapeutic applications.
Those protocols that are readily adaptable by interested users are given in
Section 3 of this publication.

2.5. SUMMARY OF THE WORK
REPORTED FROM DIFFERENT PARTICIPATING GROUPS

2.5.1. Brazil

The Nuclear and Energy Research Institute (IPEN) of Brazil imports Y
and produces “Y-citrate and *°Y-hydroxyapatite particles as two different
radiopharmaceuticals for radiosynovectomy. Because the price of Y is very
high and its distribution is extremely erratic, a decision was made to produce
PSr/Y generators in-house. A chromatographic generator was developed
using cation exchange resins with activities of up to 5mCi of *°Sr. The
generator is to be scaled up.

Technologies were developed for the preparation of a '®W/%Re
generator with an alumina column as well as a WZr gel. Alumina based
generators with activities of up to 1.85 GBq (50 mCi) of W were successfully
prepared. A quality control procedure was developed to evaluate the purity of
188Re eluted from the generators. HEDP was labelled with ®Re, and the
results were compared with data obtained from commercial generators. IPEN
can now prepare alumina based "*W/'®Re generators for clinical applications
by using imported high specific activity *W.

2.5.2. Cuba

In Cuba, Sr/Y chromatographic generators based on ion exchange
chromatography at activity levels of 300 MBq (8 mCi) and 3.5 GBq (100 nCi)
were evaluated. The elution efficiency and radionuclidic purity of the eluted
Y were followed for several months to two years. It was observed that the
generator shelf life decreased as the generator was scaled up to higher activity
levels. The primary problem was a reduction of elution yields. Implementation
of a weekly elution scheme together with the use of nitrate ions improved the
performance of the higher activity generator.

A purification procedure to decrease the trace metal content in the Y
solution was adapted, which removed trace levels of *°Sr as well. The same
purification procedure was used to estimate the radionuclidic purity of the Y
in the eluants. A complete scheme for the separation, purification and quality
control of the *°Y was proposed for large scale production. The quality control
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procedure, which combines two separation steps, allows the determination of
1uCi (37kBq) of Sr in 1 Ci (37 GBq) of Y solution. Labelling DOTA
conjugated monoclonal antibodies gave radiochemical yields of over 95%,
which confirmed the good quality of the *’Y prepared from the generator.

Three batches of "*W/'®Re generators were prepared and evaluated.
Results of the quality control evaluation of the eluate were satisfactory. High
radiolabelling yields were achieved with bisphosphonate ligands and
monoclonal antibodies. The *Re labelled monoclonal antibodies that were
prepared were used in a clinical trial.

2.5.3. Germany

Germany contributed its expertise in automation to this CRP. A
procedure for the production of sterile chromatographic generators for
therapeutic radionuclides like '®¥Re was developed by modifying the known
procedures for the production of sterile *?Mo/*™Tc generators. Generally, the
requirements for radiation protection of personnel and for use of good
manufacturing practice (GMP) must be taken into consideration. Automation
of these processes contributes to meeting these requirements.

2.5.4. India

Prior to the CRP, a *Sr/*Y generator based on an SLM was developed.
During the CRP, this generator was modified to create a two stage generator in
which a third compartment, containing a membrane loaded with octyl(phenyl)-
N,N-diisobutylcarbamoylmethylphosphine oxide (CMPO), was added, which
acted as a purification step. Using this generator, it was possible to separate
high purity Y [2.4].

A novel Sr/Y generator based on an electrochemical procedure was
developed in which °Y is preferentially electrodeposited on the cathode,
leaving the *°Sr*? in the electrolyte. A second electrolysis yielded high purity
Y in the cathode, which could be dissolved in a very small volume of acetate
solution. Separation yields of over 97% were achieved [2.5].

A sensitive and accurate analytical technique for estimation of the
radionuclidic purity of Y was developed at the Bhabha Atomic Research
Centre (BARC) [2.6]. The so-called BARC method is based on extraction
paper chromatography (EPC). The EPC approach is a combination of solvent
extraction and paper chromatography techniques that enables detection of
1Bq of ®Sr in 1 MBq of Y, which translates into a detection limit of
approximately 10% of *Sr in Y.

10
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Moderate capacity (2.4 GBq (65 mCi) and 0.6 GBq (16 mCi)) W/'%Re
generators were prepared by adsorbing high specific activity W of 217 GBq
(5.86 Ci) per gram of tungsten on alumina. The elution yield of perrhenate was
approximately 80-85%, and the quality of the perrhenate was satisfactory, with
a radiochemical purity of greater than 95% and "W breakthrough of less than
1074%.

Post-elution concentration of '*Re was attempted using three different
approaches. The first method involved elution of perrhenate in acetate buffer
followed by trapping in diethylaminoethyl (DEAE) cellulose and elution in a
small volume of saline, with an efficiency of 73 £ 2%. In the second procedure,
elution of perrhenate was carried out with saline, followed by trapping in a
Dowex anion exchanger and elution in a small volume of 0.2M Nal, and finally
removal of I" with an AgCl column, with an efficiency of 72 £ 12%. The third
procedure involved elution of perrhenate in saline and the removal of Cl” ions
as AgCl precipitation by passing the eluent first through an Alltech IC-Ag*
cation exchanger cartridge and then through a small Sep-Pak Accell Plus OMA
(quaternary methyl amine) anion exchanger cartridge (130 mg) to retain the
perrhenate. The '®ReO; was finally eluted with a very small volume (1 mL) of
normal saline, with an efficiency of 79 + 3%.

2.5.5. Italy

A °Sr/*Y generator system was developed that overcame the problem of
excessive manipulation of the eluate and that was also safe for administration,
with low “°Sr breakthrough. The new design consisted of two cation exchange
columns connected in series. The first column contained the adsorbed “’Sr,
while the second served as a safety column to trap any possible leakage of *°Sr
from the first column. The **Sr was adsorbed on a high cross-linked cation
exchange resin, and the *°Y was eluted with acetate buffer solution. The pH
and molarity of the acetate solution were optimized in order to efficiently elute
the *°Y in low volumes and to avoid the breakthrough of *°Sr. The *°Y acetate
was used for radiolabelling studies.

A new simple and efficient method to detect °Sr breakthrough was
developed based on a strontium resin minicolumn that is commercially
available from Eichrom® Technologies. At low pH levels, this resin possesses a
high affinity for strontium and a very low affinity for yttrium. A satisfactory
quality control technique was developed that enabled the determination of *Sr
at the permissible levels.

11
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2.5.6. Republic of Korea

New ionic liquid type crown ethers (ILCEs) were synthesized and
characterized as a novel medium for liquid-liquid extraction of the radioactive
metal ion *Sr?*. A very efficient method based on modification of the
polyethylene glycol chain length and anions was developed for synthesizing
ILCESs with various physical and chemical characteristics. Novel ILCEs that are
non-toxic, recyclable and economical were synthesized and employed for
efficient extraction of ®Sr. ILCEs have been found to behave like a
multifunctional compound that discriminates metal cations according to ring
size. They are also expected to be used for extraction of other radionuclides or
heavy metals. The ILCEs obtain their selectivity through the ability to fine-
tune and reorganize their crown ether structure and the resulting properties of
the crown by changing their ring size and rigidity, changing their number and
type of donor atoms, appending ionizable groups, and modifying their
lipophilicity.

2.5.7. Mexico

Hydroxyapatite, an insoluble solid with anion exchange properties, was
evaluated as an adsorbent for the preparation of W/'%Re generators.
Sorption studies were performed by batch experiments using the W and
8Re radiotracers. The variabilities of separation between tungsten and
rhenium were calculated by the separation factor o, which showed that
separation is possible using 0.9% NaCl solutions with pH values below 7.
Hydroxyapatite based '3W/'%Re generators were constructed. The ®Re
eluates obtained had phosphate concentrations that exceeded 1000 ppm, and
the radiochemical purities were over 90%. The highest average elution
efficiency was obtained in the generator eluted with 0.9% NaCl solutions at
pH6 (80-70% yield), while the lowest efficiency and highest '**W breakthrough
occurred with 0.9% NaCl solutions at pH6.5 (<0.02% yield).

To optimize the preparation conditions of the alumina based **W/!*Re
generators, the sorption behaviour of tungsten and rhenium on alumina was
studied. The results showed that the alumina generators can be prepared and
eluted with HClI (<0.1 mol/L) and 0.9% NacCl solutions (pH<5.5) using alumina
with a particle size of between 200 and 300 mesh. The adsorption capacity
calculated is 0.34 meq per gram of alumina, that is, 10.5 mg of tungsten per
gram of aluminium. At this ratio, the tungsten sorption is about 99.9% and the
rhenium sorption is about 3%. One alumina based **W/'®Re generator was
prepared, and the radiochemical purity of the **Re eluants was greater than
95%.

12
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Other alternative adsorbents such as titanium and zirconium
188W_tungstate were also studied. The tungstates were synthesized by the sol-
gel method. Titanium '**W-tungstate generators prepared from '*W-tungstate
solution at pH4.5 presented the best 'Re elution efficiency (73%) and the
lowest "W breakthrough (0.3%). The generators gave a '®*Re radiochemical
purity of nearly 100%. The high "W breakthrough in *Re eluates of these
generators required an additional step to reduce the "W contamination to
within permissible limits.

2.5.8. Poland

An in-house technology for the manufacture of Y was developed at
POLATOM prior to the CRP. Since there was a need for a reliable method for
determining trace contamination of *Sr in Y eluates, a quality control
technique based on extraction chromatography using commercially available
strontium specific resins was developed.

A portable '®Re generator was developed using the alumina column and
other elements of the ‘dry bed’ hardware of the ?Mo/*™Tc generator. High
specific activity W (Research Institute of Atomic Reactors (RIAR), Russian
Federation) in the form of tungstic acid was first acidified and then adsorbed on
alumina, and '®Re was eluted as perrhenate with 0.9% NaCl with a
radiochemical purity of over 98.0%, a radionuclidic purity of over 99.9% with
respect to y impurities, and "W breakthrough of less than 0.5 x 10°%. The
radioactive concentration of '®Re was greater than 100 mCi/mL, and no post-
elution concentration was needed. These generators were mechanically and
radiochemically stable for over six months. Dosimetric measurements were
performed to ensure that the radiation dose on the outer surface of the
generator remained within acceptable limits. The additional advantage of the
generators is that they can be connected in series and eluted in one run without
a significant increase of elution volume. This method extends the shelf life of
the generator significantly and makes its use more economical. It is also
possible to concentrate the '*Re eluate, and the appropriate method involving
AgNO;-Dowex and ion exchange QMA minicolumns has been verified to
provide over 90% of available radioactivity in a volume of less than 1 mL. The
quality of the '®Re eluates was tested using labelling of a phosphonate based
(HEDP) radiopharmaceutical for palliative therapy of painful cancer
metastasis to bone and labelling of a bombesin derivative, a potential agent for
prostate cancer treatment.

13
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2.5.9. Russian Federation

In the Russian Federation, a process has been developed to isolate *°Sr
from the high level waste of recently irradiated and reprocessed experimental
samples of nuclear fuel, and an experimental batch of 12 Ci of *Sr has been
successfully isolated from such waste. Mass spectrometric analyses
demonstrated that the specific activity of the product was approximately
74 Ci/g, which is higher than that of commercially available **Sr and can be
used for *’Sr/’Y generator development and/or production.

Tungsten-188 production by neutron irradiation in the SM research
reactor was studied both theoretically and experimentally. A set of nuclear
constants for accurate prediction of "W yield in the SM high flux reactor was
refined. Effects of neutron flux depression and shielding on W specific
activity were studied. An optimized approach to W irradiation based on
experimental data was developed. A procedure for measuring the specific
activity of "W was developed based on gamma spectrometry measurement of
the activity and photocolorimetric measurement of the tungsten concentration
in the sample solution. The radiochemical procedure that was developed for
processing irradiated targets is reliable, reproducible and environmentally safe,
and provides efficient purification from both radioactive and non-radioactive
impurities. The facility for routine production of W (more than 100 Ci/a) was
put into operation in 2007. Fifteen batches of '**W preparation were shipped to
the participating countries to enable their work on 'W/'¥Re generator
development.

A '88Re concentrating procedure was developed based on preliminary
removal of salt components (NaCl) by passage of the eluate through the
Dowex 50 resin in Ag* form followed by sorption of rhenium on the small
column of alumina. Distribution of '®Re between alumina and NaCl solutions
was studied at various salt concentrations and pH levels. It was demonstrated
that the only chemical form of alumina applicable for efficient concentration of
18Re is an acidic one. The dynamic capacity of Dowex 50 in Ag" form with
regard to sodium chloride was evaluated, and the yield and purity of the '**Re
were determined. It was demonstrated that conductivity of eluate from the
desalination column changes dramatically when the column capacity is
exhausted. This effect can be used in the automation of the desalination
process, ensuring efficient sorption of rhenium by the concentrating column.

2.5.10. United States of America

Participation in this project by ORNL included the provision of
technical advice and guidance on the fabrication and set-up of the alumina

14
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based '®W/'%Re generator system and on the use of an effective post-elution
tandem column system for concentration of the '®Re bolus. Because of the
importance of this CRP in providing technical capabilities in developing
countries for the fabrication and use of the alumina based '**W/!%¥Re generator,
ORNLs association with this project led to the completion and introduction of
anew fluid transfer system for the routine processing of reactor produced W
at ORNL as well as for fabrication of the ¥W/!%¥Re generators. In association
with these efforts, a current good manufacturing practice (cGMP) quality
programme was developed for distribution of these generators from ORNL as
a bulk pharmaceutical ingredient.

2.5.11. Vietnam

Adsorbents based on PZC and PTC for the preparation of
chromatographic *™Tc and '®Re generators were synthesized. The chemical
composition, molecular structure and physicochemical characteristics of these
adsorbents were investigated. The adsorption properties of PZC and PTC
sorbents in the different molybdate and tungstate solutions and the daughter
nuclide elution performance were investigated. Molybdenum adsorption
capacities of about 275 mg of molybdenum per gram of PZC and 270 mg of
molydenum per gram of PTC, and a *™Tc elution yield of over 90% were
achieved with both sorbents. Tungsten adsorption capacities of about 520 mg of
tungsten per gram of PZC and 515 mg of tungsten per gram of PTC, and a '**Re
elution yield of over 80% were also achieved with the PZC and PTC sorbents.
The '®Re eluate concentration process was developed by eluting **Re from
the tandem system of SW-PTC alumina columns with saline solutions of
different concentrations. A concentration factor of greater than 6 was achieved
by this technique, which has potential for '¥W/'*Re generator production
using low specific radioactivity W produced in medium flux research
reactors.

2.6. SCIENTIFIC ACHIEVEMENTS OF THE CRP

This section details the important achievements of the CRP.
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2.6.1.  °'Sr”’Y generators
2.6.1.1. Electrochemical generator (the Kamadhenu generator)

A Sr/*Y generator system based on an electrochemical separation
technique was developed in India. The process involves electrolysis of a
mixture of *°Sr and ™Y in nitrate form at pH3 at a potential of —2.5V, using a
100200 mA current and platinum electrodes. The Y is deposited on the
cathode, which is removed and subjected to a second electrolysis in an
electrolysis bath containing 3mM HNO; and another platinum electrode. In
this step, the cathode from the first electrolysis containing Y is used as the
anode. Upon electrolysis, °Y is leached and deposited on the fresh cathode,
which is removed and dipped in acetate buffer to obtain *°Y acetate, a form
suitable for radiolabelling. Recovery of over 95% of the *’Y was achieved in
each cycle, with an overall decay corrected yield of over 90%. The recovered
“Y had a high radionuclidic purity, with only 30.2 + 15.2 kBq (817 = 411 nCi) of
“Sr per 37 GBq (1 Ci) of Y (0.817 + 0.411 ppm). Consistent and repeated
separation was demonstrated using up to 1.85 GBq (50 mCi) of *Sr.

The electrochemical generator offers several advantages including the
use of feed solution for electrolysis without further modification beyond pH
adjustment. There is an insignificant loss of ’Sr activity during the
electrochemical processing. Minimal amounts of chemicals are used during the
whole process, and hence there is very little possibility of the introduction of
metal contamination. Because the generator can be ‘milked’ virtually
indefinitely, it was named ‘Kamadhenu’.

2.6.1.2. Two stage SLM based ™Y generator

The SLM approach utilizes a polytetrafluoroethylene (PTFE) membrane
impregnated with a suitable extractant and can be employed for separation of a
desired chemical species from a mixture. This approach has been successfully
demonstrated in the preparation of a *°Sr/’’Y generator. Expanding on this
work, a two stage SLM based *’Sr/*’Y generator system was developed, using
two different organophosphorous extractants, namely, 2-ethylhexyl
2-ethylhexyl = phosphonic acid (KSM-17) and  octyl(phenyl)-N,N-
diisobutylcarbamoylmethylphosphine oxide (CMPO). The separation is
achieved through the pH dependent preferential transport of the Y** in the
YSr/*Y mixture from one chamber to another.

The two stage SLM based generator consists of three compartments,
which are separated by PTFE membranes (160 um thick, 0.45um pores)
incorporated with KSM-17 in the first membrane and CMPO in the second
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membrane. The *Sr/*’Y mixture in HNO, at pH1-2 is placed in the first
chamber, the second chamber contains 4M HNO, and the third chamber
contains 1M acetic acid. The Y is transported to the third chamber, leaving
“Sr in the first chamber.

The major attributes of this generator are:

(a) The high purity of Y*? (<3.7 kBq of *°Sr in 3.7 GBq of *’Y) that results
at the end of the separation, with yields of over 80%;

(b) The availability of *°Y in the form of yttrium acetate, which is amenable
to radiolabelling of biomolecules;

(c) The possibility of automation of the system, which could result in wider
deployment and large scale operations.

2.6.1.3. Ion exchange based generator

A P°Sr/*Y generator system based on an ion chromatography separation
technique was evaluated over several years in Cuba. This system uses Dowex
S50WX8 (50-100 mesh) resin in Na* form as the matrix and a diluted solution of
ethylenediaminetetraacetic acid (EDTA) disodium salt at pH4.7 to elute *°Y. In
this method, the *°Sr is kept in EDTA solution in a vial for °Y in-growth.
Before separation, the EDTA concentration is adjusted to 3-6 mmol/L by
addition of fresh EDTA and the pH is adjusted to 4.5-6. The solution is passed
through a column containing the cationic ion exchange resin in sodium form.
Under these conditions, *Sr is retained on the column with a decontamination
factor of 10* while *°Y passes through the column. The *Sr is easily removed
from the column in a small volume of diluted EDTA solution at pH11-13.
Depending on the amount of *°Sr/’Y required, one or more columns can be
connected in series. EDTA is removed from the *’Y solution by wet ashing, and
PY is then recovered in a small volume of 0.02-0.05 mol/L. HCI. The method
was tested for 100 mCi of *°Sr solution at *’Y in-growth times of 1 day, 1 week
and 1 month. Results showed that consistent and repeated separation can be
achieved, and that the columns can be used at least three times because the
radiation damage is negligible. Recovery of *’Y from each column was greater
than 98% and the loss of *°Sr in the first column was less than 0.05%. The
recovered “Sr solution did not require treatment before its use in the next
separation.

2.6.1.4. Quality control of Y

Yttrium-90 used for therapy should be of very high radionuclidic purity
(>99.998%), as the most probable contaminant, *°Sr, is a bone seeker with a
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MPBB of only 74 kBq (2 uCi). None of the current methods for estimating
radionuclidic purity is adequate to reliably measure “°Sr radionuclidic
impurities at such low levels. One of the major aims of the CRP was to develop
a reliable technique to accurately determine the amount of *Sr in *°Y used for
therapy. Participants in the CRP were successful in developing techniques for
estimating the radionuclidic purity of *’Y. These are discussed in the following.

2.6.1.5. Estimation of the radionuclidic purity of ’Y
using extraction chromatography

The method for estimating the radionuclidic purity of *’Y using extraction
chromatography is based on a minicolumn containing Sr Resin (Eichrom®
Technologies), a commercially available strontium specific resin that possesses
high affinity for strontium and very low affinity for yttrium at low pH levels. In
the present method, a home-made column (1 cm x 5 cm) loaded with 4 mL of
Sr Resin was used. This allowed pure Y to be obtained in the first fractions
eluted with 8M HNO; and pure *Sr to be obtained in the last fractions eluted
with 0.01M HNO,. The modified procedure allows the estimation of *°Sr in *Y
at permissible levels.

2.6.1.6. BARC method for estimation of the radionuclidic purity of Y

The BARC method for estimating the radionuclidic purity of Y
combines chelate based extraction with paper chromatography using paper
impregnated with KSM-17, which is a Y specific chelator. A paper
chromatography strip impregnated with KSM-17 at the point of spotting is used
for chromatography. Upon development with normal saline, *°Sr moves to the
solvent front, leaving *’Y completely chelated and retained at the point of
spotting. The activity at the solvent front (*°Sr) is quantified by liquid
scintillation counting, and the data are compared with the total applied activity
to provide the radionuclidic purity of the test solution. The method has a
sensitivity of at least 74 kBq (2 uCi) of *Sr per 37 GBq (1 Ci) of *°Y.

2.6.2. '8W/'Re generators
2.6.2.1. Production and radiochemical processing of "W
The W needed by CRP participants was produced in the SM reactor in

Dimitrovgrad, Russian Federation. Tungsten-188 is produced by double

neutron capture of ¥*W. The natural abundance of *W is 28.6%. A minimum

thermal neutron flux greater than 5 x 10" n-cm™-s7! is essential to produce W
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in adequate quantities and of reasonable specific activity. By using isotopically
enriched %W as the target, the specific activity of *W is augmented. The use
of an enriched target is also important for avoiding the high radiation field
contributed by other radioactive isotopes of tungsten (primarily #1¥7W),
Otherwise, a thicker shielding will be needed for the transport of "W to the
generator loading facilities and/or for the generator itself. A specific activity of
4-5 Ci/g (at delivery) is obtained by using an enriched target and following an
irradiation cycle of about 20-24 d. With a shutdown between cycles, the specific
activity decreases, since the intermediate '*’W radionuclide has a short half-life
of only 23.8 h, and hence is not available for further reaction. Irradiation cycles
of 28-30 d provided an increase of specific activity of up to 8-8.5 Ci/g (at
delivery), but increased the burnup of target material to 40-45%. Longer
irradiation led to higher burnup and to a specific activity of only 5-6 Ci/g (at
delivery).

Tungsten oxide or metal tungsten (granular/powder, or pressed/sintered)
enriched with 18W is commonly used as a target material. The final product is
typically supplied for generator loading as sodium tungstate solution. Sodium
tungstate is produced by dissolving tungsten oxide in sodium hydroxide
solution with moderate heating. This procedure is not difficult if WO; is
irradiated in neutron fluxes of low or moderate intensity (10°~10' cm™2-s71).
When irradiated in a high flux reactor, part of the tungsten oxide turns into a
barely soluble, black fraction. The quantity of this phase correlates with the
integral neutron flux and can reach 30-50% of the target weight. The
processing procedure used in this case was developed at RIAR and is based on
dissolution of the irradiated target in sodium hydroxide in the presence of
sodium hypochlorite with heating. The *!Os impurity formed is removed at this
stage by distillation. To ensure that the process is safe for the environment,
I0s can be trapped by scrubbers filled with a solution of thiourea in
concentrated hydrochloric acid and sodium hydroxide solution in ethanol.

Owing to the high burnup of W to rhenium, the purification procedure
is supplemented by removal of rhenium using anion exchange with the
Dowex 1 resin in NOj form. During dissolution of the irradiated material, it is
contaminated with a silica impurity. To purify the solution, anion exchange
chromatography with Dowex 1 resin in CI” form is used to remove the silica.
Additionally, some anionic impurities — products of the destruction of the
oxidizing agent (chloride, chlorate and perchlorate ions, etc.) — as well as a
number of other impurities of a cationic nature that commonly contaminate the
product are also removed from the solution.

At the final stage of purification, the solution is desalinated, that is, excess
sodium is removed by passing the solution through the Dowex 50 cation
exchanger. To avoid tungsten precipitation at this stage, it is converted to
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pertungstic acid by adding hydrogen peroxide. Following purification, the
resulting solution of pertungstic acid is evaporated to dryness. The residue of
tungstic acid is dissolved in the required quantity (close to the stoichiometric
ratio) of sodium hydroxide.

If metallic granular/powder or pressed/sintered enriched "**W targets are
used, as at ORNL, the irradiated target material is first heated to 750-800°C in
a quartz furnace while an air stream is passed over the target material for
conversion to tungsten oxide for subsequent solution in base. In this case, a
substantial amount of the Os™! radionuclidic impurity is also swept away from
the target for subsequent trapping in the base. At ORNL, the resulting sodium
tungstate stock solution is not purified further, since the possible presence of
low amounts of '!Os or '’Ir in the '®*Re solution used for radiopharmaceutical
preparation is inconsequential.

2.6.2.2. Preparation of alumina based '*W/'®Re generators

Participants in the CRP worked on an alumina based generator similar to
the ?Mo/*™Tc generators. Alumina should be carefully meshed; the preferred
particle size is 150-200 mesh. Heating of alumina at temperatures between 80
and 100°C for at least 4 h is also recommended. Before it is poured onto the
column, the alumina should be thoroughly washed to remove all fines with
diluted acid solution to activate the adsorption sites as much as possible prior
to loading the '8W.

The experimentally determined capacity of alumina for tungsten is in the
range of 150-200 mg of tungsten per gram of Al,O; in the batch method.
However, when working in dynamic conditions, as during loading, this figure
can be as low as 80-100 mg of tungsten per gram of Al,O;. These data are
important for calculating the minimum amount of alumina needed to
prepare the generator for a given specific activity of "W. Elution yields of
18ReO); varied between 70 and 95%. The radiochemical purity of '®Re
(as perrhenate) was greater than 98%, the W breakthrough was less than
0.5 x 10%, and the levels of contamination with tungsten and aluminium were
below 10 ppm as verified by inductively coupled plasma optical emission
spectometry (ICP-OES). Labelling of molecules such as HEDP and
bombesin with "Re was also performed, which confirmed the utility of the
final '®Re-perrhenate solution obtained from the alumina type generators.

The results of these studies showed that, using high specific activity W
and the standard alumina column, it is possible to produce a stable *W/!*Re
generator providing '®*Re eluate suitable for medical purposes.
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2.6.2.3. Higher capacity adsorbents

Inorganic polymer sorbents: The PZC and PTC based sorbents for the
preparation of chromatographic *W/!®Re generators were synthesized by
some of the participants. The chemical composition, molecular structure and
physicochemical characteristics of these sorbents were studied.

The optimal conditions for "**W-tungstate adsorption and for the elution
of ¥Re were investigated. Adsorption capacities of up to 520 mg of tungsten
per gram of PZC and 515 mg of tungsten per gram of PTC were reported.
Elution yields greater than 80% were achieved with both the PZC and the PTC
sorbents. Tungsten-188 breakthrough of 0.015% and elemental tungsten
breakthrough of less than 5 pg/mL were found in the 'Re eluate. The
performance of the PTC sorbent closely resembled that of the PZC sorbent,
except that the breakthrough of W parent radionuclides was higher. The
PTC column required a smaller volume of saline to elute '**Re.

2.6.2.4. Gel type generators

Sol-gel method: Titanium and zirconium '*W-tungstate gel generators
were developed. The gels were prepared using the sol-gel method, which took
about 3 h. The titanium and zirconium tungstate gels were synthesized from
tetrabutyl orthotitanate and zirconium ethoxide solutions and sodium
18W_tungstate solutions, respectively. The effect of the pH value of the
188W._tungstate solution on generator performance was evaluated, as tungstate
forms different chemical species depending on the acidity of the solution, and
thus the gels formed from tungstate solution at different pH levels will
constitute distinct structures with specific physicochemical properties. The use
of acid or basic 'W-tungstate solutions in the preparation of the gel
generators reduces the !®Re elution efficiency and increases 'SW
breakthrough. The best '®Re elution efficiency values (73%) were obtained
with titanium '®W-tungstate generators prepared from *W-tungstate
solution at pH4.5. The lowest W breakthrough percentages (0.3%) were
obtained with the zirconium '¥W-tungstate generators prepared from '%¥W-
tungstate solution at pH4.5. The '®Re radiochemical purity obtained in both
types of generator approaches 100%, the pH level of eluates is about 4-7 and
the elution volume is around 2-3 mL. The generator with the best
performance was prepared from zirconium **W-tungstate; however, the %W
breakthrough was always greater than 0.015%. There is a need to improve the
performance of these generators.

Precipitation method: Tungsten trioxide was dissolved with 2M NaOH
and tracer "W was added. The pH was adjusted to 4 with 2M HNO,. A
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solution of ZrOCl,.8H,0 (pH1.5) was added with heating at 50°C and stirring.
The pH was adjusted to 4.5 with 2M NaOH solution. After the reaction, the gel
was filtered, dried, cracked with saline solution and dried again. The dry gel
was loaded onto a column previously loaded with 1 g of Al,O;. The generator
was then eluted with known volumes of saline solution.

The WZr gel was characterized for structure by X ray diffraction with
CuK alpha radiation; the particle size was determined by using a sieve
distribution apparatus; and the tungsten and zirconium contents were
estimated by neutron activation analysis and by UV visible spectrometry. X ray
diffraction studies showed that the WZr gel is in an amorphous form. The
particle size distribution was appropriate to give good performance of the gel
type generators, with most of the particles in the range of 150-300 um. The
amount of tungsten and zirconium in the gel was 37% and 43 %, respectively.

The performance of the WZr gel generators was good, with elution
efficiency greater than 65% and elution yield greater than 80% in 6 mL. The
results of the quality control studies showed that the ®*Re eluted is of good
quality.

2.6.2.5. Post-elution concentration of "**Re

The availability of methods for post-elution concentration of **Re to
high specific volume solutions of '®Re is important for the effective and
routine use of "W/'®Re generators. Freshly fabricated generators give
adequate radioactive concentration and can be directly used for the
preparation of radiopharmaceuticals. Several participants worked on '®*Re
concentration systems, which are discussed below.

ORNL method for '*Re concentration: The ORNL 8 Re concentration
system is based on the sequential trapping of the macroscopic levels of the
chloride anion on a silver impregnated cation column. Since chloride has been
effectively removed from the solution exiting the cation column, the
microscopic levels of the perrhenate can then be specifically trapped on the
QMA anion column and, after washing with water, be removed in a small
volume of saline. The volume of saline required, and thus the final volume that
determines the 'Re solution specific volume, is a function of the QMA
column void volume. Although the silver cation and QMA anion columns are
commercially available, the limitations of the milliequivalents of silver on the
cation column (1.5-4.5 meq) may limit the chloride trapping capacity (i.e.
10 mL of 0.15M NaCl per 1.5 meq of Ag*). Simple in-house preparation of the
silver cation columns (see Section 3.5) provides more flexibility and reduces
costs.
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Other concentration systems: In addition to the ORNL procedure
discussed above, several other ®Re concentration systems were developed and
tested by the CRP participants. Results are presented in more detail in the
individual country reports included in this publication.

One of the systems developed for an alumina based generator using
saline as an eluent is based on a two stage purification process involving the
removal of chloride ions by adsorption on a cation exchange resin in a silver
form, followed by adsorption of ®Re on an alumina column or an anion
exchange resin. The first stage uses AG-50W-X1 or Chelex-100 cation
exchange resins. Rhenium, forming anionic species in the solution, passes
through the column, while cationic species of alkali metals (Na*) are retained
by the resin. The rhenium elution profile for the cation exchange column is
nearly identical to that for the alumina column. A feature of the process is a
change in the pH of the final eluent. At the second stage, the chloride free
eluate is passed through the small anion exchange column, providing isolation
of ®Re from the solution. Washing the column with normal saline provides
sodium perrhenate solution with high activity, which can be used for
radiolabelling procedures.

In an alternative approach developed in the Russian Federation, the
chloride free eluate from the first column is passed through a small alumina
column. Under salt free conditions, alumina adsorbs rhenium efficiently. The
188Re is then eluted from the second column with a small volume of saline.

Similarly, the 'Re eluate of a gel type generator (e.g. zirconium-
tungstate gel), which is an aqueous solution, can be adsorbed on a small
alumina column and eluted with saline. In the procedure developed in India,
188Re is eluted from the generator with a solution of ammonium acetate, which
is then trapped in a small anion exchange column of DEAE cellulose.

Columns used in the concentration systems are available from
commercial sources (e.g. Analtech Ag Plus silver containing cation exchange
cartridges, Alltech IC-Ag" anion exchange cartridges, Waters Sep-Pak Accell
Plus OMA anion exchange cartridges, Millipore Sep-Pak QMA cartridges, or
Waters Sep-Pak AccellW Light QMA cartridges). After each application, these
columns should be disposed of and replaced with new ones, which is a
drawback. The column required for the two column system based on silver
cation exchange resin and alumina can be prepared in-house.
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COOPERATION AMONG PARTICIPANTS

During the course of the CRP, there was fruitful collaboration and

cooperation among the participating laboratories. Examples include the
following:

(a)

(b)

(©)

(d)

(e)

()

(e)
(h)

(i)

2.8.

The chief scientific investigator from Brazil participated in a six month
scientific visit to ORNL (USA) for the development of a '**Re generator
technology and other projects.

Cooperation was established between the Russian Federation and Brazil
through an intergovernmental programme in the field of radionuclide
production and application, allowing for sharing of experience among
corresponding participants in generator technology development.

Poland and Germany began sharing experience concerning practical
aspects of 5W/!88Re generator handling. The two countries also share an
approach to the automation of generator production.

The chief scientific investigator from Mexico worked at ORNL as a guest
researcher, investigating the adsorption capacity of hydroxyapatite for
8Re under bilateral collaboration between Mexico and the USA
(FUMEC-AMC).

Italy provided technical assistance to Cuba for the development of a
PSr/*Y generator.

One of the staff members from Vietnam was trained in Italy in the
preparation of Sr/”Y generators.

Techne Generator Inc. of Japan provided PZC to Brazil, India and
Mexico for use in the preparation of high capacity generators.

The Russian Federation supplied 14 batches of W (3.2 Ci) to Brazil,
Cuba, India, Indonesia, Republic of Korea, Mexico and Poland through
the IAEA.

Poland supplied *Sr to Brazil, Cuba and Italy, supported by the IAEA, to
help continue this research within the CRP.

CONCLUSION

The objectives of the CRP were to evaluate various generator and

concentration technologies for *Sr/*’Y and "*¥W/'®Re generators, to optimize
generator fabrication and use, to standardize quality control techniques for the
eluted radionuclides and to provide standardized procedures to participating
laboratories.
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Extraction chromatography using ion exchange resins, lanthanide
selective resins (Eichrom), the SLM separation technique and electrochemical
separation were successfully evaluated for separation of Y from *’Sr. Several
technologies developed within the CRP can be used for the preparation of *Y
suitable for radionuclide therapy. The need for a ‘real time’ quality control
assay to estimate the radionuclidic purity of Y was met by developing reliable
analytical techniques. The BARC method for estimating the radionuclidic
purity of *°Y based on EPC is a significant achievement of the CRP owing to its
novelty, simplicity and suitability for routine application in nuclear medicine
departments [2.6].

The CRP succeeded in developing a protocol for the preparation of a
185W/!1%Re generator with high specific activity "W (>3 Ci/g) using the existing
hardware of the ®Mo/*™Tc generator. The procedure can be adapted by
Member States for generator production.

Adsorbents such as hydroxyapatite, PZC and PTC were studied for
adsorption of W in order to increase the radioactive concentration of eluted
88Re. Post-elution concentration techniques were also developed by the
participants to increase the specific volume of '*Re. These technologies can be
adapted for the preparation of '¥Re for radiopharmaceutical production. In
conclusion, the CRP succeeded in achieving all the objectives set out at the
onset of the project.
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PROTOCOLS DEVELOPED UNDER THE CRP

3.1. SUPPORTED LIQUID MEMBRANE BASED *Sr/*Y
GENERATOR!

3.1.1. Introduction

Supported liquid membrane separation is based on selective extraction of
a species from a mixture using a specific ligand held as a solution in an organic
solvent within the pores of a semipermeable membrane. The membrane
separates a cell into two chambers, one for holding the mixture of species and
the other for collecting the pure species of interest. Supported liquid
membrane based generators were conceptualized for separation of °Y from a
mixture of Sr and *°Y [3.1-3.3]. Two ligands, namely KSM-17 and CMPO, are
used in the construction of the generators. KSM-17 is used to preferentially
extract *°Y from a solution at pH1-2 to a solution of higher acidity; CMPO is
used for extracting *°Y from a highly acidic solution (3-4M HNO,) to a solution
of much lower acidity (IM CH,COOH).

3.1.2. Materials

A high quality quartz glass device with two or three 5 mL chambers (for a
single stage and a two stage generator, respectively), and with the provision for
insertion of a PTFE membrane between the chambers, was fabricated locally.
The PTFE membrane (thickness: 160 um; porosity: ~84%; average pore
diameter: 0.45 um) was procured from Sartorius AG, Germany. The effective
area of the membrane was approximately 1.13 cm?. KSM-17 and CMPO were
synthesized as per a previously reported procedure [3.4, 3.5]. The KSM-17
reagent is equivalent to the commercially available reagent PC88A from
Daihachi Chemicals Industry Co. Ltd., Japan.

Strontium-90 (in equilibrium with *°Y) as strontium nitrate adjusted to
pH1-2 was used as the stock solution.

' Contribution from the Bhabha Atomic Research Centre, India.
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3.1.3. Methods
3.1.3.1. Single stage SLM generator

In this system, the generator consists of two chambers (a feed and a
receiver chamber), each with a capacity of 5 mL. The schematic diagram of the
single stage SLM generator employing KSM-17 is shown in Fig. 3.1.

The PTFE membrane is impregnated with KSM-17 by immersion in
undiluted KSM-17 for about 12 h prior to use. The membrane is removed from
the KSM-17 solution, washed with deionized water and then inserted between
the feed and receiver chambers. The feed chamber contains an equilibrium
mixture of *Sr and *°Y adjusted to pH1-2, and 5 mL of 1M HCl is taken in the
receiver chamber. The solution in both chambers is stirred with the help of
small PTFE coated magnetic stirrers. The system is operated for about 4 h, and
the *°Y solution transported into the receiver chamber is withdrawn with a
syringe for use.

Typically, 40-50% of the *Y present in the mixture is transported to the
receiver chamber within 4 h. If the system is operated for longer, the yields are
better, but the chances of **Sr contamination of the product also become
higher.

3.1.3.2. Two stage SLM generator

Although the single stage SLM generator could provide *Y of the
required purity, the yield of *’Y is low at 40-50% in 4 h. The yield increases
(>80%) when the acidity of the feed is decreased (>pH3) and that of the
receiver phase is increased (=23M). But these acidity conditions also result in
“Sr contamination of the eluted *"Y product. To overcome these limitations, a
two stage SLM generator was conceived [3.3].

KSM-17 supported
PTFE membrane

Receiver chamber
N : Y in 1M HCI/HNO,

Feed chamber

©8r/®Y at pH1-2, HNO, medium

Stirring
bars

FIG. 3.1. Single stage SLM generator system.
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The two stage SLM generator system was designed based on the solvent
extraction properties of KSM-17 and CMPO under different acidity conditions.
In this system, the generator consists of three 5 mL chambers (feed, inter-
mediate and receiver chambers). A PTFE membrane impregnated with
KSM-17 is prepared as described previously. Another PTFE membrane with
CMPO is prepared by immersing it in 0.8M CMPO in n-dodecane for about
12 h prior to use. The schematic diagram of the cell is shown in Fig. 3.2.

The PTFE membrane containing KSM-17 is inserted between the feed
and intermediate chambers, and the PTFE membrane with CMPO is inserted
between the intermediate and receiver chambers. Five millilitres of the mixture
of *Sr (in equilibrium with *°Y) as nitrate adjusted to pH1-2 is placed in the
feed chamber; 5 mL of 4M HNO; is placed in the intermediate chamber; and
SmL of 1M CH;COOH is placed in the receiver chamber. The system is
operated for about 10 h with continuous stirring, and the *°Y solution
transported into the receiver chamber is available as *°Y acetate for use.

Figure 3.3 depicts the transport of activity in the two stage SLM generator
system. The activity in the feed, intermediate and receiver chambers, as a
percentage of the total activity, is plotted versus time. Typically, about 85% of
the Y is transported to the final receiver chamber in 10 h.

3.1.4.  Quality control of 'Y
The purity of *°Y was assayed by the radiometric method. The 8~ activity

of the product was estimated as a function of time. The initial 3~ activity on the
planchette, about 10° counts/min, was found to decay to the background

KSM-17 supported CMPO supported
PTFE membrane PTFE membrane
Intermediate
chamber
Feed chamber M I-||NO Receiver chamber
3
iR

08r/0Y at pH2,

HNO, medium Y in 1M CH,COCH

-—
T
Stirring
bars

FIG. 3.2. Schematic diagram of a two stage SLM generator.
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FIG. 3.3. Separation of ™Y using the two stage SLM based *’Sr/*°Y generator.

activity after about 26 d. The half-life of the product was estimated to be
approximately 64 h, confirming the absence of *°Sr in the product.

An EPC method was used to estimate the **Sr content in the eluted Y
[3.6]. The *°Sr detected in the product of the SLM based generator was found to
be within permissible limits.

3.2. ELECTROCHEMICAL *Sr/*Y GENERATOR!
3.2.1. Introduction

For use in targeted therapy, the *°Y should be of high specific activity and
very high radionuclidic purity (>99.998%). An electrochemical *Sr/*Y
generator system was developed for the preparation of high specific activity Y
[3.7]. The system is based on the reports by Reischl et al. [3.8] and Yoo et al.
[3.9] on the isolation of pure %Y in usable quantities greater than 3.7 GBq
(>100 mCi) from milligram quantities (50-150 mg) of enriched *Sr using an
electrochemical method. Details of the generator set-up are given below.

I Contribution from the Bhabha Atomic Research Centre, India.
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3.2.2. Materials

Strontium-90 in equilibrium with *’Y in 2M HNO; was used for the
electrochemical studies. The high purity platinum metal plates used were
procured from Hindustan Platinum Ltd, Mumbai. A potentiostat unit with
100 V compliance, a maximum current of 2 A, 1.2 nA current resolution and
over 10" Q input impedance, less than 5 pF capacitance, and a 10 uHz-1 MHz
built-in analyser for impedance was also used.

3.2.3. Methods
3.2.3.1. Electrochemical set-up

An open end quartz cylinder (50 mL capacity) fitted with an acrylic cap is
used as the electrochemical cell. The electrodes are fabricated by spot welding
platinum plates (75 mm x 10 mm x 0.5 mm) to a platinum rod. The electrodes
are then fitted 5 mm apart on the acrylic cap, which, along with the electrodes,
is fitted on the mouth of the quartz cylinder. The acrylic cap is used to raise and
lower the electrodes. Provision for passing gas through an acrylic tube is made.
An outlet (~2.5mm) is provided in the acrylic cap for venting the gases.
Figure 3.4 shows the electrochemical set-up.

Potentiostat

Inert gas
DC |:‘>ower bubbling
1

Homch
7 WA
K// / v d
Vent
o] 1l SCE reference
. ru=aiig electrode
Platinum ool
CICHENAT il
P ,Zj’ L 7 Platinum
vl | plate
Parent-daughter | ’CO),‘;, - P
electrolyte N S
o ] Argon gas
c:r%mzf = PN cylinder
Magnetic
stirrer

FIG. 3.4. Schematic diagram of the electrolysis cell used for the *’St/*Y generator.
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3.2.3.2. First electrolysis

Strontium-90 as *°Sr(NO;),in 2M HNO; is used. The solution (1.85 GBq
(50 mCi)) is placed in a 50 mL beaker and evaporated to dryness; it is then
dissolved in 30 mL of 0.00lM HNO; and transferred to the quartz electro-
chemical cell. The pH is adjusted to 2.5-3.0 using 3% ammonium hydroxide.
The electrolysis cell is then covered with the acrylic cap together with the
two platinum electrodes. Argon gas is gently bubbled through the solution for
10-15 min prior to applying current, and the electrolysis is performed potentio-
statically at —2.5 V with respect to a saturated calomel electrode (SCE) for
90 min. At the end of the initial electrolysis, the acrylic cap and the electrodes
are removed from the cell while the current is maintained. After the current is
switched off, the cathode plate is removed from the acrylic cell and washed with
10 mL of acetone. After washing, the electrode is fitted to another acrylic cap,
to which a cylindrical platinum electrode (2.5 mm (diameter) x 75 mm X
0.5 mm) is attached.

3.2.3.3. Second electrolysis (purification step)

A fresh quartz cell is filled with 30 mL of 0.003M nitric acid (pH2.5-3).
The acrylic cap containing the electrodes is fitted to the quartz cell, and argon
gas is bubbled through the solution for 10-15 min. The cylindrical electrode is
connected as the cathode, and the original platinum plate containing Y is
connected as the anode. Electrolysis is performed for 45 min with a constant
potential of 2.5 V and a 100 mA current, with argon gas continuously bubbled
through the solution. At the end of electrolysis, the acrylic cap is removed from
the solution while the voltage is maintained. The cylindrical platinum electrode
with the deposited Y is washed with 10 mL of acetone, followed by leaching
of Y with 500 uL of acetate buffer at pH4.75.

After use, the electrodes are washed with 3M HNO; and made ready for
subsequent experiments. The feed solution in the first electrolytic cell is also
preserved, since it retains most of the *°Sr activity. The *°Sr solution is allowed
to stand for growth of *’Y and is then used for further electrolysis at pH2.5-3.0.
The activities of the electrolyte in the second cell as well as the acetone wash
solution are then transferred into a waste container.

Yields of 97-98% of Y deposition have been observed after the initial
electrolysis step, as well as after the second electrolysis step.
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3.24. Quality control of 'Y

The BARC method for estimating the radionuclidic purity of *°Y is used
to estimate the *°Sr in the eluted *’Y [3.6]. Estimation of the amount of *’Sr by
this method gave values of approximately 30.2 + 15.2 kBq (817 + 411 nCi) of
YSr per 37 TBq (1 Ci) of Y (0.817 + 0.411 ppm) for different batches. The *°Sr
levels observed are very low and within acceptable limits.

3.2.5. Conclusion

The electrochemical separation procedure described above has been
successfully demonstrated for separation of *’Y from *Sr with high radio-
chemical yield and purity. An electrochemical *’Sr/*’Y generator such as this
has very low operational costs and can provide a continuous supply of *Y
suitable for therapeutic applications.

3.3. BARC METHOD FOR ESTIMATING THE RADIONUCLIDIC
PURITY OF Y BY EXTRACTION PAPER CHROMATOGRAPHY!

3.3.1. Introduction

Yttrium-90 based therapeutic radiopharmaceuticals are widely used for
cancer treatment and for therapy of other diseases such as rheumatoid arthritis.
An important condition for the use of *Y eluate obtained from *°Sr/’Y
generators is that it should be devoid of any *°Sr, since this long lived radioi-
sotope (~28.8 a) accumulates in bone. The MPBB of *Sr is only 74 kBq (2 uCi)
[3.10]. The *°Sr impurity level in *’Y is quoted by the manufacturers as being
740 or fewer kBq (20.0 uCi) of *Sr per 37 GBq (1 Ci) of Y [3.11, 3.12]. To
measure this level of purity, the ability to detect 20 or fewer disintegrations per
minute (dpm) of *°Sr in one million dpm of Y is required.

The BARC method for estimating the radionuclidic purity of *°Y is based
on the EPC technique [3.7]. EPC is a combination of solvent extraction and
paper chromatography techniques. A chromatography paper impregnated with
a Y specific chelate, KSM-17, at the point of application is used as the support
for chromatography. Owing to its selective retention by KSM-17, Y** remains
at the point of spotting while Sr*? moves with the solvent front. The activity at

I Contribution from the Bhabha Atomic Research Centre, India.
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the solvent front is estimated in a liquid scintillation counter and compared
with the total spotted activity.

3.3.2. Materials

The KSM-17 used in these studies was synthesized at BARC [3.4]. The
commercially available reagent equivalent to KSM-17 is PC88A (Daihachi
Chemical Industry Co. Ltd., Japan). The scintillation cocktail was prepared
from 900 mL of dioxane, 100 g of naphthalene and 1.2 g of PPO (2,5-diphenyl
oxazole). Paper chromatography strips from Whatman (UK) were used for the
assay.

3.3.3. Methods

The EPC technique is performed as described in the following.

Step 1. Preparation of test solution: A ‘test solution’ of 100 uL of Y
acetate with a radioactive concentration of 37 MBg/mL (1.0 mCi/mL) is
prepared by dilution of the bulk solution with 0.5M ammonium acetate.

Step 2. Preparation of EPC paper: Whatman 1 chromatography paper
(12cm x 1 cm) marked in 1 cm segments is used, with 10 uL. of KSM-17
applied between the second and third segments, after which the paper is
allowed to air dry.

Step 3. Extraction paper chromatography: A 5L sample of the test
solution prepared in step 1 is applied to the KSM-17 spot on the EPC paper and
allowed to air dry. The EPC is then developed in an ascending manner using
0.9% saline as the developing solvent. After the solvent has moved to the top,
the paper is removed and cut into 1 cm segments, and three segments of the
solvent front are inserted in a liquid scintillation vial containing 10 mL of the
scintillation cocktail. The paper should be segmented beginning at the solvent
front and moving backwards. As the activity at the point of spotting is very high,
contamination of the scissors due to contact with this activity may increase the
activity of the subsequent strips. The samples are counted for 60 min. The
counting must be done immediately (within a couple of hours after completion
of the experiment), since the counts in the *Sr fraction will continue to increase
during storage owing to growth of *°Y. For example, Y grows to 2% of its
maximum value in 2 h, to approximately 23% in 1 d and to approximately 40%
in 2 d. Therefore, the amount of *°Sr will be overestimated if there is a time lag
between the development of the paper strip and the sample counting.

Step 4. Calculation of results: In this case, the test solution contained
37 MBg/mL (1.0 mCi/mL), and thus the original activity used in the EPC was
1.85 x 10°Bq (5 uCi). Using the efficiency of the counter, the activity at the
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solvent front of the paper strip is calculated. The percentage of radionuclidic
impurity is then calculated from the above results. For example, 6000 counts
obtained in the solvent front for a 60 min counting corresponds to 100 counts/
min; if the efficiency of the counter is 90%, the activity is 111 dpm or 1.85 Bq.
The radionuclidic impurity in this case is 0.001 %, and the radionuclidic purity
of the product is 99.999%. The solution thus contains 370 kBq (10 uCi) of *°Sr
in 37 GBq (1 Ci) of Y.

Step 5. Setting the °°Sr impurity limit for the °°Y eluate: The *°Sr
impurity limit quoted by most commercial manufacturers is 740 kBq (20 nCi)
of “Sr per 37 GBq (1 Ci) of Y, which corresponds to 3.7 Bq or 222 dpm of *Sr
per 185 kBq (5 uCi) of the spotted solution. Hence, <222 dpm in the solvent
front corresponds to a **Sr contamination of <740 kBq (20 uCi) per 37 GBq
(1 Ci) of ®Y. The product is then consistent with the manufacturer specifica-
tions. If necessary, lower cut-off limits can also be set, based on the above
method.

Step 6. Validation of the technique: This is an optional step to be
followed for validation of the EPC technique. A 5pL aliquot of the test
solution is dispensed into a liquid scintillation vial. The vial is marked with the
batch number and stored for about 60 d, by which time it is expected that
99.99999% of the Y decays and only any *’Sr contamination is present. At this
point, any *’Sr present will be in secular equilibrium with *’Y. The vial is then
counted in the liquid scintillation counter for 60 min. The counts correspond to
any “Sr contamination and an equal amount of Y. If gross counting is
performed to include both *’Y and *’Sr windows, the activity measured can be
halved to obtain the *Sr activity (assuming that there is not much difference in
the efficiency for *’Sr and *°Y). The activity thus calculated for **Sr should be
equal to the activity in the solvent front obtained during the EPC (step 4
above).

3.4. '"SW/'¥Re ALUMINA BASED GENERATOR?
34.1. Introduction

Alumina is well known and widely used as a support for *Mo/*™Tc
generators. Owing to the chemical similarity of the *W/'®Re pair and the

PMo/*™Tc pair, it has also been introduced as a support for 'SW/'®Re
generators [3.13, 3.14].

2 Contribution from the Radioisotope Center POLATOM, Poland.
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A portable ®Re generator was developed using the alumina column and
other elements of the ‘dry bed’ system of the ?Mo/*™T¢ generator [3.15]. High
specific activity *W in the form of tungstic acid was adsorbed on alumina, and
%8Re was eluted as perrhenate with 0.9% NaCl, with a radiochemical purity
greater than 98.0% and a radionuclidic purity greater than 99.9% with respect
to yimpurities, and W breakthrough of less than 0.5 x 10°%. The nominal
activities of the '®Re obtained were up to 500 mCi, with elution yields greater
than 80%. The radioactive concentration of **Re was greater than 100 mCi/mL,
and no post-elution concentration was initially required. The generators were
mechanically and radiochemically stable for over 6 months. Details of the
generator set-up are given below.

3.4.2. Materials

Tungsten-188 (RIAR, Russian Federation) with a specific activity
between 27 and 133 GBq per gram of tungsten was used for generator column
loading. Aluminium oxide (Alumina A, ICN, MP Biomedicals, USA) and the
standard glass columns, needles and shielding of *Mo/*™Tc generators
produced at the IAE Radioisotope Centre POLATOM were used for
generator assembly.

3.4.3. Methods
3.4.3.1. Preparation of generator column

Aluminium oxide was stirred in deionized water and decanted several
times until the supernatant was clear. The decanted alumina was then dried for
4 h at 80°C. About 2 g of dry alumina was loaded onto a column, fixed on the
top with a bed of glass wool and closed by rubber seals and aluminium caps.
The column was autoclaved for 0.5 h at 121°C to ensure its sterility. Before
loading the '®W, the column was activated by subsequent washing with the
following solutions: 5 mL of 0.9% NaCl solution acidified to pH3 (flow rate:
10 mL/min), 5 mL of 32% HCI (flow rate: 5 mL/min) and 20 mL of 0.9% NaCl
solution at pH3 (flow rate: 10 mL/min) to obtain effluent at pH3.

3.4.3.2. 8W loading on column
Before it was loaded onto the column, W (27-133 GBq per gram of
tungsten) was dissolved in 0.5M NaOCI (0.5 mL of NaOCI per gram of

tungsten), 80% CH,;COOH (1 mL of CH;COOH per gram of tungsten) and
32% HCl in order to lower the pH of the solution to 2.5 to obtain tungstic acid.
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The W solution (as Na'®WO,) was then slowly loaded onto the column using
a peristaltic pump (flow rate: 0.1 mL/min). The column was washed with NaCl
solution (0.9% at pH5.0-5.5) in order to remove the unbound '**W. Finally, the
generator column was fixed into the generator shielding and placed in the
plastic box, followed by the installation of the eluting needles. Figure 3.5
shows the layout of the '®W/'®¥Re generator.

3.4.3.3. Testing of generator performance

The elution profile of the generator was investigated using four fractions,
each containing 4 mL of 0.9% NaCl at pH5.0-5.5 (Fig. 3.6). Routine elutions
were performed three times a week using 8 mL of eluent in two fractions of
4 mL each. The following tests were performed:

(a) Elution yield (total radioactivity of four 4 mL fractions);

(b) Measurement of pH (of the first fraction of each elution);

(¢) Radiochemical purity (of the first fraction, once a week);

(d) Radionuclidic purity (of the second fraction, once every 2 weeks);

(e) Sterility and bacterial endotoxins (of the third fraction, once every
2 months);

(f) Chemical purity (ICP-OES) (of the second fraction, once every
2 months).

Volume controller (5)
Bacteriological filter (4),
Lead shielding (3)

Glass column (1)

Busing (7}

Pointer (6)

FIG. 3.5. Schematic view of the generator set-up.
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FIG. 3.6. Yields of "®Re elution in collected fractions over ten consecutive elutions.

3.4.4. Methods used for quality control

The radioactivity of eluted fractions was measured with an accuracy of
+5% using an ionization chamber calibrated for '®Re against a secondary
standard solution. The W (breakthrough) activity and radioactive impurities
were measured with the use of a gamma spectrometer with a high purity
germanium (HPGe) detector (DSA-2000, GX-2018, Canberra Inc.). The radio-
chemical purity of '®Re perrhenate was checked by paper chromatography
(Whatman 1) using acetone as the developing solution. The chemical purity of
the eluate was determined using an ICP optical emission spectrometer (Optima
3300XL, Perkin Elmer), with special consideration given to the presence of
tungsten, aluminium and zirconium.

3.4.5. Conclusion

The procedure described above was tested in the fabrication of
generators with the nominal activity of '**Re in the range of 4-15 GBq at the
calibration date. The chemical quantity of tungsten loaded onto the column was
between 40 and 80 mg per gram of alumina. The elution profile of the
generator is presented in Fig. 3.6, which shows the average values of generator
yields collected in each fraction obtained in ten consecutive elutions (over a
period of 4 weeks). More than 95% of the '®Re activity was accumulated in
first and second fractions.

The 'W/'%Re equilibrium is reached in about 72 h; however, *Re can
be obtained from the generator more often with a satisfactory yield. The
activities of the ®Re obtained from the generator ranged up to 500 mCi at the
calibration date, and over 90% of activity was eluted in the first 4 mL
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of effluent. The radioactive concentration of ' Re was between 15 and
120 mCi/mL, and hence no post-elution concentration was initially required.
The eluates were sterile and free of bacterial endotoxins. The radiochemical
purity was greater than 98.0% and the radionuclidic purity was greater than
99.9% with respect to gamma impurities. Leakage of W was less than
0.5 x 10°%), and chemical purity testing showed less than 10 ppm of aluminium.

3.5. IN-HOUSE PREPARATION OF SILVER CATION COLUMN FOR
TRAPPING CHLORIDE ANION FROM SALINE ELUANT FOR
CONCENTRATION OF *Re SOLUTION?

3.5.1. Introduction

Saline elution of the alumina based *W/!%Re generator system provides
no carrier added solutions of '®Re perrhenate [3.13-3.16]. Because of
variations in the specific activity of the W parent, the period of time the
generator has been used since fabrication, and the '®Re activity levels and
specific volume (mCi per mL of saline) required, the availability of simple,
effective methods for post-elution concentration and for increasing the specific
volume of '®8Re eluate solutions is important. Post-elution concentration of
18Re perrhenate by subsequent passage through a tandem silver cation-anion
column system is one simple and cost effective method for obtaining very high
concentrations of '®Re. Although silver cation columns are commercially
available, their cost and limited chloride trapping capability and shelf life are
factors that suggest that in-house preparation of these columns is an important
cost effective alternative. The method described here is a simple, economical
and flexible way to prepare silver impregnated cation exchange columns with
the chloride trapping capability required for concentration of saline generator
eluants containing **Re.

3.5.2. Materials

An appropriate glass or plastic column with fittings should be assembled
and leak tested with deionized water prior to use. Convenient disposable
column systems fitted with Luer lock fittings are commercially available from

BioRad. The BioRad #737-15-12 Econo-Column (1.5 cm outside diameter X
10 cm length) was used in the present procedure (Fig. 3.7). Columns are

3 Contribution from ORNL, Oak Ridge, TN, USA.
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available in a variety of sizes, and larger volume columns can be used if
increased chloride trapping capacity is required. These glass columns have a
glass frit at the bottom, and the top is a plastic pressure fit Luer assembly.
AG 50X4 sulphonic acid resin (200-400) mesh, can be used as the cation
material. The column described above holds a maximum of about 8 g of the
resin (dry weight). A three way Luer valve should be connected between the
bottom of the column Luer lock and a QMA anion trapping column, prewetted
with DI water. Also required are 1N silver nitrate solution and saline solution.

3.5.3. Methods
3.5.3.1. Preparation of silver impregnated AG 50 column

One resin that can be used for the silver cation column is AG 50X4
sulphonic acid resin (200-400 mesh). A typical column system is shown in
Fig. 3.7. A column of this size holds about 8 g of the AG resin (approximately
1.1 meq per mL of dry resin). About 2 g of the resin (~2 meq) for every 10 mL
of 0.9% (0.15N) saline (1.5 meq) should be sufficient to ensure optimal
trapping of the chloride anion. The column should be eluted from top to
bottom in a vertical position so as not to disturb the column packing, and care
should be taken to ensure that there are no air bubbles in the column packing.
The top of the column can be packed with a fine glass wool plug to minimize
disturbance and stabilize the column bed. The system is then wetted thoroughly
by passing through 20-30 mL of DI water by gravity flow. A volume of
15-20 mL of 1N silver nitrate solution (1 meq/mL), for instance, is then passed
through the loaded column. The silver nitrate solution used should contain a
slight excess of the level of silver ion required to saturate the anion binding
sites. The column is then washed with DI water (25-50 mL). Although gravity
flow is probably adequate, it is recommended that, for washing and elution, a
syringe or peristaltic pump be used at a slow flow rate (<1 mL/min) to ensure
reproducibility and reliability.

FIG. 3.7. BioRad column: components and assembled column.
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3.5.3.2. Quantification of silver loading

If quantification of the silver trapping capacity of the column is desired, a
sample of the total eluant/wash can be titrated with a known concentration of
sodium chloride solution to determine and quantitate the levels of silver ion
present, and thus how much is bound to the resin. About 50-55 mL of saline
can be passed through such a column prepared in this manner before the
chloride anion is detected by elution into a silver nitrate solution. As the
sodium chloride solution — which corresponds to 0.15 meq per millilitre of
physiological (0.15M) saline — passes through the silver cation column, the
appearance of the column material changes from an opaque white colour to an
orange-brown colour in the areas where the insoluble AgCl is deposited within
the column.

3.5.3.3. Testing and use of the silver cation column

Before use, a three way valve and a QMA anion trapping column are
attached to the bottom of the silver cation column as shown in Fig. 3.8, and
25-50 mL of DI water is passed through to completely wet the system. It is
suggested that, before use with the generator, a tracer level of *Re perrhenate
solution (e.g. 5-10 nCi) be added to a saline solution for a few test elutions
through the silver cation column prototype connected in tandem to a QMA
anion trapping column, for instance, until the conditions are optimized. Under
these conditions and with a column of this size, the '®*Re saline solution added
to the silver cation column eluant will initially be detected after about 5 mL of
saline has passed through the column (approximately the void volume). If the
silver cation column has sufficient chloride trapping capacity for the volumes of
saline that are expected to be used for the generator elution, all the '**Re
activity should be subsequently trapped in the QMA anion column. If
significant levels of *Re are detected in the eluant from the QMA column,
then all the chloride has not been trapped by the cation column, and chloride
anion has been eluted and has competed with the perrhenate for QMA
trapping. The use of this system is described in more detail in Ref. [3.17].

3.5.4. Summary and conclusions

In the procedure described here, a single silver cation column can be
prepared that can potentially trap the chloride anion from any volume of
saline. Since the cation resin is not tightly packed, as in the commercial
columns, the generator/tandem trapping system should be eluted at a relatively
low flow rate (0.25-0.30 mL/min). Lower flow rates will also minimize any
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FIG. 3.8. Use of the tandem silver cation-QMA anion '®Re perrhenate concentration
system illustrated with the commercially available IC-Ag and QMA columns with 15 mL
of saline eluant.

potential back pressure from the complete tandem trapping system, if the
anion trapping is also used in series. Presumably, if the silver cation columns are
thoroughly washed after use, following decay of any residual '®*Re, the packing
can be carefully removed and discarded, and the column can be packed again
for reuse. Although commercially available silver impregnated cation columns
are widely used for concentration of '®Re perrhenate solutions, they are
expensive and have a limited chloride trapping capability (from 1.5-3 meq to
10-20 mL per column). The in-house preparation of these columns is an
attractive alternative, and is a significantly more cost effective and versatile
method for the preparation of columns capable of trapping the chloride anion
from essentially any volume of saline.
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Abstract

An objective of the coordinated research project was the development of
techniques for the preparation of *°Sr/Y and 'SW/'®Re generators. The Radio-
pharmacy Centre at IPEN-CNEN/SP has an established radioisotope production
programme that supplies radiopharmaceuticals to the nuclear medicine community in
Brazil. In the light of the demand for *Y based radiopharmaceuticals in Brazil, IPEN
initiated a programme on the development of a **Sr/*’Y generator. The work done at
IPEN in this connection is reported in the paper.

4.1. INTRODUCTION

Radiotherapy delivered via internal administration of radionuclides
targeted via a tumour seeking carrier molecule is increasingly used in the
treatment of cancer. Radionuclides emitting beta and alpha particles, and
Auger electrons are of primary interest. From the point of view of ease of
production, labelling stability and dose delivered, the beta emitting radio-
nuclides are the primary choice. In particular, current interest is focused on the
use of #P, Y, B[, 153§m, **Ho, ""Lu, ' Re and "*Re. The concept of radio-
nuclide generators, so widely applied for the production of *™Tc¢ (distributed in
the form of *?Mo/*™Tc generators), is also an important strategy for delivering
short lived radionuclides for use in therapy. Two generators that are of growing
interest in the therapy field are *°Sr/*’Y and "**W/'"®*Re.
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Yttrium-90 is of great interest for therapeutic applications owing to its
pure high energy beta particles (E,,: 2.288 MeV, 100%) and appropriate half-
life (64 h). Though *°Y can be produced at low specific activity by direct
activation in a reactor by the ¥Y(n,y)™Y reaction, the production method of
choice is by the decay of the long lived fission product parent “’Sr (T, ,: 28.8 a).
The daughter *°Y can be separated by several techniques including solvent

extraction and ion exchange.

42. MATERIALS

During this project, samples of %Sr and *Sr were received by IPEN,
Brazil, with the following characteristics:

(a) %Sr: 10 mCi, 3.86 mL, calibrated on 29.11.2006;
(b) *Sr: 50 mCi, 5 mL, calibrated on 05.08.2005;
(c)  ?Sr: 50 mCi, 0.18 mL, calibrated on 29.11.2006.

4.3. EXPERIMENTAL PROCEDURES
43.1.  *’Sr”Y generators

The generators were prepared using cation exchange resins in order to
separate *’Y from *°Sr. The solution containing the *Sr/*’Y pair was prepared
in IM HNO;, and EDTA was used as the eluant.

Standardization of the samples of *’Sr/*’Y and *°Y: A liquid scintillation
analyser (Tri-Carb 1900 TR, Packard Canberra Company) and a liquid
scintillation cocktail (Ultima Gold XR) were used for determination of the
PSr/*Y and Y samples and standards. A pure sample of Y that had been
imported by IPEN was analysed for 60 min, and the spectrum was recorded.
Calibration factors were then calculated from the count data.

208r/°’Y generator #1: The first generator consisted of a glass chromato-
graphic column (1 cm in diameter, 2 cm in height), fitted with a glass frit at
the bottom and with both ends fitted with plugs. The column was
assembled vertically. Before being loaded onto the column, the AG 50WX4
(100-200 mesh, H* form) cation exchange resin was activated with distilled
water, 0.1M HCl and 0.1M NaOH, and finally washed with distilled water. The
whole process was repeated three times. After activation, the resin was loaded
onto the column and then conditioned with 50 mL of eluent (EDTA) by gravity
flow. The EDTA solution was prepared by dissolving 0.279 g of sodium
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ethylenediaminetetraacetic acid in 250 mL of water at buffer pH4.8 (0.003M
EDTA). The loading solution was prepared by diluting 0.1 mL (5 mCi) of *Sr
in 100 mL of 1M HNO,;. From this solution, 2 mL (100 uCi) was percolated
onto the column, followed by 5 mL of EDTA solution. After allowing 24 h for
adsorption, the column was washed with EDTA twice, and the generator was
eluted with 15 mL of EDTA solution three days later and then every week
thereafter. The activity of *°Y in the samples was determined by liquid scintil-
lation counting (LSC) for 30 min.

208r/°’Y generator #2: The second generator consisted of a glass chroma-
tographic column (1 cm in diameter, 8 cm in height) and was assembled
vertically. In this generator, the ®Sr was used as a tracer to investigate the
separation efficiency. Before being loaded onto the column, the AG 50WXS8
(200400 mesh) resin was converted to the Na* form with 1M NaOH and then
washed with distilled water. The whole process was repeated three times. After
the conversion, the resin was loaded onto the column and conditioned with
100 mL of 0.003M EDTA solution at pH4.8.

The loading solution was prepared with 20 uL of *Sr (1.5 mCi) in
1M HNO; solution and 300 pL of #Sr (777 uCi). This solution was percolated
onto the column, followed by 4 mL of EDTA solution. Immediately after this
process, the column was washed five times with the same volume of EDTA
solution. A 15 mL elution was performed after two days and weekly thereafter.
In this condition the flow rate was 6 drops/min. The activity of *’Y in the
samples was determined by LSC for 30 min, and the activity of ®Sr was
determined by gamma ray spectroscopy using an HPGe detector. A paper
chromatographic method was also performed for quality control of this
generator system.

208r/°’Y generator #3: A third generator was assembled as described for
the second generator, but with the *Sr activity increased to 5 mCi.

4.4. RESULTS AND DISCUSSION
44.1. 'se”Y

Standardization of the samples of *’°Sr/*’Y and *°Y: Figure 4.1 shows the
beta spectrum of the *Sr/*’Y pair and of *Y. The beta spectrum of Y was
recorded and used as a reference in order to check the elution efficiency of the
generators. The energy channel used was between 50 and 800 ke'V.

20Sr/*°Y generator #1: Figure 4.2 shows the beta spectrum of the eluent
from the first generator.
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FIG. 4.3. Beta spectrum of the eluent from the second *’St/*’Y generator.

The elution yields for this generator were very low — less than 7% after

the third elution.
208r/°Y generator #2: Figure 4.3 shows the beta spectrum of the eluent

from the second generator.
The elution yields for this generator are given in Table 4.1.
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TABLE 4.1. ELUTION YIELDS FOR
THE SECOND *’Sr/Y GENERATOR

Elution number Elution yield (%)

7
5
7
7
48
50
46
95

0 N O R W N

The performance of this generator was good and showed that a period of
contact between the Y and EDTA is necessary to elute most of the activity.
The quality control showed that the *°Y contained no *°Sr or *Sr impurities.

20Sr/°°Y generator #3: The initial performance of the third generator is
very similar to that of the second generator, but measurable amounts of *°Sr
and ¥Sr were detected.

4.5. CONCLUSION

During the past few years, the demand for *’Y has grown considerably in
Brazil. Currently, IPEN imports *’Y for the production of two different radio-
pharmaceuticals: *Y-citrate and *’Y-hydroxyapatite. The price of Y is very
high and its distribution is very erratic, hence it is essential to produce in-house
YSr/"Y generators. The work developed under this CRP is the beginning of
this project and will be continued.
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Abstract

A process was developed and evaluated for the separation and purification of
multicurie quantities of *°Y with sufficient chemical and radiochemical purity for use in
medical applications, for example, treating rheumatoid arthritis and other inflammatory
diseases, and cancer therapy.

5.1. INTRODUCTION

In recent years, Y has become attractive for targeted radionuclide
therapy. The *’Y can be obtained from the decay of *°Sr, and is separated from
several types of °Sr/’Y generator. A new process of separating and purifying
multicurie quantities of Y with sufficient chemical and radiochemical purity
for use in medical applications was studied and is described here. This process
involves the separation of *’Y from *’Sr by a highly selective and efficient
strontium (added as a carrier) precipitation procedure. After this procedure,
yttrium selective Eichrom resins are used to separate the *’Sr and retain the
PY. The Y is eluted from the resin column with 0.1 mol/L HCI. The eluted Y
can be converted to an acetate form suitable for radiolabelling studies.

5.2. PRECIPITATION PROCEDURE FOR *Sr/*Y

The *°Sr/°Y stock solution must first be purified with a nitrate precipi-
tation procedure (with Sr(NO,), as a carrier) in 80% nitric acid. Strontium
(0.79 g) as a nitrate carrier was added to 10 Ci of *°Sr/*Y stock solution. The
solution was evaporated at 120°C to a volume of 1-2 mL.
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5.3.  SEPARATION OF Sr(NO,), PRECIPITATE

Centrifugation and filtration were carried out to separate the precipitated
Sr(NO,), from the concentrated solution, with the *Y remaining in the strong
acid supernatant. The strontium present in the supernatant was analysed as
described in the following.

The recovery of strontium for these experiments is summarized in Table 5.1.

5.4. SUPERNATANT PROCESSING

The supernatant containing *°Y and part of the strontium was evaporated
to dryness to remove the HNO;, and the residue was dissolved in 0.1M HCL

5.5. YTTRIUM SELECTIVE EICHROM RESIN
CHROMATOGRAPHIC COLUMN

The Eichrom resin was treated with diluted YCl; solution for 24 h and
then heated at 60-80°C for 24 h. The Eichrom resin was packed onto a column
with a volume of 1.2 mL.

5.6. CHROMATOGRAPHIC SEPARATION

The solution containing *°Y and *’Sr was loaded onto the Eichrom treated
column, which was then washed with 0.1M HCI to recover the *Sr. The *°Y was
eluted with 0.1-1.0M HCI, and the pure *°Y in HCl solution was converted with
0.05M HCI or 0.1M acetic acid for subsequent radiolabelling studies. The *°Sr
recovered from the chemical processing procedures was stored for *°Y growth
and subsequent use.

TABLE 5.1. RECOVERY OF STRONTIUM

No. Sr (mg) Recovery efficiency of Sr (%)
0.33 99.6

2 0.29 99.7
0.34 99.5

Note: Experiments were carried out using 200 mCi per batch.
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5.7. PRODUCT QUALITY CONTROL

A major problem often encountered with *’Sr/’Y generator systems is
“Sr breakthrough. Because *°Sr is a bone seeker, the upper limit of *Sr in Y
eluate for human use is 74 kBq (2 uCi). In order to provide data concerning *°Sr
contamination, the radiochemical purity of the eluate was analysed by paper
chromatography.

5.71. Paper chromatography

Chromatography paper (30 £ 2.5 cm) eluted with 0.9% saline solution
was used for the analyses. During the chromatography, *°Sr moved with the
solvent front, while *°Y stayed at the origin. A typical chromatographic pattern
of “Y-acetate is shown in Fig. 5.1.

5.7.1.1. Elution profile of yttrium selective Eichrom chromatographic column

A typical elution profile of Y on an Eichrom column is shown in Fig. 5.2.
As can be seen in the figure, the *Y elution efficiencies were very high. The
elutions were carried out over short time periods of 5-10 min, and the recovery
of Y was greater than 99%.
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FIG. 5.1. Typical chromatographic pattern of *’Y-acetate.
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12

Volume (mL)

FIG. 5.2. Typical elution profile of ’Y on an Eichrom column.

5.72.  Test for chemical purity

The chemical purity of the Y eluate was determined by ICP-OES, the
results of which are shown in Table 5.2.

TABLE 5.2. LEVELS OF IMPURITIES

IN PURIFIED Y

Element pg/mL
Fe 0.20
Al 0.31
Pb 0.26
Ca 0.45
Ba 0.03
Si 0.50
Sr 0.40
Ni 0.38
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5.8. RADIONUCLIDIC IMPURITY ANALYSIS

Gamma impurities: Gamma impurities were determined by gamma
spectrometry using a GC 1520 detector with standard sources >’Co and *°Co
(which emit 122 and 1332 keV radiation, respectively), and based on a
resolution of 0.8 and 1.8 keV, respectively. The spectrum is recorded with an
Accuspec multichannel analyser and Genie 2000 software (Canberra). The
lower limit of total gamma impurities did not exceed 0.002%. Figure 5.3
illustrates that no gamma emitting impurities were detected, except for
bremsstrahlung radiation.

Beta radiation impurities: Beta radiation was measured with a liquid
scintillation spectrometer. The data were compared with a theoretical spectrum
of Y available in the spectrometer software.

5.8.1.  Analysis of radioactive concentration

The Y activity was measured using liquid scintillation after suitable
dilution. The method uncertainty of *°Y was about +3%.

5.8.2.  Final product specification

— Property: clear, colourless liquid;
— pH: 1.0-4.0;
— Radionuclidic purity: >99.9%;

14 -

12 4

10 4

Relative activity (10° counts/s)

0 500 1000 1500 2000 2500
Channels

FIG. 5.3. Gamma spectrum of *°Y sample on GC 1520 detector.
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— Radiochemical purity: >99.0%;

— Radiochemical concentration: >100 mCi/mL;
— Specific activity: carrier free;

— Chemical purity: >99.9%;

— Fe: <0.2 ppm;

— Al: <0.3 ppm;

— Sr: <0.5 ppm;

— Pb: <0.26 ppm;

— Sterility: pyrogen free.
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DEVELOPMENT OF A REPRODUCIBLE
METHODOLOGY FOR THE PRODUCTION
OF Y FROM A *’Sr/’'Y CHROMATOGRAPHIC
GENERATOR
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E. CASANOVA GONZALEZ, Y. MORENO

Isotope Centre (CENTIS),
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Abstract

Yttrium-90 is considered to be one of the most important radionuclides for
therapy owing to its nuclear properties and its ready availability from the long lived *°Sr.
In the framework of the coordinated research project, efforts were directed at
developing a reproducible methodology for the production of °Y from a *Sr/’Y
chromatographic generator. A detailed study was conducted to deal with problems
related to the scale-up of *Sr activities in chromatographic *Sr/°Y generators. The
stability and performance of the generator components, such as the resin and eluting
agent, were evaluated. The elution efficiency for *°Y is one of the parameters affected by
the increase of loaded *°Sr activity. Therefore, the use of a scavenging agent was assessed
as a way to overcome the elution yield problems. Quality control procedures were
reviewed, especially those regarding *’Sr breakthrough and the chemical purity of the
eluate through labelling of peptides. Finally, a production scheme based on ion chroma-
tography was outlined for the production of large amounts of Y.

6.1. INTRODUCTION

Yttrium-90 based radiopharmaceuticals for therapy are powerful tools
for cancer treatment. The *°Y for this purpose is usually obtained in a carrier
free form from *Sr, which is a high yield fission product of °U with a half-life
of 28 a. Unlike *Mo/*™Tc and '®W/!'®Re generators, which produce ‘ready
to use’ eluates, currently there is no **Sr/*’Y generator that can give a ‘ready to
use’ Y eluate. Yttrium-90 production is mainly based on two methods,
extraction and ion chromatography, or on a combination of these methods. In
the production of Y, besides the radionuclidic purity requirement (*Sr/*’Y
ratio), there are further complications, including the low trace metal content
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and the high radioactive concentration of the yttrium solution required to
obtain good labelling yields.

This study deals with problems related to the scale-up of *°Sr activities in
“Sr/"Y generators. Results are presented on the stability and performance of
two different activity chromatographic generators.

6.2. MATERIALS AND METHODS
6.2.1. Radiochemicals

A 3 mCi amount (4 mCi/mL) of %Sr in chloride form was purchased from
POLATOM, Poland. Strontium-90 (400 mCi, 50 Ci/g in 1M HNO,) was
purchased from IDB Holland B.V., Netherlands.

6.2.2.  Preparation of *’Sr/’’Y generators

A Dowex S0WX8 resin (50-100 mesh) in Na* form was stirred for several
hours in a *°Sr/*’Y EDTA solution (pH4-5), and then poured onto a glass
column and thoroughly washed with 100 mL of 6 mmol/L EDTA solution. In
this study, two different activity generators (8 and 100 mCi) were prepared.
Generator elution was carried out with 5-7 mL of EDTA solution of variable
concentrations (1-12 mmol/L). Carrier free ’Y was obtained in the form of an
EDTA complex. When necessary, EDTA was destroyed with concentrated
HNO; and HCIO,.

6.2.3.  Activity measurement

Yttrium-90 samples were measured in an ionization chamber (Capintec
CRC 15R, USA) when used at the megabecquerel level and with a liquid
scintillation counter (Wallac RackBeta 1209, Finland) when used at lower
levels. LSC was achieved by both Cherenkov radiation and using Hisafe 3 and
Ultima Gold scintillation cocktails. The *°Sr was measured by LSC with a
scintillation cocktail. The %Sr was measured by gamma spectrometry on an
HPGe solid detector. Both 'Re and "W were measured in the ionization
chamber and the HPGe solid detector. The HPGe spectrometric system was
calibrated according to calibration procedures established by the quality
assurance system of the Radionuclide Metrology Department of the Isotope
Centre of Cuba, which complies with the ISO 17 025 standards. The efficiencies
for the measurement of *’Sr and *°Y by LSC were determined using a reference
%Sr/"Y solution standardized by the CIEMAT-NIST method.

58



XIQUES CASTILLO et al.

6.2.4. Evaluation of chelating agents

Different chelating agents were selected for elution and evaluation of an
8 mCi *Sr activity generator. Elution yield, **Sr breakthrough and elution
volume were studied. Elution profiles were acquired for each, using two
different flow rates (0.4 and 3 mL/min). The type and concentration of
chelators were selected from those reported in several publications, although
some modifications were made because of the differences in the ionic form of
the resins used (Table 6.1). The column was initially washed with a column
volume of the chelating agent solution and allowed to stand for at least 24 h
before the next elution was performed with the desired chelate.

6.2.5. Resin capacity determination

A 1M HCI solution was used to ensure that all functional groups were in
the H* form. The conversion of strong functional groups from the H* into the
Na* form was then achieved with a 1M NaCl solution, while 1M NaOH was
used to convert both strong and weak functional groups. The concentration of
H" was determined by potentiometric titration. Resin capacity was also
determined by a strontium breakthrough curve with a [*°Sr]-Sr solution having
a concentration of 20 mg/mL. Part of this solution was passed through the
column, and 2 mL fractions were collected and measured.

6.2.6. Irradiation of EDTA solutions
A 100 mmol/L. EDTA solution was irradiated with a ®°Co gamma
irradiator, with a dose rate of 2 kGy/h, at 15 kGy and 1024 kGy to determine

the effect of radiolysis on EDTA. EDTA decomposition was determined by
high performance liquid chromatography (HPLC) [6.1].

TABLE 6.1. CHELATING AGENTS IN SELECTED STUDIES

Chelating agent Reference
EDTA disodium salt 0.6 mmol/L, pH4.5 [6.1]
Sodium acetate 0.6 mol/L, pHS5.57 [6.2]
Sodium acetate 0.6 mol/L pH5.57: methanol (70:30) [6.3]
Sodium citrate 0.5%, pHS5.5 [6.4]
Sodium oxalate 1%, pH6.5 [6.5]
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6.2.7. Dynamic studies of *’Sr and *’Y retention on the column
6.2.7.1. Flow rate

The *Sr/*’Y EDTA solutions (pH4.5) were passed through a column
containing Dowex S0WXS8 (50-100 mesh) in sodium form at different flow
rates (0.1-3 mL/min). The *°Y recovery and the decontamination factor for *’Sr
were determined.

6.2.7.2. Column size

The *Sr/*’Y EDTA solutions (pH4.5) were passed through columns of
three different sizes (diameter: 0.8 cm; height: 6, 14 and 17 cm). The *Y
recovery and the decontamination factor for *°Sr were determined.

6.2.7.3. Effect of pH of EDTA solution on *°Y recovery

The *Sr/*Y EDTA solutions (pH4.5-6.5, in 0.5 increments) were passed
through a column containing Dowex SOWX8 (50-100 mesh) in sodium form,
and the Y recovery and the decontamination factor for °Sr were determined.

6.2.7.4. EDTA radiolysis products

Samples for analysis (two of 10 mL each) were prepared by mixing
0.6 mL of a 100 mmol/L irradiated (15 kGy) EDTA solution and 0.6 mL of a
freshly prepared 100 mmol/L. EDTA solution; enough water was then added to
dilute the samples up to 10 mL. The pH of one solution was adjusted to 4.5, and
that of the other to 6. In the same manner, two 10 mL samples were prepared
using the 100 mmol/L irradiated (1024 kGy) EDTA solution. The resulting
solutions were spiked with a small aliquot of both *°Sr/*’Y equilibrium solution
and %Sr solution, and passed through a 17 cm (0.8 cm diameter) column
(Dowex 50WXS8, 50-100 mesh, in sodium form). The *°Y recovery and the
decontamination factor for “’Sr were then determined.

6.2.8. Purification method

A washing step with a 2M HNO; solution was introduced in order to
separate the °Sr and trace metals from the *°Y. In this procedure, more than
99% of the “°Sr (decontamination factor: 2 x 10°) in the *°Y solution is
separated in 20 mL of the acid. The decontamination factor for *’Y prepared in
this manner is 10*.
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6.2.9. Separation method for *’Sr quality control

Five millilitres of solution containing the *’Sr separated from the *’Y
using the purification procedure described in Section 6.2.8 was evaporated to
near dryness. In this solution, the Y has already been removed with a
decontamination factor of 10*. After the addition of 1 mL of 0.5% sodium
citrate (25 mg of citrate ion), 2 mg of strontium carrier and 0.36 mg of yttrium
carrier were added. The pH was adjusted to 3-5, and the solution was passed
through a 32 cm x 0.4 cm anion exchange column (AG 1X4, 100-200 mesh, in
hydroxide form), followed by the addition of enough water to collect 10 mL. To
this solution was added 200 uL. of 10M HCI; 4 mL of the resulting solution was
then added to 16 mL of Ultima Gold scintillation cocktail and measured on a
liquid scintillation counter for **Sr determination. This procedure gives a
decontamination factor for °Y of 10°, which means that a *°Sr/*’Y ratio of 107
can be determined. However, as the aliquot of *Y is taken from the washing
solution of the purification procedure, a total decontamination factor of 107 is
achieved for Y.

6.2.10. Chemical purity of **Y

A 5.1x10"M diethylenetriaminepentaacetic acid (DTPA) solution
(solution A) at pH6 was prepared by dissolving 0.1 g of the reagent in 500 mL
of milliQ water. A 1M NaOH solution was used to facilitate the dissolution of
DTPA and to adjust the pH to the desired value. Solutions at concentrations of
51x1075, 34x107, 20x107°, 1.7x 107 and 5.1 x 10°M were prepared by
proper dilution of solution A. From the *Y solution to be tested, three
different radioactive concentrations — 7.4, 74 and 740 kBg/mL (as checked by
LSC) — were prepared by dilution with 0.01M HCL

A series of seven test tubes was prepared with the above DTPA and Y
solutions corresponding to DTPA-""Y molar ratios of 40 000, 4000, 400, 200,
150, 20 and 10. The pH was adjusted to 6-7 with a 0.075M NaOH solution, and
the samples were left to stand for 30 min. A 0.5 uL aliquot was then spotted on
an instant thin layer chromatography (ITLC) strip, and the chromatogram was
run with saline. The strip was cut into two halves and counted in a liquid
scintillation counter without scintillation cocktail. The **Y-DTPA complex was
found in the upper half of the strip while the unchelated °Y remained in the
lower half.
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6.2.11. Radiolabelling of hR3 monoclonal antibody with **Y

The Y aliquots (110-520 MBq, 3-12 uL) in 0.05N HCI were added to a
solution containing 100-150 uL of ammonium acetate buffer (0.5 mol/L, pH7)
and 100 puL (0.4 mg) of DOTA-hR3 monoclonal antibody. The reaction mixture
was left at 42°C for 1 h; one-ninth of the reaction volume of a 10 mmol/L DTPA
solution at pH6 was then added to complex the unreacted *°Y and the mixture
was allowed to stand for another 15 min at room temperature. Radiolabelling
yield was determined by ITLC-silica gel (SG) with a mixture of ammonium
acetate (10%) and methanol (1:1). It was also determined by HPLC with
a TSK-Gel SW 3000 column (7.5 mm x 300 mm, 10 um, TosoHass) using
1 mL/min of a solution containing 0.9% NaCl and 0.05% NaNj.

6.3. RESULTS AND DISCUSSION

The possibility of using a weaker complexing agent was evaluated, since
EDTA has to be completely removed from the *’Y solution after its elution
from the generator. The presence of any EDTA may affect the radiolabelling
yield and/or alter the biodistribution of the Y radiopharmaceutical.

As can be seen from the data summarized in Fig. 6.1 and Table 6.2, all
eluting agents gave similar elution profiles, with the exception of sodium
acetate, which seems to give the smallest elution volume. Elution with EDTA
and citrate provided the highest elution yields. The lowest elution yield corre-
sponded to the sodium acetate (0.6 mol/L at pH5.57):methanol (70:30) mixture.
It was also found that significant air bubbles formed in the column when left to
stand in this solution.
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FIG. 6.1. Elution profiles of a 0.3 GBq “’Sr/*’Y chromatographic generator using
different eluting agents at a flow rate of 0.4 mL/min.
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TABLE 6.2. YTTRIUM-90 ELUTION YIELDS FOR A 0.3 GBq
%Sr/*Y CHROMATOGRAPHIC GENERATOR USING
DIFFERENT ELUTING AGENTS

Eluting agent Elution yield (%)
EDTA ~100
Sodium acetate 45.0
Sodium acetate:methanol 8.9
Sodium citrate 99.7
Sodium oxalate 41.0

TABLE 6.3. STRONTIUM-90 CONTENT OF ELUATES FROM A 0.3 GBq
YSr/Y CHROMATOGRAPHIC GENERATOR USING DIFFERENT
ELUTING AGENTS

Elution order Eluting agent Sr-90 breakthrough (mCi)
1 EDTA 8.4x10°
2 Sodium acetate 1.8x 107
3 Sodium acetate:methanol 1.1x107?
4 Sodium citrate 5.4x107
5 Sodium oxalate -

6 Sodium oxalate 3.8x107°
7 EDTA 1.7x 107
8 Sodium citrate 9.1x 1072
9 Sodium acetate 1.7 x10™
10 EDTA 1.2x 107"

4 —: not available.

Table 6.3 shows the results obtained for *’Sr breakthrough studies when
the generator was subjected to a series of repeated elutions. The exact measure
of the influence of each eluant on the **Sr content cannot be determined from
these few trials. However, it can be seen that, after the generator was milked
with sodium 0.6M sodium acetate (elutions 2 and 9), the amount of *Sr
contamination increased significantly; in other words, the *Sr was being
washed out from the column. This result is in contradiction with published
results [6.1].
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EDTA and sodium citrate gave the best results regarding *’Y elution
yield, although the effects on “Sr breakthrough were not conclusive. As a
similar study comparing these two eluting agents showed that EDTA had much
lower *°Sr breakthrough, it was decided to continue working with EDTA.

Figures 6.2 and 6.3 show respectively the elution efficiencies of the 8§ mCi
(0.3 GBq) and of the 100 mCi (3.7 GBq) *Sr/°Y generators subjected to
almost identical conditions (eluent concentration, time elapsed between two
consecutive elutions, etc.) and evaluated for a long time period.

0.3 GBq generator
120
100
80
60 -
404

90Y elution yield (%)

201

0

1 15 29 43 57 71 85 99 113 127 141 155 169 183
Elution

FIG. 6.2. Yttrium-90 elution profile of a 0.3 GBq *’Sr/*’Y generator; eluting agent:
6 mmol, pH4.5 EDTA solution.
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FIG. 6.3. Yttrium-90 elution profile of a 3.7 GBq *’St/’Y generator; eluting agent:
6 mmol, pH4.5 EDTA solution.
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As can be seen from the figures, the higher activity generator presented
variable and unpredictable elution yields. Reproducible high yields were
obtained after the addition of NaNOj to the eluting solution. The role of NOj
ions could not be elucidated in these studies, but the results suggest that the
performance of higher activity generators could be improved with this known
electron scavenger.

The two generators were dismantled after six years of evaluation, and the
resins were analysed for changes in capacity and functional group composition.
Figure 6.4 shows the breakthrough curves for strontium indicating that there is
a loss of capacity of the resins and that this loss depends on the loaded activity
of Sr. The 3.7 GBq generator exhibits an almost 60% reduction of this
parameter (Table 6.4). The analysis of functional groups shows an important
and equal (within experimental error) loss of capacity for the higher activity
generator. It can be seen that the formation of weak functional groups also
increases with loaded activity (Table 6.5).

TABLE 6.4. EXCHANGE CAPACITY FOR STRONTIUM
OF DOWEX 50WX8 RESINS

Resin Mg of Sr/g of resin  Mmol of Sr/g of resin Exchange capacity loss (%)
Not irradiated 203.5 2.3 —

0.3 GBq 1342 1.5 34.0

3.7GBq 85.7 0.98 57.9

TABLE 6.5. COMPOSITION OF DOWEX 50WX8 RESIN AFTER
EXPOSURE TO DIFFERENT LEVELS OF *Sr ACTIVITY

Strong Weak

Strong Weak Weak

Resin ETOupS, Eroups, groups groups Total m.c. groups/total

total m.e.* total m.e.? e a/g’ me.d /é left (%) aroups (%)

.C. .C. (o]
(4g) (42

Not 16.80 — 4.20 — 100 —
irradiated
0.3 GBq 10.53 0.13 2.63 0.03 63.4 1.2
3.7 GBq 6.18 0.79 1.54 0.20 41.5 113

?m.e. = millequivalent.
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FIG. 6.4. Breakthrough curves for strontium for 4 g of Dowex S0WX8 (50-100 mesh)
resin: @ 3.7 GBq generator; + 0.3 GBq generator; & not irradiated.
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FIG. 6.5. Yttrium-90 and *’Sr elution profiles in an eluate from the 3.7 GBq (100 mCi)
generator, in-growth time: 1.2 d.

The amount of **Sr contamination in the Y solution is the most
important parameter to evaluate and confirm. It is known that, as the damage
to the resin increases, “°Sr levels in the eluent rise.

Figures 6.5 and 6.6 show the elution profiles for ’Sr and *’Y in two
eluates from the 3.7 GBq activity generator. It can be seen that the presence of
“Sr in the eluate is a consequence of two processes: ion exchange and
radiolysis.

The data in Figs 6.5 and 6.6 suggest that shorter elapsed times between
elutions and smaller optimized elution volumes reduce *°Sr contamination in
90Y.
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FIG. 6.6. Yttrium-90 and *’Sr elution profiles in an eluate from the 3.7 GBq (100 mCi)
generator, in-growth time: 27.2 d.

The *°Sr content of each eluent from both generators was determined for
every eluate. As can be seen in Figs 6.7 and 6.8, after a certain period the
PSr/Y ratio rises steadily and surpasses the limit of 2 x 107, indicating the end
of generator shelf life. It is assumed that at this time the resin loses its integrity
and is unable to hold *Sr.

From the above observations it can be concluded that relatively high
activity generators show poor elution yields upon prolonged use. Use of nitrate
ions in the eluting solution improves the performance as *’Y recovery
improves. The shelf life of the generators is dependent on the loaded activity of
“Sr. Higher activity generators will have a shorter shelf life owing to radiolysis.

16 - —o—5r-90
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Sr-90/Y-90 = 2e-5
12 4
10 et =

:

Arbitrary unit

1 27 53 79 105 131 157 183
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FIG. 6.7. Strontium-90 breakthrough behaviour of a 0.3 GBq *’Sr/”’Y generator; eluting
agent: 6 mmol, pH4.5 EDTA solution.
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FIG. 6.8. Strontium-90 breakthrough behaviour of a 3.7 GBq *’Sr/*’Y generator; eluting
agent: 6 mmol, pH4.5 EDTA solution.

The dynamics of the EDTA Dowex S0WX8 resin system were investi-
gated to evaluate the retention/elution of *°Sr and *’Y. Variables like flow rate,
pH, column size and presence of radiolysis products of the eluting agent
(EDTA) were evaluated [6.6]. The data listed in Table 6.6 indicate that, in the
wide flow rate range of 0.1-3.0 mL/min, the decontamination factor for *Sr
remains essentially the same. It was observed that an increase of column height
(Table 6.7) improves the decontamination factor for *°Sr. High decontami-
nation values can be obtained for heights as low as 6 cm. The evaluation of the
effect of the pH of the eluent showed that a high decontamination factor can be
achieved for *°Sr up to pH6 (Table 6.8). A further increase of pH results in
significant elution of *°Sr from the column. The above results suggest that a
relatively rapid procedure can be implemented for the separation of the two
radioisotopes at a pH range of 4-6. With a column of the proper size, a high
decontamination factor for “Sr can be achieved with no Y retention. After
the separation, *°Sr can be easily and quantitatively recovered in a small
volume by changing the pH of the EDTA solution (Fig. 6.9). By minimizing the
contact time between the radioisotopes and the resin (as is done in extraction
methods), *Sr activities used for separation can be increased.

The *°Y solution was found to be free of EDTA when analysed by HPLC.
Since the trace metal content should be as low as possible in order to obtain
good radiolabelling efficiencies, a purification procedure was used to purify
every eluate before its use. A DTPA binding test was done prior to radio-
labelling studies. More than 90% binding of *°Y to DTPA at a DTPA:Y molar
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ratio of 20 was taken as the criterion for low metal content. Normally, high
radiolabelling efficiencies (>90%) were obtained when Y was used for
radiolabelling a monoclonal antibody.

TABLE 6.6. DECONTAMINATION FACTOR FOR *Sr-EDTA (pH4.5) IN
DOWEX 50WX8 RESIN AT DIFFERENT FLOW RATES

Flow rate (mL/min)

Decomtanimation factor

0.1
0.5

1.0
3.0

(2.1+0.1)x 103
(2.5+03)x 10°

(2.4+02) % 10°
(1.6 +0.8) x 10°

TABLE 6.7. DECONTAMINATION FACTOR FOR *’Sr-EDTA
(pH4.5) IN DOWEX 50WX8 RESIN FOR DIFFERENT
COLUMN HEIGHTS

Column height (cm)? Decontamination factor
6 1.7 10°
14 47x10°
17 82x10°

# All columns had a diameter of 0.8 cm.

TABLE 6.8. DECONTAMINATION FACTOR FOR
“Sr-EDTA IN DOWEX 50WX8 RESIN AT

DIFFERENT pH LEVELS

pH Decontamination factor
4.5 (22+0.1) x 10°

5.0 (2.7+£0.3) x 10°

5.5 (2.8+0.1) x 10°

6.0 (2.3+0.3) x 10°

6.5 (1.7+£0.1) x 10?
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FIG. 6.10. Proposed scheme for Y separation from *’Sr/°Y mixture.

Figure 6.10 shows a complete scheme for the separation of *°Y from the
“Sr/*Y mixture proposed as result of this study. Radiation protection require-
ments are fulfilled by partial automation of the process and shielding of
columns with Pyrex glass, which reduces exposure and at the same time allows

for visual control.

Three separations were run with 3.7 GBq (100 mCi) of *Sr. Results were

as expected, and scaling to 400 mCi will be undertaken shortly.
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6.4. CONCLUSIONS

Stability studies were carried out with two generators having different
activity levels. Based on the results of the studies, a separation scheme was
proposed to overcome problems associated with radiolysis when scaling-up the
generator capacity. Separation at 400 mCi is planned for the immediate future
to evaluate the proposed scheme. Radiological safety was improved with
partial automation and shielding of columns. A quality control procedure
involving two ion chromatographic separation procedures and LSC for *Sr
determination was established.
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Abstract

Under the coordinated research project (CRP), concerted efforts were made to
develop *Sr/*Y generator systems to obtain *°Y in high yields and of high purity. A two
stage *Sr/*Y generator based on the supported liquid membrane (SLM) concept was
developed in order to obtain Y in acetate form as well as to minimize *’Sr contamina-
tion of the Y product to well below acceptable limits. In 10 h of operation, the
generator yielded approximately 85% of highly pure *°Y for therapeutic purposes.
During the period of the CRP, approximately 1.85 GBq (500 mCi) of *°Sr was recovered
from high level liquid waste using multistep processes involving, for example, precipita-
tion and ion exchange. A 740 MBq (20 mCi) capacity *Sr/*Y generator based on a
novel electrochemical procedure was also developed. Since the parent *Sr is a highly
radiotoxic isotope, efforts were made to develop quality control procedures to detect
“Sr contamination in the Y eluted from the generator. A novel extraction paper
chromatography technique was developed based on the high affinity of the reagent
2-ethylhexyl 2-ethylhexyl phosphonic acid (KSM-17) for *°Y. This technique is capable
of detecting levels of °Sr as low as 74 kBq (2 uCi) of *°Sr in 37 GBq (1 Ci) of Y. Quality
control of the Y eluted from the SLM based and electrochemical generators showed
the °Sr levels to be much less than the allowed limits.

7.1. INTRODUCTION

There is considerable interest in the use of therapeutic radiopharma-
ceuticals in India, and the development of such radiopharmaceuticals is being
actively pursued. In this context, *’Y and '®*Re are very attractive because of
their ready, cost effective availability from generator systems. The objectives of
this CRP were in line with the activities pursued and gave the necessary
support to develop procedures and devices related to therapeutic radionuclide
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generators. During the period of the CRP, research efforts were focused on the
development of generators for Y and *Re, separation of **Sr from the high
level liquid waste generated from spent nuclear fuel reprocessing (by the Purex
process), post-elution concentration of '®Re to produce a high concentration
product amenable for labelling, and preparation of novel materials for use as a
column matrix in generators and quality control of *’Y.

7.2. Sr/Y GENERATOR SYSTEMS
7.2.1.  Separation of *Sr from high level liquid waste

Small aliquots of samples previously obtained from high level liquid
waste for quality control analysis, accrued over time, were used to demonstrate
the feasibility of separation of *’Sr from such spent nuclear fuel processing
solution waste. The “°Sr used in these studies was separated from these high
level liquid waste samples, which contained about 1-2 GBq (200-300 mCi) of
“Sr/L. This waste also contained several other high activity components such as
the actinides americium, plutonium and uranium; high yield fission products
such as ¥Cs, *Ce and 'Ru; and several elements such as aluminium,
chromium, iron, manganese and nickel. These radioactive impurities were
sequentially removed by solvent extraction of the actinides into tributyl
phosphine, followed by adsorption of '*’Cs onto a column containing
ammonium molybdophosphate resin, followed by repeated precipitation as
hydroxide by addition of NaOH, at approximately pH9.0, in the presence of
carrier strontium and iron to remove major impurities, and finally precipitation
of strontium as carbonate. Using this procedure, nearly 17 GBq (500 mCi) of
“Sr was separated, resulting in 7.4 GBq of high purity *Sr.

7.2.2. Development of a supported liquid membrane based *’Sr/”’Y
generator system

The SLM concept involves the use of a semipermeable membrane with
pores where a liquid can be held. Such SLMs can be used for preferential
extraction of a species of interest, by saturating the membrane with a solvent
with a ligand specific for the species of interest [7.1]. Such membranes can be
used to separate two chambers, one containing the mixture of species and the
other for collecting the pure species of interest. SLM based generators were
conceptualized for separation of Y from a mixture of *Sr and Y [7.2, 7.3].
The two ligands KSM-17 and CMPO were used in the construction of such an
SLM based generator system. KSM-17 was used to preferentially extract Y
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from a solution at pH1-2 to a solution of higher acidity, and CMPO was used to
extract Y from a highly acidic solution (3-4M HNOj) to a solution of much
lower acidity (1M acetic acid). The *°Sr isolated from high level waste arising
from nuclear fuel reprocessing by the Fuel Reprocessing Division of BARC
was used for the development of these generators at the Radiopharmaceuticals
Division of BARC.

7.2.2.1. Single stage supported liquid membrane generators

A single stage SLLM based system employing KSM-17 as a carrier
supported on a PTFE membrane to obtain carrier free Y was developed and
is described separately in this document (see Section 3.1 on SLM based *Sr/*Y
generators). In brief, the various parameters influencing the transport of Y
across the membrane, such as transport time, acidity in the feed compartment,
acidity in the product compartment, nature of the feed/receiver phase and
concentration of the radionuclide, were optimized to obtain *’Y of high purity.
Normally, when operated for around 34 h, the generator yields high purity Y.
However, under these conditions only about 40% of the Y is transported to
the receiver.

This generator was used regularly to obtain approximately 370-740 MBq
(~10-20 mCi) of *Y every week from purified *’Sr separated from high level
liquid waste. The *"Y obtained from this generator system was free of *Sr, as
verified by following the activity decay (almost complete decay of B~ activity
after about 26 d) and by analysis by the EPC technique developed during the
course of the CRP.

7.2.2.2. Two stage supported liquid membrane generators

Changing the acidity of the feed and the receiver chambers enabled the
single stage SLM generator to give higher yields (>90%) of *’Y. But such
changes were always associated with *°Sr contamination beyond acceptable
limits in the eluted *°Y product.

Hence, a two stage generator was conceived in order to overcome the
above limitations using the properties of two different ligands, namely KSM-17
and CMPO [7.4]. Initially, a generator with three chambers separated by two
SLMs was developed. Later, the same principle was used for a two stage
sequential generator with two cells of two chambers each, separated by an SLM
in each case.

Details of the methodologies used in the construction and usage of these
generators are given elsewhere in this document (see Section 3.1 on SLM based
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YSr/%Y generators); a brief description of the features of these generators is
given below.

Operation in simultaneous mode: In this system, the generator consists
of three chambers (feed, intermediate and receiver chambers) with capacities
of 5 mL each. A PTFE membrane impregnated with KSM-17 is inserted
between the feed and intermediate chambers, and another PTFE membrane
impregnated with 0.8M CMPO in n-dodecane is inserted between the inter-
mediate and receiver chambers. In the feed chamber is placed 5 mL of the
mixture of *°Sr and *Y adjusted to pH1-2; 5 mL of 4M HNO; is taken in the
second chamber, which acts as the intermediate chamber to receive Y from
the first chamber and transport it to the third chamber; and 5 mL of 1M
CH,;COOH is placed in the receiver chamber. Optimally, when operated for
about 10 h, the generator results in transportation of approximately 85% of the
Y to the receiver compartment.

This generator was used regularly to obtain around 370-740 MBq
(~10-20 mCi) of high purity Y every week, which was used for radiolabelling
studies.

Operation in sequential mode: In this system, two cells of two compart-
ments each were employed. The first cell was similar to the one stage
generator. The first feed chamber contained 5 mL of the *°Sr and *°Y mixture
adjusted to pH1-2, and the receiver chamber contained 5 mL of 3-4M HNO,.
The chambers were separated by an SLM saturated with KSM-17.

The second cell was operated after completion of the first cell operation,
which generally lasted for around 4 h. The product in the receiver chamber of
the first cell was removed at the end of the operation and placed in the feed
chamber of the second cell. An SLM saturated with CMPO was used between
the two chambers of this cell. The final product was obtained in the receiver
chamber containing 5 mL of 1M acetic acid. Generally, this cell was operated
for about 6 h, and high purity Y could be obtained in an acetate form
amenable for easy labelling with greater than 90% yield.

Thus, a range of SLM based *’St/*Y generators was developed, and their
use for obtaining *°Y of high purity with **Sr contamination low enough for use
in the preparation of *°Y labelled radiopharmaceuticals was successfully
demonstrated.

7.2.3. Development of an electrochemical *’Sr/*’Y generator
Based on the reports by Reischl et al. [7.5] and Yoo et al. [7.6], who used
an electrochemical method to separate pure *Y into usable quantities greater

than 3.7 GBq (>100 mCi) from milligram quantities (50-150 mg) of enriched
8Sr for PET applications, a similar generator for separation of Y from *Sr
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was developed. The details of this generator and mode of operation are given
elsewhere in this publication (see Section 3.2 on electrochemical *’Sr/*°Y gener-
ators), while the salient features are mentioned below.

In this generator, the separation of *’Y from *’Sr is achieved due to the
difference between the electrochemical potentials of Y**and Sr*. On applying
a suitable electric potential, Y was selectively deposited at the cathode from a
mixture of *Sr and *Y. The effects on *°Y deposition of applied potential and
of the pH of the electrolyte solution were studied. The optimal pH was
observed to be 2.5-3.0, as was reported by Reischl et al. [7.5]. A potential of
2.5 to -3.0 V was required for deposition of more than 90% of the *°Y on the
cathode, as shown in Table 7.1. An important observation from the
experiments was that the electrolysis should be carried out at constant
potential rather than constant current. This can generally be achieved using
suitable instruments available for such purposes. However, in the absence of
such instruments, the experiments were carried out using a standard reference
electrode such as a calomel electrode, which is generally used for maintaining a
desired constant voltage against an electrode. Since the possibility of strontium
deposition increases with an increase in the voltage applied, later experiments
were carried out at a potential of 2.5 V.

The proposed generator involves two steps for electrolytic separation. In
the first, approximately 30 mL of *Sr(NO;), in 0.001M HNO;, adjusted to
pH2.5-3.0 using 3% ammonium hydroxide, is placed in a quartz electro-
chemical cell fitted with an acrylic cap fixed with platinum electrodes and
necessary arrangements for passing gas. Argon gas is gently bubbled through
the solution 10-15 min prior to applying the current, and the electrolysis is
performed potentiostatically at -2.5 V with respect to SCE for 90 min.

TABLE 7.1. EFFECT OF THE APPLIED POTENTIAL ON THE
ELECTROCHEMICAL DEPOSITION OF *Y*

Potential applied® Y-90 deposited (%)
-1.0 4 £2

-1.5 53+3

-2.0 80+3

2.5 97+2

-3.0 >99

?The potential applied is with respect to a reference calomel electrode; n = 3.
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A current of 200 mA is applied at this stage, which is seen to decrease slowly to
100 mA by the end of the initial electrolysis. The acrylic cap and the electrodes
are then removed from the cell while maintaining the current. After the current
is switched off, the cathode plate is removed, washed with 10 mL of acetone to
remove any free *Sr adhering to the electrode surface and then fitted to
another similar acrylic cap into which a cylindrical platinum electrode is
attached for the second stage deposition. This acrylic cap is fitted to a fresh
quartz cell filled with 30 mL of 0.003M nitric acid (pH2.5-3), the cylindrical
electrode is connected as the cathode and the original platinum plate
containing *’Y is connected as the anode. The second electrolysis is performed
for 45 min with a constant potential of —2.5 V and a 100 mA current with
continuous bubbling of argon gas through the solution, as was done previously.
In this step, the current decreases to 20-30 mA by the end of the electrolysis. In
the second electrolysis, *°Y is leached from the platinum plate and is deposited
onto the cylindrical platinum electrode. At the end of the electrolysis, the
acrylic cap is removed from the solution while maintaining the voltage, and the
cylindrical platinum electrode with the deposited *’Y is washed with 10 mL of
acetone, followed by leaching of *°Y with 500 uL of acetate buffer at pH4.75 to
obtain pure Y. After use, the electrodes are washed with 3M HNO, and used
in subsequent experiments. The feed solution in the first electrolytic cell is also
preserved, since it retains most of the *°Sr activity. The *’Sr solution is left to
stand to allow growth of *°Y, and is used for further electrolysis at pH2.5-3.0.
The activities of the electrolyte in the second cell as well as in the acetone wash
solution are transferred to a waste container for disposal.

Generators with activity levels of 1.85 GBq (50 mCi) were tested
repeatedly using this procedure. It was observed that this generator could yield
Y of high purity with *°Sr contents well below 10#%. The purity of Y was
measured by half-life estimation, by estimation of 3*Sr activity by HPGe
based gamma ray spectroscopy, by paper electrophoresis and by estimation of
residual *Sr after long decay. The decay of the Y obtained from the generator
when followed for nearly 700 h (~11.5 half-lives of *’Y) using a liquid
scintillation counter conformed with the 64.1 h half-life of Y, with no
deviation at the lower end of the straight line decay curve, confirming that the
“Y fraction was pure and contained negligible quantities of *°Sr.

In the experiments carried out with *°Sr/*°Y spiked with ***Sr, the Y
that was isolated was checked in an HPGe detector coupled to a 4K analyser to
evaluate the photon peaks due to the gamma rays corresponding to 5*Sr
gamma activity. The spectrum did not show the presence of such peaks, thereby
indirectly confirming the absence of *°Sr in the recovered Y.
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The EPC technique was also used for the estimation of *°Sr in eluted Y
[7.7], which gave the value of approximately 30.2 £ 15.2 kBq (817 £ 411 nCi) of
PSr per 37 TBq (1 Ci) of °Y (0.817 = 0.411 ppm) for different batches. The *°Sr
levels observed were very low and within acceptable limits.

Table 7.2 summarizes some of the typical results of the performance of
the generator over a 6 month period. It can be seen that consistent levels of Y
(93-95%) could be repeatedly recovered from the single *Sr feed.

7.2.3.1. Simulation study of recovery of Y from strontium carrier added
solution

The effects of macroscopic amounts of strontium on the electrochemical
separation of Y were investigated by using a strontium-yttrium mixture
containing inactive strontium and yttrium carrier (22.5 mg of anhydrous
strontium carbonate in 2M HNO; and 2.32 pg of yttrium oxide dissolved in 2M
HNO,) equivalent to 37 GBq (1 Ci) of *Sr, along with an equilibrium mixture
of *Sr/*Y containing 3.7 MBq (100 uCi) of *Sr as well as 3.7 MBq (100 uCi) of
8589Gr. The separation of *’Y by electrolysis was carried out as outlined above,
and the activity content of the recovered Y was measured to evaluate the
electrochemical deposition yield. It was found that, at these levels of strontium
and yttrium, the generator performed equally efficiently, with greater than
90% yields of *°Y of high purity.

With this generator, it is necessary to follow the procedure very carefully
in order to achieve the desired separation. Bubbling of an inert gas through the
solution before and during electrolysis is essential to vent the gases produced
during electrolysis as well as to keep the solution in a dynamic form. The best

TABLE 7.2. TYPICAL PERFORMANCE OF THE ELECTROCHEMICAL
“Sr/'Y GENERATOR

Sr-90 in the Y-90 growth Expected

electrolyte period Y-90 activity Y-90 recove.red Y-90 recovered
(GBq/mCi) (d) (GBg/mCi) (GBg/mCi) (%)
1.85/50 15 1.810/48.93 1.6835/45.5 92.9
1.848/49.95 9 1.668/45.09 1.5725/42.5 94.3
1.847/49.92 33 1.8426/49.80 1.6872/45.6 91.6
1.843/49.81 16 1.812/48.97 1.691/45.7 93.4
1.841/49.76 13 1.7764/48.01 1.6872/45.6 95.1
1.8396/49.72 20 1.8267/49.37 1.706/46.1 93.3
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results were obtained with helium and argon gases. Removal of the electrodes
from the electrolytic cell under voltage was necessary to prevent the dissolution
of a thin layer of deposition of **Y-hydroxide at ng—ug levels back into the
electrolyte solution. Rinsing of the electrodes each time after electrolysis was
necessary to remove the adherent ’Sr, although this resulted in a decrease in
the recovery of *’Y of approximately 2% each time. Thus, although the electro-
lytic deposition yields were in the range of 97-98%, the final usable yields were
around 95%. The time required for a complete run was about 3—4 h, and most
of the *Y activity could be leached with 500 uL of 0.2M acetate buffer at
pH4.75. Yttrium-90 can also be reconstituted in chloride or nitrate form, if
desired. By appropriately adjusting the volume of the solution used for final
dissolution, *’Y could be obtained at high radioactivity concentrations. The
recovery of *’Y when the feed was simulated to represent 37 GBq (1 Ci) of *°Sr
was found to be equally good.

An electrochemical separation procedure was successfully demonstrated
for separation of Y from *’Sr having high radiochemical yield and purity. Such
a generator has very low operational costs and could provide a continuous
supply of Y suitable for therapeutic application.

7.2.4. Development of a quality control procedure based on extraction paper
chromatography for estimation of *Sr in *’Y

The quality control procedure based on EPC is essentially a combination
solvent extraction of a species with a specific ligand and paper chromatography.
The KSM-17 chelating agent has very high affinity for ’Y and is the basis of the
“Sr/%Y generator system developed at BARC (see Section 7.2.2). The
selectivity of KSM-17 for *°Y was utilized to develop this novel EPC technique
for determination of *’Sr contamination in the eluted *°Y [7.7], details of which
are provided elsewhere in this report (see Section 3.1 on SLM based *’Sr/*’Y
generators).

To summarize, using regular chromatography grade paper (e.g. Whatman 1),
the area at the point of application is saturated with KSM-17 by applying an
adequate quantity (here, 10 uL. of KSM-17 was used, which would be sufficient
to chelate and keep bound micromolar quantities of Y**), well in advance of
the actual quality control procedure. The *’Y acetate test solution, with known
radioactive concentration, is diluted appropriately with high accuracy to a
concentration of 37 MBg/mL (1.0 mCi/mL). A known small aliquot (5 uL) of
this test solution is then applied to the paper, and the paper is developed in
saline. The KSM-17 retains Y** tightly at the point of application (R;= 0) and
Sr*? migrates with the solvent front, resulting in sharp separation. After drying,
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cutting and counting the paper in a liquid scintillation counter, the data for
estimation of amounts of radioactivity in Sr and Y regions are provided.

Here, taking advantage of the high precision and accuracy with which the
activity can be diluted and spotted on the paper using high precision pipettes,
the activity was counted in a liquid scintillation counter for a long time (up to
1 h) to achieve the sensitivity necessary for measuring becquerel levels of *°Sr
in a sample of *’Y in megabecquerel quantities. A detailed report has been
published [7.7]. If the initial concentration of Y is not accurately known, the
sample may be accurately diluted and the activity measured in a liquid
scintillation counter to derive the radioactive concentration value, provided the
efficiency of the counter is known. Even if the efficiency of the counter is not
known, as long as the efficiency is the same for both Y and *’Sr measure-
ments, this method can still be used to derive the values for “°Sr levels in °Y. A
typical set of data from a sample is shown graphically in Fig. 7.1. By plotting the
counts obtained on a logarithmic scale (Y axis), even the very low count rate of
“Sr can be depicted along with the high count rate that is usually associated
with Y.

Validation of the method included:

(a) EPC of known samples of 3Sr to prove that all Sr*> moves with the
solvent front and that there is no misclassification error at R, = 0
(Y* region).
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FIG. 7.1. Typical EPC of a sample of *°Y from the electrochemical generator.
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(b) EPC of an equilibrium mixture of Sr/*’Y to show that the counts at the
Y*? and Sr*? regions are the same (within counting errors, when counted
immediately after EPC). This proves the complete separation as well as
equal efficiency for counting both regions.

(c) EPC of an aliquot of *Y and counting of the Y region after EPC, as well
as counting of the same aliquot separately without EPC, by directly
placing it in the scintillation vial and showing that the counts are not
significantly different. This proves that all the *°Y stays at R; = 0, and that
the paper does not quench the counts of Y.

7.3. CONCLUSION

Two types of “Sr/’Y generator were successfully developed based on
SLMs in two stages and electrochemical deposition in two stages to obtain
highly pure *’Y that can be used for preparation of radiopharmaceuticals.

Also, a simple and reliable quality control procedure based on EPC for
estimation of ppm levels of *Sr in Y was developed, demonstrated and
validated.
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Abstract

Yttrium-90 is one of the most useful radionuclides for radioimmunotherapeutic
applications. It has a half-life (T,,: 64.14 h) that is consistent with the rate of antibody
accumulation in tumours, and it emits beta particles of high energy and decays to a
stable daughter. It is significant that *°Y is available conveniently and inexpensively
from a radionuclide generator by decay of its parent, *°Sr. Nevertheless, current and
planned clinical applications of *’Y labelled compounds employ activity levels that can
only be readily obtained from commercial sources, not from in-house generators. The
use of Eichrom’s Sr Resin was evaluated both as an in-house generator and as a fast
quality control tool for *’Y solutions. In particular, for development as a generator, the
percentage of the *°Sr in the first SM HNO; eluate was evaluated, as in this fraction the
concentration of *°Sr must be less than 10°%. For use as a tool for rapid quality control,
the concentration of *°Sr in the entire fraction eluted after separation of *°Y was
analysed. After the collection and analysis of 8~ and ¥ spectra, it was concluded that use
of the commercial Sr Resin minicolumn cannot give the results expected. This problem
was solved by preparing radiochromatographic systems in house that gave very
promising results, both as an in-house generator and as a quality control tool.

8.1. INTRODUCTION
Yttrium-90 has become a widely used radionuclide for cancer therapy

owing to its physical properties, which include a high energy beta emission
(Eg. . = 2.280 MeV) [8.1, 8.2] with a range in tissue longer than that of
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other §~ particles, no accompanying gamma ray emission in its decay, and a
half-life (T,,: 64.14 h) [8.1, 8.2] that is comparable with the pharmacokinetics of
many tumour targeting molecules.

Another advantage is its convenient availability by decay of its fission
product parent “Sr (T,,: 28.78 a, Eg = 546 keV, <Ez> =182 keV)[8.1, 8.2]
through the scheme shown in Fig. 8.1.

Usually, a radionuclide generator consists of a chromatographic column
into which the parent radionuclide is loaded, with the daughter radionuclide
being eluted using either aqueous or organic eluents [8.3, 8.4]. Many generator
systems have been reported in the literature, but clinical applications of
%Sr/Y have been carried out using commercial sources and not generator
eluted Y. The main reason for this choice lies in the chemical and radio-
nuclidic purity of the *Y. The latter, in particular, is crucial for the safe use of
Y in humans [8.5]. Hence, accurate determination of *°Sr contamination in
Y solutions needs to be further optimized for this radionuclide to be utilized
in patient trials.

In this CRP, different generator systems have been proposed [8.6] and
have shown good elution yields and the possibility to obtain *°Y solutions in
concentrations and chemical forms suitable for labelling biomolecules [8.7, 8.8].
However, a sensitive method to detect “Sr breakthrough is still lacking.
Therefore, efforts here were focused on the development of a simple and
efficient method to enable the assessment of whether a *’Y solution meets the
clinical requirements immediately after elution from the generator and prior to
radiolabelling.

Sr 28.78a
B 100%
Ej,, =546 keV |
\ Y 6414h
B 99.9885%
P2 280 keV
NZr stable

FIG. 8.1. Decay scheme of the *’Sr/®Y system.
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8.2. MATERIALS

The materials provided by the IAEA included *Sr/”"Y (in 1.0M HNO,
solution; activity: 120 uCi (4.44 MBq), certificate No. 1594, RITVERC, Russian
Federation) and ®Sr (certificate No. DP2-1-032/47/06/2, POLATOM,
containing [*Sr]SrCl, in 1.0M HCl with a radionuclidic purity of >99.5%; other
radioisotopic impurities: *Rb: 3.5 x 102%, *Fe: 59 x 102%; activity: 100 uCi
with specific activity >37 MBg/mg).

Purchased items included: *°Y (PerkinElmer®, Catalogue No. NEZ-
306A, containing [*Y]YCI; in 0.05M HCI with a *’Sr/"Y activity ratio at
production of less than 1.0 x 107 Ci/Ci); Eichrom Sr Resin (mesh: 50-100 um),
50 x 2 mL cartridges; and Eichrom Sr Resin (mesh: 50-100 um), 25 g of resin.

All chemicals used in the experiments were of analytical or electronic
grade to minimize the contamination of the final solutions.

8.3. METHODS

The method that was investigated is based on the Sr Resin commer-
cialized by Eichrom® Technologies. This resin has a crown ether extracting
system and consists of 1.0M 4,47(5")-di-butylcycloexane 18-crown-6 in
1-octanol. This extracting system has a different affinity and pH dependence
for different elements owing to steric interactions between the cavity of the
ether 18-crown-6 and electrostatic forces between the oxygens of the ether and
the cations present in the mobile phase. In particular, this resin possesses a high
affinity for strontium at low pH levels (high concentration of acid), whereas
under the same conditions the affinity for yttrium is very low. In theory, this
resin is a good support for a *°Sr/’Y generator, since using concentrated acids
(i.e. 8M HNO;) as an eluant would make it possible to quantitatively elute the
yttrium, followed by elution of strontium using very diluted acids (i.e.
0.01M HNO,). Based on this principle, the same method was applied for the
quality control of the *°Y solutions. To achieve this, it is necessary to have
complete decontamination of yttrium and complete recovery of strontium. The
activity present in strontium fractions would allow determination of the
percentage of **Sr impurity present in the *Y solution, and therefore the radio-
nuclidic purity.
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The proposed method consists of the following steps:

(1) Load the column with a solution containing *°Sr and Y.

(2) Elute two fractions with 5 mL of 8M HNO, each to collect the Y and
achieve its decontamination and the removal of *Sr.

(3) Elute two fractions with 5 mL of 0.01M HNOj, each to recover the *Sr
from the column.

According to the commercial specifications, this procedure should permit
recovery of pure solutions of each radionuclide. However, liquid scintillation
analysis of the eluted fractions did not allow the complete validation of the
system and suggested ways to improve the system in order to achieve the goal
of determining the radionuclidic purity of *Y solutions within permissible
limits.

Other experiments based on this method were executed with #Sr, a pure
Y emitter with a single y emission at 514 keV, to evaluate the behaviour of the
resin with strontium. This radionuclide allows rapid detection and
measurement of radioactivity in the eluted fractions and on the column bed
owing to its decay mode (y emissions were measured with an HPGe detector
(see Fig. 8.2) or with a Nal(T1) scintillator).

In these experiments, it was initially decided to evaluate the Eichrom
Sr Resin minicolumn and, subsequently, a chromatographic system prepared
in house in order to improve the radiochemical separation.

100000
: St (T, = 64.84 )
10000 5140067 keV
1000 4

Counts

500 ' 1000 ' 1500 ' 2000
Energy (keV)
FIG. 8.2. Typical y spectrum of 5Sr obtained with an HPGe detector for 1000 s.
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8.4. RESULTS

8.4.1. Evaluation of the column performance to produce pure fractions of
'Y and *'Sr

In the first experiment, one Sr Resin cartridge was loaded with 83 uL.
(~3.7x 10°Bq) of *Sr/’Y solution at secular equilibrium. Two fractions with
5SmL of 8M HNO; each were eluted, followed by two fractions with 5 mL of
0.01M HNO,;. From the eluted fractions, four samples were prepared for LSC
by taking 50 pL of each radioactive solution and adding 20 mL of scintillation
cocktail (Hionic Fluor, Packard). The spectra of the first fraction (supposed to
contain pure *°Y) and of the third fraction (supposed to contain pure *Sr) are
shown in Fig. 8.3.

The separation of the two radionuclides appeared to be successful, but in
order to verify whether the two fractions were really pure, the decay of the
activity in the first fraction was followed up to 50 d to allow complete decay
of Y.

The decay curve plotted in a semi-log Cartesian 2D plane showed a tail
(Fig. 8.4) due to an impurity with a longer half-life, which was identified as *Sr.

It is possible to determine the radionuclidic purity by acquiring the
spectrum of the first fraction after the complete decay of Y. The spectrum of
the first fraction is shown in Fig. 8.5 (dashed line) along with that of pure *Y
(red) and that of *’Sr obtained after analytical deconvolution (green).

100

80

60

40

Counts/second

20

T T T T T T T T
0 200 400 600 800 1000
Channel

FIG. 8.3. Spectra of first fraction (red) and third fraction (green).
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T,.=64.654 + 0.003 h

Comparison with literature value (T,, = 64.14 h)
1000 A=0.86%
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FIG. 8.4. Decay curve of the first fraction.
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FIG. 8.5. Spectra after complete decay of Y (dashed line).

From the deconvoluted spectra of *Sr, the radionuclidic impurity was
calculated to be:

AgOSr

:(8.81 x1073 +6.13 x 10-4)
(*v+"sr)
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8.4.2. Detection of the ICRP level of *Sr in a commercial sample of *'Y

In the second experiment, a St Resin cartridge was loaded with 10 pL of
Y (~3.97 x 107 Bq) to verify whether the system would allow detection of an
amount of *Sr equal to that certified by the supplier, which meets the Interna-
tional Commission on Radiological Protection (ICRP) requirements of 10~°%.
The elution scheme was similar to that reported in the previous experiment.

Table 8.1 summarizes the results of the LSC of the eluted fractions. The
counts reported in the first two columns depend on the dilution of the sample
collected from the column. It is important to point out that the percentage of
Y recovered in the third fraction (1.23 x 102%) corresponds to about
4883 + 52 Bq, which is three orders of magnitude higher than the amount of
“Sr that is supposed to be found in this fraction (<3.9 Bq) according to the
PerkinElmer® certificate.

From the above experiments, it was concluded that it is impossible to
detect the *Sr present in this commercial sample, because the *°Y leaking out
in the third fraction covers the counts due to the *Sr.

8.43. Evaluation of column performance using %Sr

In the third experiment, a Sr Resin cartridge was loaded with a standard
solution of #Sr from POLATOM, previously brought to dryness and recovered
with 5 mL of 8.0M HNO;. The results of the separation are shown in Table 8.2.

It can be seen that the yield (%) of ®Sr in the first fraction is comparable
with that obtained in the first experiment, in which a solution at the secular
equilibrium of *°Sr/*°Y was passed through the column. The experience accrued
so far has shown that using a single cartridge under the conditions
recommended by Eichrom® Technologies does not make it possible to achieve
the needed radiochemical separation.

TABLE 8.1. EXPERIMENT TWO:

RADIOCHEMICAL YIELDS

Fraction Yield (%) SD
I1-8M 9885 £ 0.85
II-8M 1.40 +  0.020
11 - 0.01M 123x102 + 1.30x107*
IV -0.01M 453x10* £ 428x107°
Washing — 0.01M 1.63x10* + 4.81x107
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TABLE 8.2. EXPERIMENT THREE:

RADIOCHEMICAL YIELDS
Fraction Yield (%) SD
I 75%x10° + 32x10*
11 - 8M 1.7x10° + 55x10*
III - 8M 39%x10° + 71x10%
IV -0.01M 91.88 + 0.59
93.15+1.93
V-0.01M 1.26 + 0.025
Column 49 + 0.19
TABLE 8.3. EXPERIMENT FOUR:
RADIOCHEMICAL YIELDS
Fraction Yield (%) SD
1 318x10% + 1.92x107
1I-8M 7.92x107 + 6.02x107®
111 - 8M 9.88x10° + 8.16x107
IV -0.01M 14 x10° + 1.12x10°
V-0.01M 87.21 + 2.74 90.8 +8.28
VI-0.01M 3.6 + 0.11
Column 4.83 + 0.15

8.44. Evaluation of different chromatographic conditions using **Sr

In the fourth experiment, an attempt was made to improve the efficiency
of separation by using two Sr Resin cartridges in tandem. An aliquot (2.75 mL)
of the ®Sr solution in 8M HNOj; was passed through the columns. The results
are shown in Table 8.3. Some of the parameters, such as the activity retained on
the column, are similar to those of previous experiments; however, the
percentage of ®Sr recovered in the first fraction is one order of magnitude
lower. The separation has been improved by the use of the two columns. In
further investigations, the goal of complete decontamination of the Y
fractions was reached.
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8.4.5. Evaluation of a column prepared in house using 3Sr

In the fifth experiment, efforts were made to further improve the
efficiency of separation using a 1 cm X 5 cm column loaded with 4 mL of Sr
Resin that was prepared in house. An aliquot (2.8 mL) of the ®Sr solution in
8M HNO; was passed through the columns. The results are shown in Table 8.4.
By using the column prepared in house, it was possible to further reduce the
percentage of 33Sr eluted in the first fraction to a level below detection; that is,
to the level of about 107°%.

8.4.6. Evaluation of column prepared in house using *"Y

In this experiment, the separation efficiency of the column prepared in
house (1 cm x 5 cm) was tested by loading an aliquot of pure *°Y (2.7 mL) in
8M HNO;. The recovery of ™Y in the first fractions eluted with 8M HNO, was
more than 99%; most important, in the fourth and fifth fractions the VY was
under the detectable limit, which means that it would not interfere with the
counting of potential contamination of “’Sr present in the sample under
evaluation.

8.5. CONCLUSION
Using the chromatographic system prepared in house and loaded with the

Eichrom Sr Resin, it is possible to achieve the instant determination of *°Sr at
the permissible limit by measuring the fractions eluted with dilute acid.

TABLE 8.4. EXPERIMENT FIVE: RADIOCHEMICAL YIELDS

Fraction Yield (%) SD

I <7x107

I1-8M <7 %107

111 - 8M <7x107

IV -0.01M <7 %107

V -0.01M 96.7 + 0.57 9758 +1.57
VI-0.01M 0.88 + 0.013

Column 4.08 + 0.035
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IONIC LIQUID TYPE CROWN ETHER AS A NOVEL
MEDIUM FOR LIQUID-LIQUID EXTRACTION OF

THE RADIOACTIVE METAL ION *Sr**

SANG HYUN PARK

Radiation Research Division for Biotechnology,
Korea Atomic Energy Research Institute,
Daejeon, Republic of Korea

Abstract

1,13-dichloro-4,7,10-trioxatridecane (2-[2-(1-chloro-2-ethoxy)ethoxy]ethyl chloride)
was synthesized by chlorination of 1,13-dihydroxy-4,7,10-trioxatridecane (triethylene
glycol). Treatment with imidazole and sodium ethoxide provided 1N,1N’-
tris(oxoethylene)-diimidazole, which was then converted to an ionic liquid type crown
ether (ILCE) with reaction with 1,9-dichloro-3,6-trioxaoctane. The anion of the ILCE
was then exchanged by an anion exchange method. Ultimately, a very efficient synthetic
pathway was developed for the preparation of ILCEs having various physical and
chemical characteristics by a modification of the polyethylene glycol chain length and
anions. The ¥Sr** was successfully extracted into the [(3,2) O Im][Cl] phase, but was not
extracted into the [(2,2)Og Im][Cl], [(3,3)Og Im][Cl] and [(4,3) O Im][Cl] phases.

9.1. INTRODUCTION

Interest in radiopharmaceuticals for the treatment of serious illnesses
such as cancer and rheumatoid arthritis has increased during the past decade,
and ¥Sr, ¥Re, Sm, Y and '®Ho are currently used in routine clinical
practice. Strontium-89 is a radionuclide used for palliative treatment of bone
cancers and for treatment of prostate cancer [9.1]. Strontium-90 is the parent
radionuclide of the Y generator used as a radiotherapeutic nuclide [9.2].
Accordingly, many methods have been evaluated for the separation of *°Y for
use in nuclear medicine. Strontium radioisotopes can be extracted by using
crown ethers, and 18-crown-6 (18C6), dicyclohexano-18-crown-6 (DCH18C6)
and 4,4(5")-di-(tert-butylcyclo-hexano)-18-crown-6 (Dtb18C6) have been
studied for extraction of the Sr?* ion from aqueous solutions [9.3]. In the
absence of an extractant, the distribution ratio for the metal ion indicates a
strong preference for the aqueous phase. In a typical liquid-liquid extraction
experiment, the crown ether resides in the hydrophobic extraction phase, and
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serves to dehydrate and complex the metal ions for removal from the aqueous
phase [9.4, 9.5]. To enhance the efficiency of such a process, an organic solvent
is selected to sustain the biphasic system while maximizing the hydrophobic
and complexing properties of the extracting phase. However, the volatile
organic compounds (VOCs) commonly employed in traditional liquid-liquid
separations can have high hazard ratings and low flash points, indicating
associated health and safety concerns. While liquid-liquid separations utilizing
VOC diluents have extensive applications in industry, from chemical synthesis
to hydrometallurgy, such practices often generate large volumes of contami-
nated solvents. Ending such reliance on separations that consume large
quantities of VOCs has become a target area for the development of ‘green’
industrial processes that are inherently safer and less polluting [9.6-9.10].

In recent years, ionic liquids have attracted much attention as recyclable
media for organic synthesis [9.3, 9.11-9.13]. The materials are considered
‘green’ solvents since they are non-volatile, non-flammable, non-toxic,
thermally stable and recyclable. Limited solubility of ionic species in non-ionic
organic solvents is the main problem associated with conventional solvent
extractions. For these reasons, we have evaluated the synthesis of new ILCEs
for a liquid-liquid extraction of metal ions. The new crown ethers contain a
large polyoxyethylene (POE) ring, which is capable of interacting with metal
ions to produce a complex of associates. Certain modifications can be made to
produce a molecule designed for optimal results for specific applications. The
goal is to develop novel sequestering agents to achieve the extreme selectivity
required to extract specific radionuclides.

9.2. EXPERIMENTAL PROCEDURES

Polyethylene glycol in benzene was treated with pyridine and thionyl
chloride to give compounds la-4a. A solution of imidazole (0.20 mol) in
100 mL of absolute ethanol was treated with compounds la—4a (0.10 mol) in
the presence of sodium ethoxide. The mixture was stirred and refluxed for 6 h
to give compounds 1b—4b. Treatment of compounds 1b—4b (0.20 mol) in
250 mL of anhydrous acetonitrile with 0.20 mol of compounds 1a—4a provided
compounds 1-4 in good yields (Fig. 9.1).

Instrumental analyses confirmed the chemical structures of the target
compounds la and 3. The ring size of the ILCE can be regulated by an increase
of the ether chain length. Physical characteristics of the ILCE can be regulated
by the anion exchange reactions. Sodium trifluoroacetate was added to a
solution of the [(2,2) O Im][CI] 1 prepared in acetone as described above, and
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FIG. 9.1. Synthesis of [(a,b) Oz Im][CI].

cr QO/—\O}U X"{O/—\ij"
I I K ) [}
&Ouoj &(\ /OJ

1 5

FIG. 9.2. Synthesis of ILCE by anion exchange reaction.

the mixture was stirred at room temperature for 24 h. Other anion substituted
ILCEs can be prepared in the same way as 5 from AICI;, AL, Cl;, BF;, SbFg,
NO3, HSOj, CF,SO3, (CF;S0;),N™ (see Fig. 9.2).

Strontium-85 was produced at the HANARO research reactor (30 MW)
at the Korea Atomic Energy Research Institute by neutron irradiation of an
encapsulated *SrCOj target for 24 min at a neutron flux of (2.5 x 10" n-em2-s7).
The target was cooled for 24 h and then dissolved in deionized water and 1M
nitric acid. The radionuclidic purity of the *Sr was estimated by gamma ray
spectrometry (GEM-10175 HPGe detector coupled to a multichannel analyser,
ORTEC, Oak Ridge, USA). A typical gamma ray spectrum obtained from the
HPGe detector shows photopeaks due to the gamma rays of *Sr and ¥™Sr; the
514.0 and 388.4 keV photopeaks were used for the assay. The initial specific
activity of *Sr was 189 Bq/mg. The radioactivity was measured using an
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ionizing chamber (Capintec 15R, BIODEX Atomlab 200, USA) at the
calibration value for %Sr set by the manufacturer.

Metal ion distribution ratios were determined by mixing 1 mL of ILCE
and 1 mL of aqueous phase, followed by vortexing (2 min) and centrifuging
(2000g, 2 min) to equilibrate the phases. Addition of the metal ion tracer
(~407 Bq, 5 uL) was followed by two intervals of vortexing (2 min) and centri-
fuging (2000g, 2 min) to ensure that the phases were fully mixed and separated.
The phases were separated and dispensed into vials, from which 100 uL of each
phase was removed for a radiometric analysis. Because equal volumes of both
phases were removed for analysis, the distribution ratio (D) for the metal ions
was determined as follows:

_Activity in the ILCE lower phase
Activity in the aqueous upper phase

Each experiment was performed in duplicate, and the results agreed to
within 5%. The ®Sr** ion was successfully extracted into the cyclo-{1N,1N’-
[(3,6,9-trioxa)-1,11-undecyl]}-{3NV,3N’-[(3,6-dioxa)-1,8-octyl]}-diimidazolium
chloride {[(3,2)OgIm][Cl] 3} phase, but it was not extracted into the
[(2,2)OgIm][C]] 1, [(3,3)OgIm][C]l] 2 and [(4,3)OgIm][Cl] 4 phases
(Table 9.1).

9.3. RESULTS AND DISCUSSION
Novel ILCEs that are non-toxic, recyclable and economical can be readily

synthesized and employed for efficient extraction of strontium. The new
imidazolium ionic liquid type reinforces the conventional reducing agents,

TABLE 9.1. DISTRIBUTION OF *Sr

Distribution of Sr-85 (Bq)

ILCE Distribution ratio
Aqueous phase ILCE phase

[(2,2)Og Im][Cl] 1 390 Not detected

[(3,3)Og Im][C]] 2 323 Not detected

[(3,2)Og Im][Cl] 3 17 356 21

[(4,3)Og Im][C]] 4 369 Not detected 0
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which require very stringent conditions for preparation. The crown ethers
described in this report possess POE substituent groups. Their increased
density should allow the imidazolium cores to adhere more tightly to the
strontium ions in order to maximize the interaction. ILCEs have been found to
behave like multifunctional compounds that discriminate a metal cation
according to their ring size. Also, the ILCEs are expected to be used for
extraction of other radionuclides or heavy metals. The ILCEs obtain their
selectivity through the ability to fine-tune and reorganize their crown ether
structure and the resulting properties of the crown by changing their ring size
and rigidity, changing their number and type of donor atoms, appending
ionizable groups, and modifying their lipophilicity.
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DETERMINATION OF *°Sr IN THE Y ELUATES
OF THE *’Sr/’Y GENERATOR
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D. PAWLAK, Z. ZELEK, M. KONIOR, J.L. PARUS

IAE Radioisotope Centre POLATOM,

Otwock-Swierk, Poland

Abstract

A set of two extraction chromatography columns connected in series was used for
the determination of trace levels of *°Sr in™Y eluates. The first column is filled with Sr
Resin and the second with DGA Resin. Strontium-90 is retained on the first column and
Y on the second column. Strontium-90 is eluted with water from the first column and
measured using liquid scintillation counting. The remaining *°Sr eventually appears in
the liquid leaving the DGA column. The use of the DGA column itself seems to be suffi-
cient for *Sr determination at the detection limit of 10°%.

10.1. INTRODUCTION

Progress in the development of “Sr/*’Y generators is limited by the fact
that most of the laboratories participating in this CRP are not equipped to
measure low levels of “’Sr breakthrough in the *°Y eluates, and hence the radio-
nuclidic purity of the generators is difficult to assess. In this report, preliminary
data are presented on a method for determination of a trace level of *Sr
contamination in the Y eluates involving chemical separation using solid
phase extraction chromatography. The method will be further improved in
ongoing studies.

Determination of low level radionuclidic impurities in the presence of
high quantities of long lived *°Sr is generally difficult because of the high
energy beta radiation of the constantly accumulating *’Y. Thus, in the case of
gamma spectrometry, the continuous bremsstrahlung spectrum stemming from
Y beta radiation prevents the determination and quantification of underlying
weak gamma peaks of impurities. The continuous high energy beta spectrum of
“Y makes it equally impossible to determine beta emitting impurities by liquid
scintillation beta spectrometry and complicates the alpha/beta discriminative
liquid scintillation measurements. It is therefore desirable in a number of cases
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to selectively separate *°Sr from all possible impurities and also from the short
lived *°Y daughter. The rapid radioactive decay of the latter in the mixture
obtained would permit subsequent precise determination of the impurities. The
separation method that is applied (in this case, extraction chromatography)
must be validated with respect to selectivity of *’Sr separation (no impurities
should be ‘lost’ or eliminated along with the *Sr).

The extractant system of Eichrom Sr Resin is 1.0M 4,4'(5’)-di-t-butyl-
cyclohexano 18-crown-6 (crown ether) in 1-octanol, which is loaded onto an
inert chromatographic support. The bed density of Sr Resin is approximately
0.35 g/mL. The uptake of strontium by the Sr Resin increases with increasing
nitric acid concentration.

The Eichrom DGA Resins are extraction chromatographic materials in
which the extractant system is either N,N,N’,N’-tetra-n-octyldiglycolamide
(DGA Resin, Normal) or N,N,N’N’-tetrakis-2-ethylhexyldiglycolamide (DGA
Resin, Branched). The bed density of both DGA Resins is approximately
0.38 g/mL, with a working capacity of 7.23 mg of **Sr per mL of resin and 11 mg
of yttrium per mL of resin.

The four alkaline earth cations on DGA Resin normally do not show any
significant uptake from HCI, and only strontium and calcium show moderate
uptake from nitric acid concentrations of about 0.5 to about SM. Yttrium(III) is
much more strongly retained on the resin than Sr(II) from both nitric and
hydrochloric acids across all concentrations. Coupling the Sr Resin with DGA
Resin, Normal would allow for excellent separation of yttrium from strontium
for radiopharmaceutical purification or a single step **°Sr measurement
procedure.

10.2. SEPARATION OF *’Sr AND Y BY EXTRACTION
CHROMATOGRAPHY

Extraction chromatography is used for selective separation of the long
lived *Sr from *’Y, and from all radionuclidic impurities potentially present in
the initial *°Sr solution in equilibrium, hereinafter referred to as *’Sr solution.
This separation permits, after the disintegration of the short lived Y, the
quantification of impurities with sufficiently low detection limits. For selective
retention of *Sr, Sr Resin (Eichrom Technologies) is used [10.1, 10.2].

The procedure is as follows:

(1) Sr Resin (0.5 g) is soaked in 3M HNO; over a period of 18-20 h in a

laboratory glass beaker. A glass column is filled with the resin and
washed with 20 mL of 3M HNO,.
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(2) A known aliquot (0.25 mL) of the *Sr solution to be analysed is taken by
weight and diluted with 2.5 mL of 6M HNO;.

(3) The obtained solution in 6M HNO; is loaded on the column and washed
with 5 mL of 3M HNO,,.

The Sr free eluate obtained is used as stock solution for further radio-
activity measurements. The *Sr is then stripped from the column with diluted
HCI and taken for LSC.

10.3. EVALUATION OF RECOVERY OF BETA EMITTERS FROM
Sr RESIN

The Sr Resin is characterized by high selectivity for Sr?* cations and by
negligible retention of other cationic/anionic elements, save lead, in 3-6M nitric
acid solutions [10.1]. This resin can therefore be used for separation of the long
lived *°Sr from Y and from all radionuclidic impurities possibly present in the
initial *°Sr solution. This separation permits, after the decay of the short lived
PY, the quantification of impurities with sufficiently low detection limits. In
addition, experiments were performed in order to validate the complete
recovery of a number of potential radionuclidic beta impurities at the moment
of separation of *Sr. Precise experimental conditions used for the determi-
nation of impurities were thus validated [10.3].

Standard solutions of the radionuclides **S (E,,,: 167.5keV, T, ,: 87.44 d),
OCI(E,,,: 709.5keV, T, »: 3.01 x 10° a), ®Ni (E_ : 65.9 keV, T,,,: 100.1 a), *Tc

max-* max*
(E, . 293.6 keV, T,,: 2.14 x 10° a) and ¥Ca (E,,,: 256.9 keV, T, ,: 163 d) were
used to determine the recovery of these beta emitting radionuclides from the
Sr Resin.
The complete recovery of the radionuclides justifies the use of the
Sr Resin for the collective separation of *°Y and of the potential radionuclidic

impurities from *Sr.

10.4. RESULTS

To determine the traces of *Sr in Y, the following procedure was
developed. Two extraction chromatography columns are connected in series.
The first column is filled with 1 g of Sr Resin and the second column with 1 g of
DGA Resin. The Y solution in 3M HNO; (about 100 mCi) is fed onto the first
column. Strontium-90 is retained on the first column and *°Y on the second
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TABLE 10.1. RECOVERY OF SELECTED BETA EMITTERS
FROM Sr RESIN (ELUTION WITH 5 mL OF 3M HNO,)

Radioactivity collected

Radioactivity from column

loaded on
column (kBq) (kBq) (mean kBq) (%) (%)

Recovery SD
Radionuclide

S-35 51 51.05 521 102.1 0.84
52.15
53.10

Cl-36 1.22 1.265 1.21 99.2 0.04
1.195
1.180

Ni-63 18.9 16.406 16.446 87 0.03
16.483
16.450

Tc-99 10.28 10.540 10.543 102.5 0.084
10.647
10.441

Ca-45 142.29 151.15 149.95 105.3 2.5
152.20
146.50

one. The columns are separated, and the *Sr is eluted with water from the first
column and measured using a liquid scintillation counter.

The liquid emerging from the tandem columns should contain the rest of
the *Sr. When necessary, the residual amount of Y is removed on the
additional DGA column.

10.5. CONCLUSION
The extraction chromatography method can be applied for determination

of trace amounts of *Sr in Y eluates obtained from *’Sr/’Y generators;
however, this system requires further work and validation.
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Abstract

The objective of the coordinated research project was the development of
techniques for the preparation of °Sr/”’Y and '®W/'®Re generators. The research at
IPEN-CNEN/SP focused on developing a generator technology using high specific
activity W imported from the Russian Federation. The development of a '®Re gel
type generator, using the experience acquired by IPEN in recent years through the *™Tc
gel generator project, is discussed. Quality control procedures were developed to ensure
the purity of the eluted '®Re, and special attention was given to post-elution
concentration of Re.

11.1. INTRODUCTION

Radiotherapy delivered via internal administration of radionuclides
targeted via a tumour seeking carrier molecule is increasingly used for the
treatment of cancer. Radionuclides emitting beta and alpha particles, and
Auger electrons are of primary interest. From the point of view of the avail-
ability of production facilities, radiolabelling stability and dose delivered, the
beta emitting radionuclides are the primary choice.

Rhenium-188 is a high energy beta emitter with a maximum beta energy
of 2.12 MeV. Its 17 h half-life requires relatively rapid targeting and non-target
clearance for useful therapeutic application. Gamma imaging is also possible
owing to its 155 keV gamma emission (15%). The similarity of its chemistry to
that of technetium makes '®Re an attractive radionuclide for therapeutic use
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including radioimmunotherapy, radionuclide synovectomy and bone pain
palliation. Rhenium-188 can be attached to antibodies, peptides and other
molecules such as lipiodol and DMSA. Rhenium-188 of modest specific activity
can be produced by direct activation in a reactor. However, the production
method of choice is by the decay of the longer lived parent W (T, ,: 69.4 d),
which is produced through a double neutron capture reaction on W,
Depending on the specific activity of ¥W, chromatography based on alumina
or a gel type generator can be performed. In both cases, no carrier added
(NCA) ®Re is eluted with saline solution in the form of sodium perrhenate.
The chromatographic generator with alumina is suitable for high specific
activity "W, and the technology is similar to that used for *Mo/*™Tc
generators assembled with fission produced *Mo. The gel generator is an
option when using low specific activity W. Gels and polymers containing
zirconium or titanium can be used. A post-elution concentration step can be
used to concentrate the perrhenate solution to higher specific volume.

Another important aspect of the research is the use of high capacity
adsorbents for the preparation of "*W/'®Re and *Mo/*™Tc generators, such
as PZC developed in Japan and made available through the IAEA.

The following issues were studied during the CRP: development of
methodologies for the preparation and quality control of S5W/'%Re
generators, and development of technologies for post-elution concentration of
!88Re in order to improve the radioactive concentration.

11.2. MATERIALS

During the project, two batches of W of about 200 mCi each were
received from the SM reactor, Dimitrograd, Russian Federation.

11.3. EXPERIMENTAL PROCEDURES
11.3.1. Evaluation of adsorbents for **W/!*Re generators

Generators based on an alumina column: Generators were prepared
with 2 g of alumina previously conditioned with 0.1M HCI and dried. A known
volume of W solution was taken, and the pH was adjusted to 2.0 with
8M HCI. This solution (1 mL) was loaded onto the column, and elutions were
performed with a solution of 0.9% NaCl.

Preparation of a gel type "**W/'*¥ Re generator: The gel generator studied
was a zirconium tungstate (WZr) generator based on a project developed at
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IPEN for the production of a gel based *Mo/*™T¢ generator. Tungsten trioxide
(1 g) was dissolved with 2M NaOH, 1.0 mL of the W (15 mCi) supplied by the
IAEA was added and the pH was adjusted to 4 with 2M HNO;. A solution of
ZrOClL,.8H,0 (3 g in 42 mL of H,0, at pH1.5) was added with heating at 50°C
and stirring. The pH was adjusted to 4.5 with 2M NaOH. After the reaction, the
gel was filtered, dried, cracked with saline solution and dried again. The dry gel
was loaded onto a column previously loaded with 1g of Al,O;, and the
generator was eluted with known volumes of saline solution.

The WZr gel was characterized as follows. Structure identification of the
gel was performed by X ray diffraction with alpha CuK radiation. Particle size
was determined using a sieve distribution apparatus, weighing the sieves before
and after the distribution. Determination of tungsten and zirconium was done
by neutron activation analysis and by UV visible spectrometry.

Quality control of ' Re: The quality control of '**Re eluted in both types
of generator included estimation of radiochemical purity, chemical purity and
radionuclidic purity. Aluminium, tungsten and zirconium impurities were
estimated by UV visible spectrometry and ICP-OES. Radionuclidic impurity
was measured by estimating W breakthrough by y spectroscopy. Radio-
labelling studies of HEDP were done with the eluted '®*Re in perrhenate form.

11.4. RESULTS AND DISCUSSION

Figures 11.1 and 11.2 show the elution behaviour of the '®W/!%Re
generator based on an alumina column. Elution yields were greater than 90%
in a volume of 6 mL of the eluate. The results of the quality control tests
indicated that the eluted '®ReOj was of good quality.

A series of radiolabelling experiments was performed with ®*Re eluted
from the generators prepared in house in order to prove its quality. In one
experiment, HEDP was radiolabelled with '®Re using a kit in solution form
containing 30 mg of HEDP, 3 mg of ascorbic acid and a variable amount of the
reducing agent (SnCl,.2H,0), and adjusting the final volume to 1.0 mL. The
labelling was performed with 30 min of heating (100°C) followed by 60 min of
cooling. The results were in agreement with the results obtained using **Re
eluted from a commercial '®*W/!*¥Re generator supplied by ORNL.

The results of the characterization of the WZr gels showed that the gels
were of good quality. X ray diffraction studies showed that the WZr had an
amorphous form. The particle size distribution was appropriate to give a good
performance of the gel type generators, with most of the particles ranging
between 150 and 300 um. The amounts of tungsten and zirconium in the gel
were 37% and 43%, respectively. The performance of the WZr gel generators
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FIG. 11.2. Elution profile of "*W/!33Re generator based on an alumina column.
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was good, with an elution efficiency greater than 65% and an elution yield
greater than 80% in a volume of 6 mL.

Radiolabelling of HEDP with '®ReOj was also performed. The results
were promising and comparable with those obtained with '¥ReOj eluted from
a generator from ORNL as well as with those obtained with the alumina based
generator produced in house. The results of the quality control studies were
satisfactory for both generators. The level of '®Re as perrhenate was greater
than 99%, the breakthrough of 188W was less than 10°%, and the levels of
aluminium, tungsten and zirconium were below the recommended upper limits.

In conclusion, technologies were developed for the preparation of both
alumina based and WZr gel type "*W/!"*Re generators. IPEN-Brazil plans to
import W and prepare in-house generators for clinical applications.
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Abstract

Within the framework of the coordinated research project, different alumina
based 'W/!"*Re chromatographic generators were prepared and evaluated. The W
activities loaded into the generators ranged from 200 to 400 mCi, and two different
amounts of alumina (2 and 8 g) were used. The lowest *W breakthrough levels were
obtained for the generator containing 8 g of alumina, while the best elution profile
corresponded to the 2g alumina generators. Regarding elution efficiency, the
performance of all generators was similar and ranged from 70 to 80% yields of '®Re.
The eluate quality was evaluated through the labelling of monoclonal antibodies and
diphosphonates.

12.1. INTRODUCTION

Rhenium-186 was the first rhenium radioisotope applied in nuclear
medicine, owing to its Eg,,,, of 1.07 MeV and E, ., of 137 keV (very close to
the 140 keV of ®™Tc). Nevertheless, **Re is produced by (n,y) reaction from
enriched '®Re targets, which generally leads to low specific activities that
prevent its use in radioimmunotherapy. As an added disadvantage, the 3.78 d
half-life generally requires the shipment of activities higher than are intended
for use in the clinic, and its cost is therefore increased. Such inconveniences are
absent in the case of '®Re obtained from '®W/'*Re generators. Although the
initial cost of the '"¥W/'¥Re isotopic generator is high, the long, useful shelf life
(6-12 months) lowers the costs of ®Re [12.1]. Generator produced '®¥Re is
carrier free and has high specific activity. In this study, three alumina based
188W/188Re chromatographic generators were prepared and evaluated.
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12.2. MATERIALS AND METHODS
12.2.1. Radiochemicals

High specific activity W (4-5 Ci/g) in NaOH solution was purchased
from RIAR (Dimitrograd, Russian Federation), and supplied by the IAEA.
Three shipments were received, containing 200, 400 and 500 mCi, respectively.

12.2.1.1. Preparation of "W/ Re generators

Eight gram alumina generator: Acid alumina (Merck) was activated with
10 mL of 0.1M HNOj; and then washed with 100 mL of HCl solution adjusted to
pH2. The pH of the W solution was adjusted to 1-2 with 2M HCI and loaded
onto a column containing 8.3 g of alumina. After loading, the column was
washed with 100 mL of 0.9% NaCl solution. The evaluation of the generator
was started 24 h after preparation.

Two gram alumina generator: Prior to acid activation, the alumina was
heated for 10 h at 400°C. It was then acid washed with 100 mL of HCI at pH2.
After the addition of 20 uL of 30% H,O,, the "W solution was heated in a
water bath at 80°C for 20 min. After cooling, 2M HCI was added in quantities
sufficient to lower the solution pH to 1.5-2. The solution was loaded onto a
1.8 g alumina column at a flow rate of 0.3 mL/min and then washed with
100 mL of saline.

12.2.1.2. Elution of "W/'® Re generators

Generator elution was carried out with 0.9% NaCl solution. To obtain the
elution profiles, several 5 mL fractions were eluted, and the elution volume was
later adjusted to 10 mL for the 8 g alumina generator and to S mL for the 2 g
alumina generator.

12.2.1.3. Radiolabelling of monoclonal antibody with '**Re

One millilitre of h-R3 monoclonal antibody (MoAb) was added to a
sterilized vial, followed by the addition of 4.8 uL of 2-mercaptoethanol. The
vial was shaken vigorously and allowed to stand for 30 min, with occasional
shaking every 10 min. Radiolabelling was accomplished by dissolving a
pyrophosphate kit (CENTIS) in 5 mL of nitrogen bubbled saline solution, to
which were added the previously reduced MoAb and 5-6 mCi of '®Re. The
mixture was allowed to stand for 3 h at room temperature. Quality control was
performed by paper chromatography (Whatman 3MM) with acetone (free
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18Re) and saline (['**Re]-pyrophosphate). The presence of colloids was
evaluated by ITLC with EtOH:NH;:H,O (2:1:5 vol./vol./vol.).

12.2.1.4. Radiolabelling of HEDP with "*Re

Rhenium-188 (3-5 mCi) was added to an HEDP kit containing 0.1 mg of
NaReO,, 2.6 mg of SnF,, 7.5 mg of HEDP and 3.4 mg of gentisic acid, followed
by incubation for 30 min at 80°C. Quality control was performed by paper
chromatography (Whatman 1) with methylethylketone to determine free '*Re.
The presence of colloids was evaluated by ITLC with saline.

12.3. RESULTS AND DISCUSSION

A problem faced in preparing the generator was the need to adjust the
188W solution. When reaching a pH level of around 4, the pH paper strips failed
to show any colour changes. Adding H,0, and heating the "**W solution for the
preparation of the two 400 mCi generators helped to avoid this situation.

Figure 12.1 shows the elution profile of the 200 mCi "W/'®R generator
that was prepared using 8.3 g of alumina. The elution efficiencies ranged from
70 to 80%. As can be seen, the volume required to eluate 90% of the
recoverable activity was as high as 20 mL, which is not optimal since higher
activity per millilitre is desired for radiolabelling. The W breakthrough
values were very low, and in many cases no breakthrough was detected.

Activity (arbitrary unit)

0 10 20 30 40 50
Elution volume

FIG. 12.1. Rhenium-188 elution profile with 0.9% NaCl solution of a 200 mCi generator
prepared using 8.3 g of ALLO;.
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FIG. 12.2. Rhenium-188 elution profile with 0.9% NaCl solution of a 400 mCi generator
prepared using 1.8 g of AL O;.
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FIG. 12.3. Elution efficiency behaviour of a 400 mCi generator.

Reduction of the column size and consequently the amount of alumina to
about 2 g resulted in better '®Re elution profiles (Fig. 12.2). In these two
generators, 5 mL of NaCl solution was enough to eluate 94-96% of the
recoverable activity. Elution efficiencies were similar to those of the 8 g
alumina generator. Figure 12.3 shows the *Re elution efficiency behaviour of
a 400 mCi generator over a period of time. Elution yields varied between 70
and 87%, and the average value was 77.6%. The W breakthrough was
somewhat higher for this smaller column generator (10°-10*%) but agreed
with values reported by other participants.
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Radiolabelling of MoAb h-R3 and HEDP was greater than 95% with
eluates from the three generators.

12.4. CONCLUSIONS

Three '"8W/'®Re generators were successfully prepared and evaluated
regarding elution efficiency and W breakthrough. Preparation of radiophar-
maceuticals with the eluates from these generators was accomplished with
radiolabelling yields greater than 95%.
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FOR THE DEVELOPMENT AND PRODUCTION
OF STERILE GENERATORS AND FOR
POST-ELUTION CONCENTRATION

D. NOVOTNY, G. WAGNER
Isotope Technologies Dresden GmbH,
Dresden, Germany

Abstract

Different methods are used for the loading of sterile radionuclide generators. The
arrangement of the necessary boxes and laminar flow modules is discussed for the
aseptic loading process of the inactive sterile generator and for loading processes that
include steam sterilization of the loaded column or the loading solution in vials. The use
of an aseptic loading process at a facility is illustrated with a detailed description of a
new on-line aseptic loading process. Methods for the post-elution concentration of Re
generator eluates are described, and considerations for the automation of the concen-
tration process are discussed.

13.1. INTRODUCTION

The development of a procedure for the production of sterile generator
systems and post-elution concentration of generator eluates poses many
problems regarding complete or partial automation of the production process.
The technological solution for the automated processes should guarantee
maximum radiation protection of production personnel, on the one hand, and
the achievement of good manufacturing practice (GMP) requirements for
radiopharmaceutical production, on the other hand. The production of the
chromatographic generators as radiopharmaceuticals, especially a sterile
185W/!%Re generator, and post-elution concentration of generator eluates are
considered in this report. The facilities for the production of sterile chromato-
graphic radionuclide generators have to meet the requirements for radiation
protection of personnel and the GMP regulations for pharmaceutical
production. The loading process of the generator is carried out in a lead
shielded box unit in combination with a laminar flow unit. The shielding of the
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production facilities and of the generator itself depends on the processed radio-
isotopes and the activity levels. Different methods for the loading of the
generator column can be applied: some aseptic loading methods are based on
sterile filtration, while another loading method is based on steam sterilization
of the loaded column. The advantages and disadvantages of the different
methods are discussed relating to the necessary production time, the possibility
of process automation, the costs of the installation and the availability of the
required facilities. As an example, the experience with an on-line process for
aseptic loading of the sterile “Mo/**™Tc generator is discussed in detail. Post-
elution concentration of '®Re eluates is discussed, and the possibility of
automating this process under GMP conditions is considered.

13.2. PRODUCTION OF STERILE CHROMATOGRAPHIC
GENERATORS

The following considerations for the production of sterile chromato-
graphic generators are based on past experience with the well known
production technologies of the *Mo/*™Tc sterile generators. Automated
procedures for the production of sterile generators were developed for small
charge sizes of 10-30 pieces, on the one hand, and for more than
100-200 pieces, on the other hand. Many different types of *Mo/*™Tc sterile
generator system meet the requirements for radiopharmaceutical production
and guarantee a simple elution operation in nuclear medicine departments. It is
preferable to choose a commercially available type of *’Mo/*™Tc sterile
generator that is suitable for the development of the 3W/%Re sterile
generator. This can be then adapted to the requirements of a larger column, a
higher elution volume and a reduction of the possible additional brems-
strahlung radiation. The inner hole in the lead container can be enlarged for
the installation of a larger column. Furthermore, an aluminium tube with a wall
thickness of 3—4 mm can be inserted in the inner hole of the lead container to
reduce the formation of bremsstrahlung radiation. The selection of the
generator components and the handling of the generator are done as per the
selected generator type. In this case, many details of the known production
procedure for this generator type can be adapted.

The loading of the generator column filled with alumina is the most
essential step in the production of sterile generators. A column needle set is
inactively assembled, and the column is then loaded using one of two general
procedures:
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(1) Activity loading and washing of the column needle set in a non-sterile
procedure, followed by steam sterilization and aseptic assembly of the
generator system;

(2) Steam sterilization of the inactive column needle set, complete aseptic
assembly of the inactive and sterile generator system, and activity
loading and washing under sterile conditions.

Figure 13.1a represents two typical column needle sets (variants A
and B), which can be loaded and washed in a non-sterile procedure. The
procedure for loading and washing can be automated completely or partially.
The advantage of variant B lies in the separate septum connections for the
loading and washing process. The loaded and washed column needle sets are
sterilized in the steam sterilizer according to GMP regulations and are then
placed in the generator lead shielding via remote control. The completion of
the generator assembly must be carried out under aseptic conditions. Because

|
J

1-Connector for needle set 1-Connector for final assembly
2-Connector with septum for the
loading process
Variant A Variant B

FIG. 13.1a. Two variants of the column needle set with activity loading and washing of the
column needle set in a non-sterile procedure, followed by steam sterilization and aseptic
assembly of the generator system.
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3-Eluate sterile filter 5-Special needle connection
4-Air sterile filter for loading procedure
Variant C Variant D

FIG. 13.1b. Two variants of the column needle set with steam sterilization of the inactive
column needle set, complete aseptic assembly of the inactive and sterile generator system,
and activity loading and washing under sterile conditions.

of the small charge size for the production of the W/'®Re sterile generator,
complete automation of the final assembly of the active generator would be too
expensive; therefore, the final assembly must be carried out manually by
production personnel under clean room class A laminar flow conditions. The
advantage of this procedure is the direct steam sterilization of the loaded
column (important for the registration of the generator as a radiopharmaceu-
tical). The disadvantage is the manual final assembly of the radioactive
generator, which could lead to radiation exposure of the production personnel
involved.

Figure 13.1b shows two variants of the column needle set in which the
column needle sets are inactively assembled and sterilized by steam sterili-
zation. The sterilized column needle sets are aseptically assembled in a
complete sterile generator system. It is possible to check the sterile inactive
generator for proper function before initiation of the loading process. The
complete sterile generator is then loaded with radioactivity and washed in an
aseptic procedure.
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There are two different procedures for this loading and washing process:

(1) Preparation of the loading and washing solution, dispensing in vials and
steam sterilization of these vials. Sterile and evacuated vials are also
prepared. The loading and washing process is carried out as in the usual
elution procedure under the laminar flow module for clean room class A
installed in the lead shielded box (vial method). The box itself should
meet at least clean room class C conditions.

(2) On-line process for the loading and washing of the generators, which
includes the sterile filtration as the sterilization procedure. Such on-line
procedures are used by some large commercial producers of *Mo/*™Tc
sterile generators (see Fig. 13.7 for the scheme of a possible on-line
process).

The aseptic loading and washing process with a complete preassembled
sterile generator has the advantage that production personnel have to carry out
fewer operations on the radioactive sterile generator, and hence there is a
maximum reduction of the radiation exposure of the production personnel.
The disadvantage of this procedure is the difficulty of satistying the stringent
GMP requirements for the production of a radiopharmaceutical. With
variant C of the column needle set, there is a risk that the inlet needle unit may
be radioactively contaminated and that the contamination may exceed the
allowed level. Variant D of the column needle set has a separate inlet needle
for the loading and washing process, but this set is much more complicated with
respect to production and assembly.

The following procedures are preferred for the production of the
188W/1%Re sterile generator under the condition of small charge sizes
(2-10 pieces):

(a) Activity loading and washing process for a complete preassembled
inactive sterile generator according to the vial method;

(b) Activity loading and washing process for variant A of the column needle
set, and subsequent manual final assembly.

The production of the *W/'®Re sterile generator is to be carried out in a
production unit consisting of the preparation box, the loading box and a
laminar flow module installed close to the loading box. The boxes should be
shielded with 100 mm thick lead walls, and at least the front side of the boxes
should be made of 10 mm thick organic glass. The boxes should be connected
with a double door lock. An access door should be installed in the rear wall of
each box. The preparation box should be equipped with a double door lock for
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inactive material transfer and a bottom lock for the transfer of radioactive
materials and solid waste. The air filtering of the box should guarantee clean
room class D conditions inside the box. The loading box should be equipped
with a double door lock for the transfer of the generators. The air filtering of
the box should guarantee clean room class C conditions inside the box, and a
laminar flow module installed inside the box should ensure clean room class A
conditions where the generator is loaded. The laminar flow module installed
outside the loading box is used for the manual final assembly of the generators
and the transfer of the generators to the loading box. The in-cell equipment
depends on the chosen production procedure for the sterile generators. The
necessary work inside the boxes can be divided into the following steps:

(1) Input of the radioactive bulk material,

(2) Preparation of the loading solution;

(3) Dispensing of the loading and washing solutions;
(4) Loading and washing of the generator column;
(5) Transfer of the generators and final assembly.

Highly automated on-line loading processes are possible (see Fig. 13.7 for
an example). In such a scheme, the radioactive bulk material is transferred over
a double door lock into the preparation box. The container of the bulk material
is opened with a special opener, and the bulk solution is transferred by a
peristaltic pump to a mixing vessel. The adjustment of the solution to the
required pH value and to the required radioactive concentration is carried out
in the mixing vessel. The dispensing of the prepared loading solution can be
carried out with a simple syringe unit, a syringe pump dispenser or a peristaltic
pump dispenser. For the loading procedure, a sterile filtration unit with adapter
and a vacuum unit with adapter, collecting vessel and pump are necessary. The
difficulty of this procedure consists in the choice of the suitable sterile filter
membrane. For small production charge sizes, it is preferable to use the special
Gemini filter membranes, which have hydrophilic and hydrophobic zones. In
general, in the case of small production charge sizes, it is preferable to use the
procedure with sterile filtration and loading of a completely preassembled,
sterile generator system.
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13.3. VARIANTS OF THE FACILITY LAYOUT FOR THE
PRODUCTION OF CHROMATOGRAPHIC TYPE STERILE
RADIONUCLIDE GENERATORS

The loading of a chromatographic generator can be carried out with an
aseptic procedure or with procedures that include steam sterilization of the
loaded column or of the loading solution filled in closed vials. The process steps
are quite different and require different equipment inside the boxes.
Automation of the loading process is much more difficult, especially for those
procedures that include steam sterilization of the loaded chromatographic
column. The requirements for the installation of the box and laminar flow units
for all loading methods differ in general in the integration of a double door
steam sterilizer in the entire arrangements.

13.3.1. Small scale production: Aseptic loading procedure on the basis of
sterile filtration

Small scale production usually involves production campaigns involving
up to 25 generators. The aseptic loading procedure is characterized by the
following general production steps:

(1) Preparation of the inactive sterile generator;

(2) Transfer of the bulk radioactivity to the dispensing cell;

(3) Preparation of the loading solution (adjustment to the required pH value
and radioactive concentration);

(4) Dispensing of the loading solution in the required portions;

(5) Sterile filtration of the loading solution and loading of the generator
column;

(6) Washing of the generator column;

(7) Packaging of the generator.

In Fig. 13.2 a simple box arrangement for the necessary boxes and laminar
flow module is shown. This box arrangement can be installed in a single room
that ideally will meet clean room class C requirements. The preparation of the
complete inactive sterile generator must be carried out in another room. The
processing of the bulk radioactivity and the preparation and dispensing of the
loading solution take place in the dispensing box. The sterile filtration of the
loading solution and the loading and washing of the generator column are
carried out in the loading box under a laminar flow module. The loading box is
connected over a double door lock with the laminar flow module. The inactive
sterile generator is transferred with a special carriage from another clean room
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into the production room and placed on a special tray under the laminar flow
module outside the box unit. The tray is then moved into the loading box
through the double door lock. The lead of the shielding boxes is between 5 and
10 cm thick, and the boxes are equipped with ball tong manipulators. This is a
relatively inexpensive and simple facility that can be installed within a small
area. The intake and exhaust air ducts are equipped with high efficiency
particulate air (HEPA) filters.

Among the advantages of this arrangement of the boxes and laminar flow
module are that the costs for this facility are low and that installation is possible
even where only small areas are available. Further advantages are that this
process can be automated with low costs and that the radiation exposure to
personnel is low because only minimal manual assembly of the loaded
generator is required. However, the disadvantage is that the preparation of the
inactive sterile generator and the packaging of the loaded generator are carried
out in separate rooms, which means that the generators have to be manually
transported from room to room. Furthermore, this process arrangement allows
the loading of only 3—4 generators, which are placed on the tray, resulting in a
discontinuous loading and packaging process and requiring more production
time compared with a continuous process run.

Dispensing box Loading box Laminar flow module

A A

FIG. 13.2. Small scale production: Aseptic loading procedure on the basis of sterile filtra-
tion — installation in a single room.

13.3.2. Large and small scale production: Aseptic loading procedure on the
basis of sterile filtration

Here, the small scale production involves production campaigns of up to
25 generators, and the large scale production involves production campaigns of
up to 250 generators. The aseptic loading procedure is characterized by the
following general production steps:
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(1) Preparation of the inactive sterile generator;

(2) Transfer of the bulk radioactivity to the dispensing cell;

(3) Preparation of the loading solution (adjustment to the required pH value
and radioactive concentration);

(4) Dispensing of the loading solution in the required portions;

(5) Sterile filtration of the loading solution and loading of the generator
column;

(6) Washing of the generator column;

(7) Packaging of the generator.

Figure 13.3 presents a box arrangement for the necessary boxes, roller
conveyor and laminar flow modules for both small and large scale production.
The differences between arrangements for large scale and small scale
production lie in the different thicknesses of the lead shielding and the lead
glass windows, and in the use of different types of manipulator. For large scale
production, lead shielding with a thickness of 15-20 cm and master—slave
manipulators are needed. In the case of large scale production, it is possible
that two additional shielded boxes connected to each other will be needed.

The dispensing box and the line with the loading box should be installed
in two separate but neighbouring rooms with different clean room classifica-
tions. Clean room class D conditions are sufficient for the room with the
dispensing box, while the room with the loading box should meet at least clean
room class C conditions. The equipment inside the boxes is similar for small
and large scale production. The advantage of this arrangement of boxes and
laminar flow modules is that it is possible to carry out a continuous production
process. The loading box and the laminar flow modules are connected with a
roller conveyor for the generator trays. The preparation of the inactive sterile
generators is carried out in one of the laminar flow modules. These inactive
generators are transferred on trays to the loading box over a double door lock.
After loading and washing, the loaded generators are transferred again over a
double door lock to the second laminar flow module for final assembly. The
closed generators are then transported with the roller conveyor to the
packaging room.

The advantage of this box and laminar flow module arrangement is that it
allows for continuous preparation. The preparation of the inactive generator,
the loading and washing process and the packaging process are carried out
without the need for manual transport, which is very advantageous for meeting
the GMP regulations. Heavy manual labour can be avoided and radiation
exposure of personnel can be minimized through the automation of all possible
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FIG. 13.3. Large and small scale production: Aseptic loading procedure on the basis
of sterile filtration — installation in two rooms.

process steps. The disadvantages are that a large area of connected rooms is
required and that the costs for the installation of such a facility are relatively
high, especially if master—slave manipulators and thick lead glass windows are
required.
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13.3.3. Large and small scale production: Steam sterilization of loaded
column or the loading solution

Besides the aseptic loading process for the chromatographic generator,
there are two other methods for generator production. In the first method, the
loaded column is steam sterilized, followed by final assembly of the complete
generator under aseptic conditions; in the second method, the loading solution
is dispensed in closed vials, which are then steam sterilized, followed by loading
of the generators corresponding to the elution process. The general box and
laminar flow module arrangements for these processes are shown in Figs 13.4
and 13.5. The difference between the arrangements for the aseptic loading
process and those for these processes is that in the latter the dispensing box is
connected with the loading box through a double door steam sterilizer.

The important steps of the generator loading process including sterili-
zation of the loaded column are:

Roller conveyor

Room 1 Room 2

Laminar flow
module or box

b |

Steam sterilizer

Y
|

[

Dispensing

Loading box

!

Laminar flow module or box

FIG. 13.4. Large and small scale production: Steam sterilization of the loaded column
(variant I).
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FIG. 13.5. Large and small scale production: Steam sterilization of the loading solution
dispensed in vials (variant II).

(1) Transfer of the bulk radioactivity to the dispensing cell;

(2) Preparation of the loading solution (adjustment to the required pH value
and radioactive concentration);

(3) Dispensing of the loading solution in the required portions;

(4) Loading and washing of the columns;

(5) Steam sterilization of the loaded columns;

(6) Assembly of the sterilized column in the generator shielding and
assembly of the needle and filter system;

(7) Packaging of the generator.

Concerning the box shielding, the ventilation system and the use of

different manipulator types, the parameters mentioned previously for the
arrangements for the aseptic methods are also required here (see Sections 13.1
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and 13.2). The disadvantage of this procedure is that extensive, manual
assembly of the loaded generator is required. These assembly procedures must
be performed under clean room class A conditions, and relatively high
radiation exposure of personnel, especially of their hands, unfortunately
cannot be avoided. The automation of these active assembly procedures is very
expensive and is only acceptable for large production campaigns. A further
disadvantage of this procedure is the time required for the steam sterilization
process. The whole process time is longer than that for the aseptic loading
procedure.

Another variant that includes steam sterilization in the loading procedure
involves initial dispensing of the necessary portions of loading solution into
vials, followed by steam sterilization of the vials. After steam sterilization, the
loading and washing process corresponding to the elution process is continued.
The separate steps of this procedure are:

(1) Preparation of the inactive sterile generator;

(2) Transfer of the bulk radioactivity to the dispensing cell;

(3) Preparation of the loading solution (adjustment to the required pH value
and radioactive concentration);

(4) Dispensing of the loading solution in the required portions into vials;

(5) Steam sterilization of the vials containing the loading solution;

(6) Loading and washing of the generators according to the procedure for
elution into the loading cell;

(7) Final assembly of the generator;

(8) Packaging of the generator.

This procedure can be very easily automated. Furthermore, it is advanta-
geous that the radiation exposure of personnel is minimized. The disadvantages
are that a significant amount of solid radioactive waste (vials) is generated, that
there is a loss of loading solution remaining in the vial (~5-8%) and that a
longer production time is necessary because of the steam sterilization process.

13.4. PRACTICAL EXPERIENCE WITH AN ON-LINE PROCEDURE
FOR GENERATOR LOADING

A small scale facility for the production of sterile *™Tc generators was
designed, manufactured and installed in the Radioisotope Production
Department in Savar, Bangladesh. This facility has been in routine operation
for nearly three years. On the basis of the experience gained at this facility, the
aseptic loading procedure was improved in a step by step manner, and the
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results of this process are reported here. Figure 13.6 shows the box and laminar
flow module arrangement based on the scheme shown in Fig. 13.2. The facility
consists of a dispensing box with two ball tong manipulators, a loading box with
two ball tong manipulators and a laminar flow module in the front of the
shielded box unit. The facility is installed in a small room. The box shielding
consists of 10 cm thick lead brick walls, and the rear wall is moveable in the
vertical plane. The boxes are equipped with HEPA filters for the intake and
exhaust air ducts.

The in-cell procedure has been largely automated to a so-called on-line
procedure. Figure 13.7 shows the touch screen of the computer controlled
system. With the on-line procedure, the operator is not required to handle the
radioactive material inside the box, except for the container with the bulk
activity. The operator has to fix the container with the bulk activity in a special
device. After opening the flask containing the bulk material, further transfer
and handling of the radioactive material is controlled using the on-line
procedure. The pumps, valves and mixing device are switched on by pressing
the corresponding symbol on the touch screen. The dispensing of the loading
solution is carried out with the syringe pump, which can also be operated via
the touch screen. Calibration of the syringe pump using the touch screen is also

FIG. 13.6. Front view of an installed small scale production facility: Aseptic loading
procedure on the basis of sterile filtration (dispensing box, loading box and laminar flow
module).
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FIG. 13.7. Touch screen of the computer controlled loading system.

.

FIG. 13.8. Three way valve, small and large membrane pumps with Luer lock connectors.

possible with special software. The loading adapter and the vacuum adapter are
moved pneumatically by pressing the bottom of the box control panel. The
switching on of the adapters can be integrated into the computer controlled
system, although a second touch screen monitor is then required.

Figure 13.8 shows the special three way valve as well as small and large
membrane pumps. These devices are commercially available. The valves work
in such a way that one can switch on only two different connections. The
connection to the tubes is realized by Luer lock connectors, also shown in the
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FIG. 13.9. Mixing device (magnetic stirrer and heater) with beaker holder, beaker and
beaker insert with Luer lock connectors.

figure. The installed pumps are membrane pumps, equipped with Luer lock
connectors.

The mixing device for the preparation of the loading solution is shown in
Fig. 13.9. It is a commercially available unit that combines a magnetic stirrer
and a heater. In a normal production run only the stirrer is needed. If the use of
the heater is required, the heater can be switched on and off with help of the
manipulator. The stirrer is equipped with a special holder for a glass or plastic
beaker. An insert with the necessary connectors for the different tube
connections is installed on the top of the beaker. A moveable dispenser, an
Eppendorf pipette for taking measured samples and a pH electrode are
installed over the mixing device.

The syringe dispenser (see Fig. 13.10) consists of a step motor and a
commercially available 10 mL plastic syringe. The syringe can be changed very
easily. The prepared loading solution is dispensed with the syringe dispenser
into the funnel (see Fig. 13.7), which is connected to the sterile loading adapter
via a special sterile filter (hydrophobic/hydrophilic). The loading adapter is
connected to membrane pump 3 via a hydrophobic sterile filter (see Fig. 13.7).
The loading solution is sucked from the funnel into the loading adapter, and
then the loading adapter is pneumatically connected to the generator inlet
needle and the vacuum adapter is pneumatically connected to the outlet needle
of the generator. The loading solution is sucked through the sterile generator.
The arrangement of the adapter system is shown in Fig. 13.11. The washing
process is carried out in the next generator position with a 20 mL vial filled with
sterile saline and a vacuum adapter. Only the loading and washing procedure is

134



NOVOTNY and WAGNER

FIG. 13.10. Syringe dispenser.

FIG. 13.11. Loading adapters with sterile filters and pneumatically moveable adapter
holders.

carried out in the loading box under a laminar flow module. All other in-cell
equipment is installed in the dispensing box.
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Four generators placed on a moveable tray can be loaded and washed.
When the loading procedure for these four generators is finished, the tray is
transferred over a double door lock to the laminar flow module outside the
shielded boxes. The assembly of the loaded generators is completed. After
transfer of the ready generators to a transport carriage, four new inactive
sterile generators are placed on the tray and the loading procedure for them
can be started.

13.5. POST-ELUTION CONCENTRATION OF '®Re

The 'W/'¥Re radionuclide generator has become one of the most
attractive radioisotope generators for providing useful quantities of radio-
nuclides in the field of therapeutic nuclear medicine [13.1, 13.2]. The commer-
cially available 'W/'%8Re generators are based on an alumina filled column
analogous to the *Mo/*™Tc generators [13.3, 13.4]. The '"**W/'®*Re generators
are offered on the market as non-sterile generators (so-called radiochemical).
The radiochemical and chemical preconditions for the production of ¥W/!*Re
generators do not always allow elution of the '¥Re eluate with the radioactive
concentration necessary for all relevant applications in nuclear medicine. The
parent "W nuclide can be produced only with a relatively low specific radio-
activity, which means that a large amount of alumina is needed as adsorption
material on the generator column. The use of large amounts of alumina results
in large volumes for the elution of the ®Re daughter nuclide, resulting in a
relatively low radioactive concentration of the '**Re in the generator eluate.

Post-elution concentration of the eluate is therefore often necessary,
because the ®¥Re activity is needed in a volume of 1-2 mL for radiolabelling.
Use of the simple evaporating process for the eluate solution is not possible
because the salt concentration in the final solution becomes too high.

Guhlke et al. [13.5] developed two procedures for post-elution concen-
tration of '®Re eluates. Figure 13.12 shows the process scheme for post-elution
concentration proposed by Knapp [13.4, 13.5] for when the W/'®Re sterile
generator is eluted with isotonic NaCl solution. This procedure is applied
primarily in hospitals, because the commercially available '¥W/'*Re radionu-
clide generator is based on elution with saline. A number of other post-elution
concentration systems have been described in the literature [13.6-13.8]. Post-
elution concentration must be carried out in the hospital. Unfortunately,
equipment for the post-elution concentration process is not commercially
available. Rather, the user of such a concentration system must construct
special equipment, with varying levels of automation. In the following,
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FIG. 13.12. Schematics of a concentration unit for the " Re eluate.
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information is provided on the construction and installation of a post-elution
concentration unit that meets the GMP regulations and the requirements for
radiation protection of personnel:

(a) The entire concentration unit should be installed in an acrylic glass box
with laminar flow in a clean room with class A conditions. This box should
have lead shielding with a lead glass window on at least the front side. The
preparation box should be installed in a clean room with at least class C
conditions.

(b) The QMA column, the vial for the final product and the collecting vessel
for the liquid waste should be shielded with plastic material and lead.

(¢) The process should be automated and controlled by a computer or by a
manipulator if the concentration unit is installed in an isolator. This
measure will reduce the extremity (hand) dose to the staff. It is very
dangerous to handle the ¥ Re activities manually because of the high -
energy of '®¥Re.

A semi-automated system for post-elution concentration of '*¥Re eluates
was developed and successfully installed in the Department of Nuclear
Medicine at the University Hospital in Dresden, Germany. This system meets
the conditions listed above and is presented briefly here as an example. The
basis of this automated system is the ORNL procedure of Knapp et al. (see
Fig. 13.12) [13.4, 13.5]. Commercially available components like ion exchange
cartridges, valves, pumps, filters and tubes were used for the system. Software
was developed for controlling this process by computer. Two collimated
measuring probes were installed to follow the ¥*Re activity during the concen-
tration process. One of the measuring probes was installed at the alumina
column and the other at the QMA column. The complete concentration system
was shielded by installation in a closed acrylic box (1.5 cm thick) behind a lead
wall (3 cm thick). The computer controlled system allows the following
programmes:

(a) Concentration of the radioactivity from the generator to the exchange
cartridge;

(b) Drying of the generator;

(c) Elution of the anion exchange column;

(d) Generator elution only.

Solutions of '®Re perrhenate of up to 25 GBq/mL were obtained over a

period of some years with this concentration unit without component failure.
The cation and anion exchange -cartridges were changed after each
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concentration run, and the connecting tubes were changed once a year. The
silver cation exchange and the QMA anion exchange cartridges are not
commercially available as sterile components. Therefore, it is necessary to
install a sterile filtration step as the final step of the concentration procedure.
Concentration ratios of up to 20:1 were routinely reached. The flow rate during
the process was constant at 1.5 mL/min. The whole concentration process
(generator elution, concentration and generator drying) took about 30 min.
With the introduction of the automated post-elution concentration unit, the
finger exposure of the radiochemist could be reduced by a factor of 100.
Because of the lack of suppliers for such a complete concentration unit, it
is necessary that the automated concentration system be developed by the user.
In the development of this automated system, the following is to be considered:

(a) Places of accumulated '®*Re activity, like the anion exchange cartridge or
the vial for the final solution, should be additionally shielded by a
combination of organic glass and lead. Formation of bremsstrahlung
radiation will be considerably reduced by the organic glass shielding;
however, as bremsstrahlung radiation has relatively high energy, 3 cm
thick lead shielding is recommended.

(b) The manual handling of process steps should be avoided or reduced as
much as possible to prevent high radiation exposure of the hands of
personnel.

(¢) Commercially available material in sterilized form should be preferred as
components for the automated system. The tube connections should be
so-called Heidelberger connection tubes with Luer lock connectors at
both ends.

The concentration process is an aseptic pharmaceutical process and must
be carried out in a laminar flow box under clean room class A conditions. Such
boxes are commercially available as so-called *™Tc workbenches. Figure 13.13
shows a generator workbench (Hans Wilischmiller GmbH) designed for the
preparation of radiopharmaceuticals, especially those based on *™Tc; however,
the workbench can be modified for the processing of '*Re. The construction
and function correspond to current mechanical standards and meet the require-
ments and rules established for radiopharmaceutical work under clean room
conditions, for radiation hygiene and for radiation protection. The elution of
the generators under laminar flow class A conditions guarantees cGMP
conformity. The construction of an optimum lead shielding configuration
allows the utilization of up to four generators of different manufactures and
easy switching from one generator to another. The workbench is designed for
use in nuclear medicine departments, hospitals and other medical
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environments. An activimeter is included in this workbench unit with a touch
screen monitor and a lead shielded ionization chamber. The computer of the
activimeter can also be used for the computer controlled system of the concen-
tration unit. As a precondition for installation of such a workbench, the
installation room must meet clean room class C conditions. The second box,
shown on the right hand side of Fig. 13.13, is a box for the preparation of
radiopharmaceuticals. It has acryl glass shielding and partial lead shielding on
the front side, and is equipped with ball tong manipulators. This box is also
equipped with a clean room class A laminar flow module and can be used for
the installation of such a concentration unit.

The effectiveness of a concentration unit depends on the elution volume
of the W/!'®Re radionuclide generator. The necessary elution volume and the
elution profile of a chromatographic generator depend on the volume of the
column bed and the relation between the diameter and the length of a
generator column. The elution profile of a column with a smaller diameter is
much sharper than that of a column with larger diameter, which means a
smaller elution volume is required with a column having a smaller diameter.
On the other hand, a certain column bed volume is required to adsorb the large
188W activity necessary. The shielding of the generator also depends on the
adsorbed ¥¥W activity. The smallest shielding is possible if the '*W activity is in
a spherical form, but this compromises the requirement for a column with

tion of labelled compounds with generator
eluates (left) and  for radiopharmaceutical ~ preparation (right)(source:
Hans Wilischmiller GmbH).
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a small diameter and low elution volume. The manufacturer of such "¥¥W/'®Re
radionuclide generators must optimize the column geometry to meet the
requirement of an elution volume that is as small as possible, and the weight of
the necessary transport shielding for the generator.

The elution behaviour of the '®W/%Re radionuclide generators
produced at ORNL and at POLATOM was evaluated in the Department of
Nuclear Medicine of the University Hospital in Dresden. The elution profiles
of both generator types are shown in Fig. 13.14. The figure shows that the **Re
activity can be eluted with 7-8 mL of saline for the POLATOM generator,
whereas more than 20 mL is needed for the ORNL generator. The reason for
this difference is that the column diameter of the POLATOM generator is
much smaller than that of the ORNL generator. The total activity of a
POLATOM generator is only approximately 20 GBq, compared with 55 GBq
for the ORNL generator.
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FIG. 13.14. Elution profiles of "SW/' Re generators supplied by POLATOM (Poland)
and ORNL (USA).
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In a cooperative effort between POLATOM and the Department of
Nuclear Medicine in Dresden, the POLATOM generator design was modified
in such a way that the generator could be connected very easily to the post-
elution concentration unit. This modification included replacement of the
elution needles with Luer lock connectors and closure by Luer lock stoppers,
similar to the ORNL design. This modified generator is connected to the
concentration unit using commercially available Heidelberger connection
tubing. This connecting procedure permits the connection of two or three
generators in series. The tests with the three POLATOM generators connected
in series were very successful. Figure 13.15 shows the elution profile of one
POLATOM generator, and Fig. 13.16 shows that of three POLATOM
generators connected in series. In the case of three generators connected in
series, the elution volume is only increased from 7 to 12 mL. In the case of three
fresh POLATOM generators with approximately 20 GBq per generator, the
total activity of 60 GBq can be eluted with 12-14 mL of saline. In the case of the
elution of an ORNL generator with 55 GBq, more than 20 mL is required. The
reason for the difference in the elution volume is the geometry of the column.
The in-series connection of the generators with elution needles is also possible
if the needles are connected with Heidelberger connection tubing and if they
are closed on both sides with Luer lock stoppers with a small septum (commer-
cially available).

This system for connecting generators in series is a possibility for
prolonging the use of older generators, which is an important financial aspect in
the management of a hospital.
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FIG. 13.15. Elution profile of one "W/'3Re generator (source: POLATOM, Poland).
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FIG. 13.16. Elution profile of three "W/ Re generators connected in series (source:
POLATOM, Poland).

13.6. SUMMARY AND CONCLUSIONS

A procedure for the production of sterile chromatographic generators for
therapeutic radionuclides such as '®*Re can be developed by modifying existing
procedures for Mo/*™Tc sterile generators. Automation of the production
processes ensures that these processes meet the requirements for radiation
protection of personnel and the GMP regulations. Because of the activity level,
generator production normally will not exceed 10 generators, and thus a useful
balance must be found between the demand for automation and the possible
benefits. The loading of a complete preassembled sterile generator is
recommended to avoid manual operations as much as possible. Modification of
commercially available “Mo/*™Tc sterile generators to create 'SSW/'®Re
sterile generators may decrease the costs of developing a 'W/'®Re sterile
generator for routine production. The procedure for post-elution concentration
of the '®Re eluate proved to be very worthwhile. Unfortunately, equipment for
a concentration unit is not yet commercially available, and therefore only some
helpful advice concerning the installation of such concentration equipment can
be given in this report.
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DEVELOPMENT OF ¥W/133Re GENERATORS

M. VENKATESH¥*, S.K. SARKAR** R. CHAKRAVARTY*,
G. ARJUN** A. DASH*, P. SARASWATT**

* Bhabha Atomic Research Centre
**Board of Radiation and Isotope Technology
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Abstract

An alumina based column generator was made using W as H,WO,.
Rhenium-188 having very high radionuclidic and radiochemical purity (>99%) was
eluted from the generator with high elution efficiency (>80%). Three different tech-
niques for the concentration of '¥Re obtained from the generator using tandem ion
exchange columns were developed. The '®Re could be successfully concentrated more
than 10-fold using a post-elution concentration technique. The usefulness of noble
sorbents such as poly zirconium compound (PZC) and poly titanium compound (PTC)
in the preparation of a 'W/!®Re generator was explored. The adsorption of W in
PTC was optimum at ~pHS5-6, and the breakthrough and adsorption capacities of
tungsten at this pH level were found to be about 62 and 120 mg/g, respectively. The
elution efficiency of this generator was about 60-70%, and the '®Re eluted was of very
high radionuclidic and radiochemical purity (>99%). The adsorption capacity of the
PZC based generator was about 140-160 mg/g, and its elution efficiency was about
60-70%. These findings provide the basis for the preparation of a 'W/!®Re generator
and post-elution concentration of '¥Re obtained from a generator.

14.1. INTRODUCTION

The properties of '®Re that make it attractive for therapy (T,,: 16.9 h,
Efgmax 2.12 MeV, E,: 155 keV suitable for imaging (15%)), its availability from
a 'W/!®Re generator system with a long useful shelf life, and its chemical
properties, similar to those of *™Tc, prompted this study of SW/'®Re
generators. Preparation of in-house generators and of novel materials for use in
generator columns, and modes of post-elution concentration of the eluted '**Re

perrhenate were pursued and are detailed here.
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14.2. "W/"*Re GENERATOR
14.2.1. Preparation and evaluation of alumina based 33W/'®Re generators

Alumina based chromatographic generator systems, similar to those
available for ™Tc, were prepared for obtaining '®*Re. Active acidic aluminium
oxide (100-200 mesh, Brockman Grade 1 for chromatographic analysis) was
used to prepare the 2 g columns. Tungsten-188 with a specific activity of
216.8 GBq (5.86 Ci) per gram of tungsten (on reference date) as sodium
tungstate in 0.26M NaOH (35 mg of tungsten per millilitre), with a concentration
of 7.6 GBq (0.205 Ci) per millilitre, was obtained from RIAR (Dimitrovgrad,
Russian Federation) through the IAEA. The pH level of the Na,'WO,
solution (0.26M NaOH) was adjusted to 2-3 with 0.1N HCI, and the required
amount of activity was loaded onto the column under controlled vacuum
pressure (flow rate: 1 mL/min.) after assessing the exact activity of the W in a
precalibrated dose calibrator. The column was placed in shielded housing and
handled inside appropriate facilities. The column was washed with 100 mL of
normal saline and, after allowing growth of the ¥Re, eluted with 10 mL of
saline. A few elutions were carried out and, since tungsten breakthrough was
significant, a purification column of 2 g of alumina was used after elution to
‘mop up’ the tungsten breaking through. Several generators having a capacity
of between 0.6 and 2.4 GBq were prepared and tested. The radiochemical
purity of the eluted '®Re perrhenate in 0.9% NaCl tested by ITLC was greater
than 99%, and the radionuclidic purity estimated by y-spectroscopy using an
HPGe-MCA was also greater than 99%. The generator performance in terms
of Re yield and '*¥W breakthrough is presented in Table 14.1.

TABLE 14.1. PERFORMANCE OF THE ALUMINA BASED
18w/ Re GENERATORS PREPARED IN-HOUSE

W-188 . Re-188 yield W-188 breakthrough
Generator No. . No. of elutions o o
(GBq (mCi)) (%) (%)
1 0.6 (16) 16 83.3+3.23 10°-1073
2 2.4 (65) 10 82.5+1.89 10°-10"*
3 0.49 (13.3) 7 84.6+1.9 10°-10"*
4 2.37 (64) 8 87.4+£0.52 10°-10"*
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14.2.2. Post-elution concentration of *Re perrhenate from the generator

The use of low specific activity ®W and of old generators results in low
radioactivity concentrations of the eluted 'Re perrhenate, which is not
suitable for radiolabelling of biomolecules. Post-elution concentration is
essential in such cases. Reports in the literature [14.1-14.3] on effective post-
elution concentration of '*Re using tandem ion exchange columns prompted
an exploration of possible means of post-elution concentration of the *Re
perrhenate eluate. Post-elution concentration of no carrier added *®Re
perrhenate is based on its selective retention on a tiny anion exchange column
and subsequent recovery in a small volume of suitable eluent. This concen-
tration of perrhenate is possible only when the *Re eluate is free of any other
macroscopic anionic species. Three methods of post-elution concentration were
tried, as described below.

14.2.2.1. Use of IC-Ag and Sep-Pak Accell Plus QMA anion exchanger column

A Maxi-Clean IC-Ag, Ag® form cation exchanger cartridge (Alltech
Associates, USA) and a Sep-Pak Accell Plus QMA anion exchange cartridge
(Waters Corporation, Milford, USA) were used in the first method of post-
elution concentration, as reported by Knapp et al. [14.1, 14.4]. The Maxi-Clean
IC-Ag cartridge was conditioned with 5 mL of deionized water. Rhenium-188
eluate obtained from a '®W/'"®¥Re generator in 10 mL of normal saline solution
was freed of macroscopic Cl™ ions as AgCl precipitate by passage through an
Alltech IC-Ag" cation exchange cartridge. This '**Re perrhenate eluate free of
chloride anion was then passed through the small Sep-Pak Accell Plus QMA
anion exchange cartridge (130 mg) to retain the perrhenate, and was
subsequently re-eluted with a very small volume (1 mL) of normal saline. The
effluent from the IC-Ag cartridge and a few mL of deionized water used for
washing were measured to assess any loss of '*Re activity in the concentration
process. Using this method, '*Re yield of 79 + 3% was obtained, with a concen-
tration factor of about 10. The W breakthrough was well below 10#% and at
times was undetectable.

14.2.2.2. Use of Dowex 1X8 and AgClI column

A Dowex 1X8 anion exchanger (CI” form, 200-400 mesh) with a capacity
of 3-5 meq/g (Sigma Chemicals) and extra pure AgCl were used in this method
of post-elution concentration. Between 10 and 12 mg of Dowex 1X8 resin was
taken in a 2 mL syringe and placed in a polypropylene tube (~8 mm x 1 mm)
with a few millilitres of water. The other end of the tube was packed with glass
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wool. Both ends of the tube were fitted with miniature barbed polypropylene
fittings. Ten millilitres of normal saline solution was passed through the resin
column and washed with 5 mL of water (~5 bed volumes of the resin column).
Between 1 and 1.5 g of commercial AgCl salt was taken in a glass column
(12 mm x 8 mm) with a sintered disc (G-2), closed with a silicon rubber septum,
washed with a few millilitres of deionized water and used.

Between 20 and 40 mL of '®Re eluate in normal saline obtained from the
generator was passed through the Dowex 1X8 anion exchange column (placed
in appropriate shielding) at a flow rate of 2-3 mL/min using controlled vacuum
pressure. The activities in the effluent from the Dowex 1 column and in the
subsequent washings with a few millilitres of deionized water were measured to
assess the adsorption of the perrhenate. These were treated as radioactive
waste and appropriately disposed of. The no carrier added '®Re perrhenate
adsorbed on the tiny anion exchange column was re-eluted with 5-6 mL of
0.2M Nal solution and passed through the AgCl column (1 g, 12 mm x 8 mm)
placed in proper shielding (6-7 mm of lead). The effluent of '®Re perrhenate
obtained by washing the column with 1.5-1.8 mL of deionized water was
collected in a 10 mL vial. This *Re perrhenate was free of iodide (removed as
Agl precipitate) and isotonic with normal saline. In this system, there was a loss
of ™Re activity (6-12% in the case of 20 mL primary eluate volume and
17-25% in the case of 40 mL primary eluate volume) and the yield of **Re was
about 72.4 + 12%. However, the ¥W breakthrough was below 10#%.

14.2.2.3. Use of a single column of DEAE cellulose

The third method devised for post-elution concentration involved the
construction of a generator bed free of chloride ions and elution of the *Re
perrhenate in acetate buffer. This method was based on earlier work with *™Tc
pertechnetate [14.5,14.6]. The ' Re perrhenate eluted was then trapped on a
DEAE cellulose column and eluted in a small volume of saline.

Briefly, the generator was washed initially with approximately 200 mL of
1:1 vol./vol. 0.025M NH,OAc:0.7M AcOH at ~pH3, to remove the chloride
(CI") ions. The effluents were checked for the absence of chloride ions by
AgNO; testing. The generator was then set aside to allow for the growth of
8Re. The "8W/'®Re generator was then eluted with 20-25 mL of acidic
ammonium acetate [14.2] and passed through a small anion exchange column
of DEAE cellulose (300 mg, 10 mm x 8 mm) to trap '*Re perrhenate. Subse-
quently, ¥ Re was recovered in 4 mL of normal saline. The mean practical yield
of ®Re in this method was 72.9 + 2.3% (n = 11). The time required for the
concentration process was 15-20 min. The DEAE cellulose column was flushed
with 5-6 mL of deionized water to keep the system ready for the next elution. It
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was possible to use the same DEAE cellulose column up to 11 times. In this
system, the tungsten breakthrough was well below 10#% and at times was
undetectable.

Thus it was shown that alumina based 'W/"®Re generators of low
strength could be prepared in-house, and successful post-elution concentration
methods were demonstrated.

14.3. NOVEL MATERIALS FOR COLUMN MATRIX FOR USE IN
RADIONUCLIDE GENERATORS

14.3.1. Development of a titanium polymer sorbent for '**W/'33Re generators

Materials with a higher capacity for tungsten adsorption are of great
interest owing to the low specific activities of W, which necessitates the use of
large alumina columns, which in turn leads to low radioactive concentration or
to tungsten breakthrough.

Dadachova et al. [14.7] proposed a new concept in which W obtained
by (n,y) reaction of natural tungsten can be incorporated into a titanium
tungstate based gel. However, this is a complex procedure. Brodskaya et al.
[14.8] have reported a method for chromatographic separation of tungsten and
rhenium using organophosphorous resins. A major disadvantage of this process
is the radiation degradation of the resin, which is sensitive to radiation damage.
Another alternative approach is emerging from research being conducted in
Japan [14.9, 14.10] in which reactor irradiated molybdenum (i.e. low specific
activity) was adsorbed into a zirconium polymer, with higher uptake capacity
for Mo than for alumina. Expanding on the above work, an attempt was made
to synthesize a new titanium polymer prepared by the polymerization reaction
of TiCl, with isopropyl alcohol. Application of this polymer for the preparation
of a 'W/!%Re generator and the elution characteristics of '**Re were studied.

14.3.1.1. Synthesis of the polymeric titanium adsorbent

Titanium tetrachloride was mixed with isopropyl alcohol in the ratio of
1:2 in a beaker with vigorous stirring. The material obtained was water soluble.
To make this into an insoluble polymer, it was heated for 2 h at 150°C. This
product was insoluble in water and in most of the mineral acids and alkalis. The
dried cake was ground to a fine powder and sieved with a 25-50 mesh sieve.
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14.3.1.2. Optimization of the adsorption parameters

The distribution ratio (K,) of "W in 0.IM HNO, was determined at
different time intervals and the results are shown in Fig. 14.1. It can be seen that
about 45 min is required to reach the equilibration. In all subsequent experi-
ments, the polymer was adsorbed with the W activity for 45 min.

It was observed that the maximum adsorption of W as tungstate on the
titanium polymer occurred at pH5-6. While both *W-tungstate and **Re as
perrhenate were adsorbed, when eluted with saline, perrhenate exhibited far
less affinity (approximately 600-fold lower) for the matrix.

In order to estimate the saturation capacity of the titanium polymer and
the concentration at which breakthrough begins, adsorption of W on the
titanium polymer was determined under dynamic conditions using an ion
exchange chromatographic column in the presence of different carrier concen-
trations of tungsten in the feed. The breakthrough capacity and saturation
capacity of tungsten were found to be 62 and 120 mg/g, respectively, indicating
that approximately 62 mg of tungsten per gram of titanium polymer can be
loaded without any breakthrough being observed.

A process demonstration run was carried out with this adsorbent using
1 mCi of W, and the elution behaviour of the '®Re was studied. It was
observed that only about 60-70% of the '®Re on the column could be eluted
with saline, but that approximately 92% of this was eluted in the first 3-5 mL.
Further study of this material is needed and will be done as the next step in
generator development.
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FIG. 14.1. Kinetics of the adsorption of '85W on titanium polymer.
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14.4. CONCLUSION

Alumina column based ¥W/!¥Re generators for use in research studies
were prepared, and three methods of post-elution concentration for obtaining
%8Re in a high radioactive concentration were evaluated. A novel titanium
polymer was also prepared, and some preliminary studies on its use as a matrix
column for ®W/!®Re generators were initiated.
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['**Re(OH,);(CO);]* FOR THE LABELLING
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Abstract

A novel and efficient method for preparing the '®¥Re(I) tricarbonyl precursor
['®Re(OH,);(CO),]* has been developed by reaction of *Re perrhenate with Schibli’s
reagent in the presence of borohydride exchange resin (BER) as a reducing agent and
an anion scavenger. The precursor was produced in more than 97% yield by reacting a
solution of BER (3 mg), borane ammonia (BH;-NH;, 3 mg) and potassium boranocar-
bonate (K,[BH;CO,], 3mg) in 0.9% saline with a solution of sodium perrhenate
(Na'®ReO,) with up to 50 MBq of activity and concentrated phosphoric acid (85%,
7uL) at 60°C for 15 min. HPLC and TLC revealed the complete consumption of
unreacted '®Re perrhenate ion and less than 3% colloidal '*ReO,. The precursor is
produced with high radiochemical purity and labelling efficiency under milder condi-
tions than those required for conventional reducing agents.

15.1. INTRODUCTION

The *™Tc(I) and 'Re(I) tricarbonyl precursors [M(OH,);(CO),]* are
excellent starting materials for the synthesis of “™Tc(I) and *Re(I)
tricarbonyl complexes, and for the radiolabelling of target specific
biomolecules [15.1-15.7]. Recently, a user friendly kit formulation (IsoLink™)
has been developed using potassium boranocarbonate (K,[BH,CO,]) for
preparation of the *™Tc precursor complex. This solid reagent serves both as a
source of carbon monoxide and as a reducing agent for technetium. It has also
been used by Schibli and co-workers for the preparation of the corresponding
8Re precursor complex (‘Schibli’s kit’) [15.8]. This approach involved the
reduction of '®Re perrhenate eluate (1 mL) in neutral solution with 3 mg of
K,[BH,CO,] and 5mg of BH;NH, by incubation at 60°C for 15 min. The

153



CHAPTER 15

amounts of reducing agents and acid (concentrated phosphoric acid) were
carefully balanced, not only to avoid fast hydrolysis of the boranes, but also to
maintain a sufficiently low pH level to stabilize reduced rhenium intermediates.
The preparations resulted in yields of the desired precursor complex of greater
than 85%. Perrhenate (7+3%), colloidal "¥*ReO, (<5%) and a by-product of
unknown composition were also detected.

To increase the yields further, we evaluated borohydride exchange resin
(BER) as an additional reducing agent and an anion scavenger [15.9].

15.2. EXPERIMENTAL PROCEDURES

Unless otherwise stated, all chemicals were of reagent grade and were
used without further purification. Sodium perrhenate (Na'®ReO,) was eluted
from a W/ Re generator (ORNL, Oak Ridge, TN, USA) using 0.9% saline.
For the separation of ['*Re(OH,),(CO),]*, HPLC analyses were performed on
a Waters system equipped with a radiometric detector using a reversed phase
XTerra™ RP;; 5 um column (4.6 mm x 250 mm, Waters, Ireland). HPLC
solvents consisted of methanol (solvent A) and 0.05SM TEAP (tetraethyl-
ammonium phosphate) buffer, pH2.25 (solvent B). The HPLC gradient was as
follows: 0-5 min: a linear gradient to 0% A/100% B from 100% A/0% B;
5-8 min: a linear gradient to 25% A/75% B from 0% A/100% B; 811 min: a
linear gradient to 34% A/66% B from 25% A/75% B; 11-22 min: a linear
gradient to 100% A/0% B from 34% A/66% B;22-24 min: a linear gradient to
0% A/100% B from 100% A/0% B. The flow rate was 1 mL/min. For the
separation of ¥ Re(I) tricarbonyl histidine, HPLC analyses were performed on
a Perkin Elmer system equipped with a radiometric detector (IsoScan LC
gamma, Biostep, Germany) using a Hypersil ODS column (packing material
10 wm, 250 mm x 4 mm, Knauer, Berlin, Germany). HPLC solvents consisted
of ethanol (solvent A) and 0.05M TEAP buffer at pH1.95 (solvent B). The
HPLC gradient was as follows: 0-10 min: a linear gradient to 100% A/0% B
from 0% A/100% B; 10-20 min: 100% A/096 B; 20-25 min; a linear gradient to
0% A/100% B from 100% A/0% B. The flow rate was 1 mL/min. All solvents
for the mobile phase were of HPLC grade and prefiltered with a 0.2 um pore
size bottle filter. The ITLC analyses were performed on a TLC analysis system
equipped with a gamma ray scanner (RITA TLC Analysis, Raytest, Germany).
TLC was performed using either silica gel plates (60F,s,, Merck, Darmstadt,
Germany) and 99% methanol/1% concentrated HCI as an eluting solvent, or
paper (Whatman No. 1) and 99.5% methanol/0.5% 6M HCI as an eluting
solvent.
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15.3. SYNTHESIS AND RADIOLABELLING
15.3.1. 'Re(I) tricarbonyl precursor [**Re(OH,);(CO),]*

A 10 mL vial containing tetrahydroborate exchange resin (BER, 3 mg),
borane ammonia (BHyNH;, 3 mg) and potassium boranocarbonate
(K,[BH;CO,], 3 mg) was capped with a rubber stopper. A solution of 1 mL of
sodium perrhenate (Na'®ReO,) with up to 50 MBq and 7 uL of concentrated
phosphoric acid (85% ) was added to the vial using a 20 mL syringe; the vial was
then heated to 60°C in a boiling water bath for 15 min. Pressure from the
evolving gas (about 10 mL) was balanced with the syringe. After cooling to
room temperature, the neutral ®Re(I) tricarbonyl precursor was obtained
(Fig. 15.1). The yield was greater than 97%, as determined by HPLC and TLC.

15.3.2. '8Re(I) tricarbonyl histidine

A 10 mL vial containing histidine (500 pL) was capped with a rubber
stopper. A solution of 800 uL of ["®Re(OH,);(CO),]* in saline with up to
50 MBq of activity was added to the vial using a 1 mL syringe. The reaction vial
was sealed and heated to 75°C for 30 min. After 30 min, the reaction mixture
was cooled to room temperature (Fig. 15.1). The yield was greater than 97%, as
determined by HPLC and TLC.

15.3.3. Tetrahydroborate exchange resin (BER)

The tetrahydroborate exchange resin (BER) as a reducing agent was
prepared by the method reported in Ref. [15.8]. Chloride form resin
(Amberlite® ion exchange resin, 12.5 g) was slurry packed with water into a
30 mL fritted glass funnel mounted on a filter flask. An aqueous sodium
tetrahydroborate solution (200 mL, 0.25M) was slowly passed through the resin

HN
NS
OH, - kN
ocC OH ocC

[ 8RO, (i) Conc. H3PO4 o //"l'gg | W2 U, + R

eOy ] — - —_ 18§ R

(ii) BER, BH3 » NH3, OC( | \OH OC/ | ‘0 o
K,[BH3CO,], co 2 &o
60 °C, 15 min
1 2

FIG. 15.1. Synthesis of "Re(I) tricarbonyl precursor (1) and 'Re(I) tricarbonyl
histidine (2).
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over a period of 30 min. The resulting resins were washed thoroughly, first with
distilled water until they were free of excess NaBH,, and finally with ethanol.
The tetrahydroborate form anion exchange resin was then partially air dried by
removing ethanol on the surface of the BER. This resin was analysed for its
tetrahydroborate content by hydrogen evolution upon acidification with 0.08M
HCI, and the average capacity of the BER was found to be 2.5 meq of tetra-
hydroborate ion per gram of resin.

15.4. RESULTS

The HPLC chromatograms of #*Re(I) tricarbonyl precursor and '¥ReO;
showed the retention times of those species to be 4.7 and 9.8 min, respectively.
The retention time of the *®Re(I) tricarbonyl precursor was compared with
that of the *™Tc(I) tricarbonyl precursor and was found to be identical. The
radiolabelling yield of the '¥Re(I) tricarbonyl precursor in the reaction
mixture was determined by HPLC analysis and found to be greater than 99%.
The HPLC chromatogram of a typical Re(I) tricarbonyl precursor in the
reaction mixture is shown in Fig. 15.2. The complex was stable (>95%) for
approximately 3 h. After this time, decomposition of the complex was
observed. Paper electrophoresis investigations in aqueous solution confirmed
the cationic charge of "*Re(1) tricarbonyl precursor in a neutral solution. The
assay for the formation of the Re(I) tricarbonyl precursor, reduced

1000

[Re(OH,),(CO)]" || Nal®ReO,

mv)

=

Response

2 4 6 8 10 12 14 6 18 20 2
Time (min)

FIG. 15.2. HPLC chromatograms of " Re(I) tricarbonyl precursor and Na'®*ReO,,
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hydrolyzed '®*Re and *Re perrhenate ion was achieved by investigating their
positions using ITLC. Rhenium-188(I) tricarbonyl precursor: >95% (R, = 0.4);
reduced hydrolyzed '®Re: less than 3% (origin); *®Re perrhenate ion: 0%
(R = 0.8).

The HPLC chromatogram of *Re(I) tricarbonyl histidine showed the
retention time of the complex to be 11.4 min. The radiolabelling yield of
188Re(I) tricarbonyl histidine in the reaction mixture was determined by HPLC
analysis and found to be over 97%. The HPLC chromatogram of *Re(1)
tricarbonyl histidine in the reaction mixture is shown in Fig. 15.3. The retention
time of '"Re(I) tricarbonyl histidine was compared with that of *™Tc(I)
tricarbonyl histidine and was found to be identical.

15.5. DISCUSSION

BER contains tetrahydroborate ion (BH;) bound to the cation which is
supported on the polystyrene matrix. The cation has a quaternary alkyl
ammonium functionality used for adhering the tetrahydroborate ion or
negatively charged species. A schematic illustration of the use of BER is shown
in Fig. 15.4.

The results of the present studies demonstrate the use of BER as a novel
reducing agent and an anion scavenger. The 'Re(I) tricarbonyl precursor
having high radiochemical purity and labelling efficiency can be prepared
without the need for nitrogen gas flushing and ice bath cooling, as is necessary
in the conventional method [15.8]. BER has the added advantages of being

11.42
—20.00

e

Response (mV)
T T AT AT

é |
200 j \
:‘-W\—_WWWMWMWTJ WMM‘WMWWWMWW

:Tlll\ [Ty, IIHHIFH;\HHIIIII!IIIH‘HHHHIIIIH]II IH|I'HHHHI T
e T L

Time (min)
FIG. 15.3. HPLC chromatogram of " Re(I) tricarbonyl histidine.
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+ -
O—NR3 X

X" = BHy ; BER
= 188Re04' ; Perrhenate bound to cation
= Anion ; Anion bound to cation

FIG. 15.4. BER as a solid phase reducing agent and an anion scavenger.

stable over a wide range of pH values (2-11) and of being applicable to biolog-
ically active molecules, as well as being easily removed through filtration when
being administrated [15.9]. This approach thus provides the potential for the
economical production of ¥Re(1) tricarbonyl precursor without the formation
of unreacted '®¥ReQy}, colloidal ®¥ReO, or negatively charged impurities by
reinforcing the conventional reducing agent requiring very stringent conditions
for preparation.
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Abstract

The aims of the study were (i) to prepare 5W/'¥Re generators based on
188W-tungstates and hydroxyapatite to evaluate their feasibility and (ii) to determine the
sorption properties of alumina to ascertain the optimal conditions for fabrication of
alumina based 'W/'®¥Re generators. Titanium and zirconium ‘®W-tungstate were
synthesized using '*W-tungstate solutions at four different pH values and were then
used to prepare ¥W/'®Re generators. The sorption behaviour of tungsten and rhenium
on hydroxyapatite and alumina in a NaCl medium was evaluated based on results of
batch experiments. Three parameters were assessed: NaCl solution pH, alumina particle
size and sorption capacity. The results demonstrate that 'Re is not adsorbed, whereas
188W is strongly adsorbed in NaCl on both adsorbents. Hydroxyapatite and alumina
188W/1%Re generator systems were constructed and eluted in NaCl solutions. The
performance of the titanium and zirconium '**W-tungstate, hydroxyapatite and alumina
based *W/'®Re generators was evaluated.

16.1. INTRODUCTION

Alternative methods of ®*Re generator preparation using low or medium
specific activity W have been developed from matrices of heteropolyanions
formed from '®W-isopolytungstates with atoms such as zirconium and titanium
[16.1, 16.2] or with adsorbents having a high capacity such as anion exchangers,
activated carbon or zirconium dioxide [16.3, 16.4]. To find new options for the
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production of 'Re generators that are efficient and easy to manufacture,
titanium tungstate and zirconium tungstate were formulated and their effect on
generator performance was evaluated; hydroxyapatite was also evaluated as a
potential adsorbent material for '®W/!%Re generator systems. The ®W-
heteropolytungstates were synthesized using the sol-gel method, and sorption
studies were designed to examine the affinity of hydroxyapatite for the
tungsten and rhenium to provide evidence of the feasibility of this system. The
performance of the generator systems constructed using hydroxyapatite and
188W-heteropolytungstates was evaluated. At present, carrier free 'Re is
obtained commercially as Na'®ReO, from alumina based "*W/"*Re
generators. The work presented here focused on tungsten and rhenium
sorption on alumina as a function of the HCI concentration, the pH of the 0.9%
NaCl solution, the alumina particle size and the weight of the alumina

(capacity).

16.2. METHODS
16.2.1. Radionuclides

The "W was produced by irradiation of tungsten oxide (WO;) in the
TRIGA Mark III reactor of the National Nuclear Research Institute (ININ) in
Mexico. The '®Re was provided by ININ’s Department of Nuclear and
Radioactive Materials as solutions of sodium '®Re perrhenate (Na'®ReO,)
obtained from elution of a 'W/!"*¥Re generator made at ORNL (USA). The
sodium '®W-tungstate solutions (Na,'®WO,) were provided by ORNL
(37 kBg/uL), and by RIAR (Russian Federation) with IAEA support (7.6 and
19.4 GBg/mL). All radioactivity measurements were performed using a
calibrated gamma spectrometer with coaxial HPGe detector (7229P, Canberra)
connected to a PC multichannel analyser (ACUSSPECT-A, Canberra).

16.2.2. 'W-tungstate gel based generators
16.2.2.1. Preparation of ' W-tungstate gel based generators

The titanium tungstate gels were synthesized from tetrabutyl ortho-
titanate and sodium '®W-tungstate solutions. Gels were prepared using

188W_tungstate solutions of four different pH values (see Table 16.1) at a Ti:W
molar ratio of 1:1. The gels were stirred and dried for 2.5 h at 80°C and then
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TABLE 16.1. PREPARATION CONDITIONS OF THE TITANIUM
AND ZIRCONIUM TUNGSTATES

Series Cation pH level of tungstate X+ X:W molar ratio Addition order
I Ti 12,7,4.5,1.95 C,H;,0,Ti 1:1 Tito W
Il Zr 12,7,45,195  (C,H,0),Zr 1:1 Zrto W

placed on 3.75 mL polyethylene columns. The zirconium tungstate gels were
prepared from zirconium ethoxide solutions and sodium '®W-tungstate
solutions following the process previously described. Gels were prepared using
188W.tungstate solutions of four different pH values at a Zr:W molar ratio of
1:1. The columns were washed with 50 mL of 0.9% NaCl and were eluted every
three days for a period of three months.

16.2.3. Hydroxyapatite based '¥W/'**Re generators
16.2.3.1. Determination of distribution coefficients

Distribution coefficients (K,) of rhenium and tungsten in hydroxyapatite
were determined by a radiotracer technique in 0.9% NaCl as a function of pH.
For this purpose, 25 mL of 0.9% NaCl solution was mixed with 250 mg of
hydroxyapatite. The pH of the 0.9% NaCl solutions was adjusted to the
selected values. Solid and aqueous solutions were mixed well, and 100 puL of the
radioactive solution (3.7 kBg/uL), containing the W03~ or ¥ReOj, was then
added and the solutions were shaken for 24 h. Finally, the hydroxyapatite and
the liquid phase were separated by centrifugation, and the distribution coeffi-
cients were calculated using the 686 keV photopeak for '¥’W and the 155 keV
photopeak for '®Re. The feasibility of separating the ""WOj3~ or '¥ReO; ions
was determined from the K values by calculating the separation factors (o, ).

16.2.3.2. Preparation of 'SW/'* Re generators

From the adsorption data obtained for tungsten and rhenium,
hydroxyapatite based "*W/'®Re generators were constructed. The effects on
185W/!%Re generator performance of the different pH levels of the 0.9% NaCl
solutions (series A), the particle size of the hydroxyapatite (series B) and the
eluant (series C) were evaluated. Chromatography columns (0.8 cm x 4 cm)
were filled with hydroxyapatite (500 mg) previously mixed with the selected
medium, where "¥WO7 is strongly retained while '®ReOyj is weakly adsorbed.
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The medium under investigation was then percolated through the column. The
generators were eluted every 3 d for a period of 1 month.

16.2.4. Analysis of generator eluants

The eluted '®*Re and W activity was measured in an HPGe detector.
The W breakthrough (%) was determined by quantification of the 290 keV
photopeak for W and the 155 keV photopeak for ®Re. The **Re elution
profile was obtained by collecting 500 uL fractions. The radiochemical purity of
the "Re eluate was determined by paper chromatography using 3 CHR
(Whatman®) paper as the solid phase and acetone as the mobile phase. The R,
of ¥ReO; was 1. The titanium and zirconium concentrations in the '®Re
eluates were determined. The presence of phosphates was determined by
photometry using AQUANAL® professional vario H powder packs (Riedel-
deHaén).

16.2.5. Alumina based '"*W/'®Re generators
16.2.5.1. Determination of distribution coefficients and separation factors

Acidic aluminium oxide (Fluka, 0.05-0.15 mm, pH4.5) for chromato-
graphy was used in these experiments. The alumina was sieved and the particles
were separated into the following four sizes: less than 200, 200-300, 300—400,
greater than 400 mesh. Rhenium and tungsten distribution coefficients were
determined by a radiotracer technique using W and '®Re under static
conditions. The general procedure for obtaining the K, values was as follows:
Precisely weighed alumina was mixed with 30 mL of the medium (HCI or 0.9%
NaCl, see Table 16.2). Sorbent and aqueous solutions were brought to
equilibrium by shaking the mixture for 3 d, after which 100 puL of the solutions
containing the tracer elements was added to the mixture, which was then
shaken for 3 h. The alumina and liquid phase were then separated by centrifu-
gation. Alumina adsorption characteristics were determined by comparing the
87W (686 keV) or ®Re (155 keV) activities of 4 mL aliquots with those of 4
mL aliquots of the reference solutions. The reference solutions were prepared
with the same amount of the tracer solutions in 30 mL of the medium. Four
parameters were evaluated: HCI concentration, pH of the 0.9% NaCl solutions,
alumina particle size and capacity of the alumina (see Table 16.2). Using the K
values, the feasibility of separating the '¥”WO? or ¥ReO} ions was determined
by calculating the separation factors (e, ), and an alumina based "*W/'®Re
generator was then prepared. The generator was eluted every 3 d and the '®Re
eluates were evaluated following the analysis described in Section 16.4.
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TABLE 16.2. SORPTION CONDITIONS OF TUNGSTEN
AND RHENIUM ON ALUMINA

A . pH of _ Alumina AU Gwa0,
Series Medium the medium Concentration (mg) particle size (me/e)
& (mesh) ke

W-1 HCI 0-6 3-10°mol/L HCl 150 300400 18
Re-1 HCl 0-6 3-10°mol/L HC1 150 300-400  0.06 mCi/mL
W-2 NaCl 1-12 0.9% NaCl 150 300-400 18
Re-2  NaCl 1-12 0.9% NaCl 150 300400  0.06 mCi/mL
W-3 NaCl 5.6 0.9% NaCl 150 > 200 18

200-300

300400

<400

W-4 NaCl 5.6 0.9% NaCl 300-400 2-200

16.3. RESULTS
16.3.1. '®W-tungstate gel based generators

The titanium and zirconium W-tungstate gels were prepared using the
sol-gel method, which allows the synthesis of the gels in about 3 h, compared with
the 67 h required for the precipitation method. Figures 16.1 and 16.2 show the
performance of the titanium and zirconium **W-tungstate based generators,
respectively. The pH level of the ®W-tungstate solution used for the preparation
of the titanium and zirconium ®W-tungstate based generators influenced the
efficiency and the W breakthrough of the generators. Both parameters
decreased when the gels were synthesized with more acidic ®*W-tungstate
solutions.

The best ®Re elution efficiency (~73%) was obtained from the titanium
18W-tungstate based generators; however, the lowest W breakthrough
(0.3%) was obtained from the zirconium ®W-tungstate based generators. The
18Re radiochemical purity obtained from both types of generator is less in the
gels prepared with basic *W-tungstate solutions (83-87%) than in those
prepared with acidic ®*W-tungstate solution, which had a "*Re radiochemical
purity of 100%. In the case of the titanium '**W-tungstate based generators, the
188Re eluate volumes were about 2.5 mL and showed traces of titanium. On the
other hand, the generator prepared from a '®W-tungstate solution at pH12
initially released about 99% of the **WQO?~ adsorbed during the washing.
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FIG. 16.1. Performance of the titanium "®W-tungstate based generator.
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FIG. 16.2. Performance of the zirconium "W-tungstate based generator.

16.3.2. Hydroxyapatite based "**W/"*®Re generators

The oy . separation factors shown in Fig. 16.3 indicate that tungsten and
rhenium can be readily separated with 0.9% NaCl solutions at pH levels below
7.5. Based on these data, hydroxyapatite based generators were constructed
using four 0.9% NaCl solutions at pH5.5, 6.0, 6.3 and 6.5 (series A), and using
hydroxyapatite particles of three sizes (series B). The performance of these
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generators was evaluated and the results are shown in Figs 16.4 and 16.5. For all
the '¥Re eluates obtained in both series, the pH was 6.5, the phosphate concen-
tration was greater than 1000 ppm and the radiochemical purity was greater
than 90%. The lowest ¥W breakthrough and highest average elution volumes
were obtained in the generators eluted with 0.9% NaCl solution at pH6.5 and
with hydroxyapatite particles between 38 and 75 um in size. The efficiency of
the "¥W/'®Re generators decreased with the pH value of the NaCl solution,
but the particle size of the hydroxyapatite appeared to have no significant
effect. The mean efficiencies obtained were about 65%, whereas the elution
volumes and '®¥W breakthrough values decreased with a decrease of the
hydroxyapatite particle size and with an increase of the pH value of the NaCl
solution. The generators in series A and B showed that phosphate ions are
released during the elution of '®Re, leading to the proposal to wash the
generators after elution with 0.9% NaCl solutions, using 0.01 mol/L CaCl, or
0.004 mol/L NaH,PQO, solutions, in order to avoid the dissolution of hydroxya-
patite.

A third series of generators (series C) was then fabricated and evaluated
using the method previously described. The performance of these generators as
a function of the eluant is shown in Fig. 16.6. Washing the generators with 0.01
mol/L CaCl, or 0.004 mol/L NaH,PO, solutions after elution with 0.9% NaCl
solutions caused an increase of the W breakthrough in the ®*Re eluate.
However, there was no apparent effect on the 'Re elution efficiency, the
eluate pH or the radiochemical purity. The presence of phosphate ions in the
188Re eluates shows that the hydroxyapatite continues to dissolve.

500

@ alpha of '®"W*Re with HAP-PO,
4004 []
300
[ ]
200
100 L[]
L[]
° 0 [ ]
0 e ", o o o
T T T T T
6 7 8 9 10 11 12
pH

FIG. 16.3. Separation factors of tungsten and rhenium (o) on hydroxyapatite.
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FIG. 16.4. Performance of the hydroxyapatite based "SW/'8Re generators as a function
of the 0.9% NaCl solution pH (series A).
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FIG. 16.5. Performance of the hydroxyapatite based '3W/'¥Re generators as a function
of the hydroxyapatite particle size (series B).
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FIG. 16.6. Performance of the hydroxyapatite based 'SW/'58Re generators as a function
of the eluant (series C).

16.3.3. Sorption behaviour of tungsten and rhenium on alumina
16.3.3.1. In HCI medium

The tungsten sorption behaviour on alumina as a function of the HCl
concentration can be expressed mathematically by Eq. (16.1). The K, values
decrease with an increase of the HCl concentration. The distribution coeffi-
cients are more than 1000 cm®/g at HCI concentrations of less than 0.1 mol/L.

log K4 =2.64-0.451log [HCI] (16.1)

Around 99% of the tungsten is sorbed on alumina at HCI concentra-
tions of between 1 x 10° and 0.1 mol/L, and this percentage decreases radically
at concentrations of more than 0.1 mol/L. Rhenium presents K, values
and percentage sorption unchanged at HCI concentrations of between 1 x 107
and 1 x 10 mol/L; at HCI concentrations of between 1 x 10~ and 0.1 mol/L,
both parameters show a drastic decrease. At concentrations greater than
0.1 mol/L, K, values and percentage sorption are practically constant. It is
important to note that the maximum K, value and percentage of sorption for
rhenium are 63 cm?/g and 40%, respectively. For HCI concentrations greater
than 0.1 mol/L, the rhenium practically is not sorbed on alumina.
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16.3.3.2. In 0.9% NaCl medium

The K, values and the percentage sorption of tungsten on alumina are
about 7 cm®/g and 1%, respectively, at pH levels greater than 7, which indicates
that tungsten is not sorbed on alumina in basic 0.9% NaCl solutions. In an
acidic medium (<pH5.5), K, values and sorption percentages of over 700 cm®/g
and 90%, respectively, were observed. Tungsten is strongly sorbed on alumina
in 0.9% NaCl solutions with pH values of less than 5.5. In the case of rhenium,
results show the K, values are very low, around 2 and 3, between pH1 and 12.
Consequently, the sorption percentages are also low, about 2 and 4%,
indicating that rhenium is not sorbed on alumina in saline medium between
pHI1 and 12.

Figure 16.7 shows the effect of the particle size of alumina on the
adsorption of the tungsten in 0.9% NaCl solutions. The distribution coefficients
and the percentage sorption present a Gaussian behaviour with maximum
values at particle sizes of 200-300 mesh. The lowest K, values and percentage
sorption were obtained using alumina particle sizes of between 200 and
400 mesh.

The sorption capacity of alumina in 0.9% NaCl solutions was determined
by means of the weight variation of alumina and tungsten in the tungsten
sorption experiments. The K, values and the percentage sorption of tungsten
on alumina as a function of the weight of the alumina and the weight ratio of
the tungsten to the alumina can be expressed mathematically by Eqs (16.2) and
(16.3):
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FIG. 16.7. Effect of the alumina particle size on the sorption behaviour of tungsten.
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log K, =4.09 +0.67 log g + 0.25 log g* (16.2)
§% =100.18 - 0.199 R (16.3)

where g is the alumina weight and R is the weight ratio of tungsten (mg) to
alumina (g). From the weight ratio values, the capacity of alumina was
determined to be 0.34 meq per gram of alumina, which is equal to 10.5 mg of
tungsten per gram of alumina. At this ratio, the tungsten sorption is about
99.9%, and at a ratio of 20 mg of tungsten per gram of alumina, the sorption is
about 96%.

In summary, alumina is an excellent adsorbent for tungsten in solutions of
diluted HCI (<0.1 mol/L) and at pH values below 5.5 in 0.9% NaCl solutions,
while rhenium is not sorbed under these conditions. These results agree with
the separation factors (o) for tungsten and rhenium, given by expressions
(16.4) and (16.5) for HCI and saline media, respectively, which indicate the
possibility of efficiently separating tungsten and rhenium in diluted HCI
solutions (<0.1 mol/L HCI) and at pH levels below 5.5 in 0.9% NaCl solutions:

log [a] = -1.76 + 0.25 log [HCI] (16.4)
log [o] = -5.40 + 0.809 pH — 0.025 pH> (16.5)

In accordance with the previous results, it is possible to prepare alumina
based '®W/¥Re generators from HCI solutions (<0.1 mol/L) or 0.9% NaCl
solutions (<pHS5.5) that can be used to adsorb the W and to elute the
88Re. The preferred alumina particle size for preparing these generators is
200-300 mesh, and a ratio of 10.5 mg of tungsten per gram of alumina is
recommended. An alumina based '"*W/'®Re generator was then prepared
using an alumina particle size of 200-300 mesh in 0.01 mol/L HCI. The alumina
(2.2 g) was added to a glass column (12 mm x 70 mm), which was washed with
50 mL of 0.01 mol/L HCI and to which was added the W (49.1 g/L, 0.2 GBq).
The pH of the sodium *W-tungstate was adjusted to 6 with 0.2 mol/L HCI. The
column was again washed with 20 mL of 0.01 mol/LL. HCI and 20 mL of 0.9%
NaCl. Preliminary results of the generator performance showed the efficiency
and radiochemical purity to be greater than 95%.

The ratio of 10.5 mg of tungsten per gram of alumina chosen for
preparing the 'W/'®Re generator could be increased because 92% of the
tungsten is still sorbed on alumina at a ratio of 45 mg of tungsten per gram of
alumina; this is an increase of about 75% in the tungsten weight on alumina and
consequently a decrease of the chromatographic column size and of the elution
volumes of ®Re.
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16.4. PROSPECTS

Hydroxyapatite is an excellent anion exchanger that can adsorb about
0.9% of the weight of tungsten [16.6]. The adsorption studies of tungsten and
rhenium on hydroxyapatite in 0.9% NaCl medium showed that it is feasible to
construct hydroxyapatite based "W/!¥¥Re generators if 0.9% NaCl solutions at
pH levels below 7 are employed as the eluant. The ®*Re elution efficiency and
the W breakthrough of these generators depend on the pH of the 0.9% NaCl
solution. The release of phosphate ions during the elution of these generators
shows that the hydroxyapatite is being dissolved by the eluant. Washing the
generators with 0.01 mol/L CaCl, or 0.004 mol/L. NaH,PO, after elution with
0.9% NacCl solutions was proposed in order to stop the release of phosphate
ions. However, washing did not improve the elution conditions, and in fact
caused a decrease of the ®Re elution efficiency and an increase of the W
breakthrough. It is therefore necessary to find a mechanism that allows the
release of the phosphate ions to be avoided during the elution of the generators.

Regarding the titanium and zirconium '®*W-tungstate based generators,
the gels were prepared by the sol-gel method, which reduced the process time
to 3 h. Use of acidic or basic "**W-tungstate solutions in the preparation of the
gel generators reduces both the *Re elution efficiency and W breakthrough.
It is known that the tungstate forms different chemical species depending on
the acidity of the solution, consequently the gels formed from the tungstate
solution at different pH levels will constitute distinct structures with specific
physicochemical properties. In accordance with our results, the generator with
the best performance was that prepared from zirconium ®W-tungstate;
however, the W breakthrough of the '®Re eluates was always greater than
0.015%. Tungstates based on other metals have been synthesized, and their
solubility in 0.9% NaCl medium has been determined. Calcium and manganese
tungstates have a solubility of less than 10~ g/mL and their use in generator
preparation is being explored.

On the subject of alumina based '*W/'®Re generators, the analytical
studies of tungsten and rhenium sorption on alumina have shown that these
generators can be prepared and eluted with HCI (<0.1 mol/L) and 0.9% NaCl
solutions (<pH5.5). It is advisable to use alumina with a particle size of 200~
300 mesh, because the best sorption behaviour of tungsten (higher K, values
and percentage sorption) is obtained with these particle sizes. The alumina
capacity is about 0.34 meq (or 10.5 mg of tungsten) per gram of alumina; at this
ratio, about 99.9% of the tungsten is sorbed on alumina. The generator
prepared with 0.01 mol/L HCI solutions to fix the W and eluted with 0.9%
NacCl solutions at pHS.5 is still being analysed. Preliminary results show the
efficiency and radiochemical purity to be greater than 95%.
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DEVELOPMENT OF A 'W/"*Re GENERATOR
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Abstract

The fabrication of a 'W/'8Re generator is described in detail, including the
stability testing and quality control methods used. Studies of the elution profiles of four
generators showed that about 90% of the available activity was contained in a 4 mL
volume of saline solution with high radioactive concentration. The generators were
usable for over 6 months, and the quality of the eluate was within the approved specifi-
cations. An illustration of a shielding container made of tungsten for a 'Re eluate vial
is also included.

17.1. INTRODUCTION

Rhenium-188 is a radioisotope of high therapeutic potential for nuclear
medicine that belongs to the group of beta-gamma emitters (maximal energy of
beta radiation: 2.11 MeV; energy of gamma rays: 155 keV) [17.1-17.7]. With
beta particle penetration in soft tissues of about 8 mm, cancer tissues can be
destroyed, while the gamma emissions permit imaging to locate accumulation.
Rhenium-188-HEDP is used as an effective pain palliation agent in painful
bone metastases, and '®*Re-DMSA is used for cancer treatment. Rhenium-188
complexes with peptides and monoclonal antibodies and their use in therapy
against cancer are also in progress. Sterile and pyrogen free solutions of *Re
agents loaded into a balloon have been used in brachytherapy of coronary
vessels to prevent restenosis.

Owing to the short half-life of "®**Re, deliveries to remote customers can
create logistical problems. These can be solved by delivering W/"®Re
generators as a source of '*Re. The ®®Re solution is obtained by eluting the
generator with 0.9% acidified saline. Here, the generator column and lead
shielding used in a standard *’Mo/*™T¢ generator (fission produced ’Mo) have
been used to fabricate 'SW/!®Re generators. Depending on the needs, the
elution can be performed every second day, or even more often, with yields

175



CHAPTER 17

resulting from the decay of W and growth of ®Re. The received eluate is
sterile and can be used immediately after elution. The generators can be used
for a long time, over 6 months, because the parent ¥W radionuclide has a half-
life of 69 d. The fabricated generators were evaluated for a period of 8 months,
and the quality of the eluate was within the approved specifications.

17.2. MATERIALS AND METHODS
17.2.1. Generator preparation

Aluminium oxide (Alumina A, ICN, MP Biomedicals) was stirred in
deionized water and decanted several times until the supernatant was clear.
The decanted alumina was then dried for 4 h at 80°C. Dry alumina (2 g) was
loaded onto a column, which was fixed on the top with a bed of glass wool and
closed with rubber seals and aluminium caps. The column was autoclaved for
0.5 h at 121°C. Before loading the W, the column was activated by
subsequent washing with the following solutions: 5 mL of 0.9% NaCl
solution acidified to pH3 (flow rate: 10 mL/min), S mL of 32% HCI (flow rate:
5 mL/min) and 20 mL of 0.9% NaCl solution at pH3 (flow rate: 10 mL/min) to
obtain effluent at pH3.

The "W (RIAR, Russian Federation) with a specific activity of between
27 and 133 GBq per gram of tungsten before loading onto the column was
dissolved in 0.5M NaOCl (0.5 mL NaOCI per gram of tungsten), 80%
CH,COOH (1 mL CH;COOH per gram of tungsten) and 32% HCl in order to
lower the solution pH to 2.5 to obtain tungstic acid. The W solution (as
Na'®WO,) was then slowly loaded onto the column using a peristaltic pump
(flow rate: 0.1 mL/min). The column was washed with 20-50 mL of 0.9% NaCl
solution (pHS5.0-5.5) at a flow rate of 0.1 mL/min in order to remove the
unbound '®¥W. Finally, the generator column was fixed into the generator
shielding and placed in the plastic box, followed by installation of the eluting
needles.

17.2.2. Stability testing of the generator

The performance of generators was checked by elution three times a
week (every second day, usually Monday, Wednesday and Friday) using 16 mL
of 0.9% NaCl solution (the eluent for the *Mo/*™Tc generator, pH5.0-5.5);
four fractions of 4 mL each were collected. The following tests were carried
out:
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— Elution yield (total radioactivity eluted);

— Measurement of pH (in the first fraction of each elution);

— Radiochemical purity (once a week, in the first fraction);

— Radionuclidic purity (once every 2 weeks, in the second fraction);

— Sterility and bacterial endotoxins (once every 2 months, in the third
fraction);

— Chemical purity by ICP-OES (once every 2 months, in the second
fraction).

17.2.3. Methods used in quality control

The radioactivity of *Re was measured using an ionization chamber
(KG 47-50 with a Keithley Electrometer type 485). A certified solution was
used for calibration of the system; the estimated accuracy of measurements was
+5%. The W breakthrough and radioactive impurities were measured using
an efficiency calibrated gamma spectrometer with an HPGe detector. The
radiochemical purity of '®Re perrhenate was checked using paper chromato-
graphy (Whatman 1) with acetone as the developing solution. The chemical
purity of the eluate was determined using an ICP-Optical Emission
Spectrometer (Optima 3300XL, Perkin-Elmer), with special attention given to
the presence of aluminium, tungsten and zirconium.

17.3. RESULTS
17.3.1. 'W/38Re generator elution profile

The elution profile of the first elution after generator preparation
(8 x4 mL) is presented in Fig. 17.1. More than 95% of the '®Re radioactivity is
accumulated in the first and second 4 mL fractions.

Standard elutions of the ¥W/'®Re generator were performed using
16 mL of acidified saline solution (4 x 4 mL). Figure 17.2 presents average
values of generator yields in each collected fraction and their standard
deviations, obtained in ten consecutive elutions (over a period of 4 weeks).

The generator was manufactured on 29.06.2005 with a column loaded
with 19.81 GBq of '®W. The elution yield on 18.07.2005 was 84-88% of the
expected radioactivity. The generator was eluted with eight eluent portions of
0.5 mL each. The cumulative elution profile is presented in Fig. 17.3.
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FIG. 17.3. Cumulative elution profile expressed as radioactivity (top) and percentage
yield (bottom).

The stability of the generator was evaluated according to the schedule

given above over a period of 4 months. The total yield of the ®W/'®Re
generator measured as the sum of the radioactivity collected in all four elution
fractions is presented in Fig. 17.4.
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FIG. 17.4. Total yield of the "*W/'3Re generator over the stability testing period.

The results of the quality control studies obtained during the generator
evaluation period are summarized in Table 17.1. The first column indicates the
elution number; the second column shows the time of generator evaluation in
days from the first elution; the third column provides the total radioactivity of
188Re obtained on the day of elution; the fourth column shows the elution yield
of Re expressed as the ratio of the measured radioactivity of *Re to the
calculated radioactivity at elution date. The next columns contain data on
eluate pH, radiochemical purity, chemical purity and radionuclidic purity. The
sterility and bacterial endotoxin levels were determined in the eluates of the
generators at 2 week intervals.

The experimentally obtained yields of ®Re were compared with
theoretical yields of ¥W and '®*Re, and the results are shown in Fig. 17.5.

To fully evaluate the generator’s performance, four "SW/!¥Re generators
were prepared as described previously. Detailed data on these generators are
summarized in Table 17.2.
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TABLE 17.1. DATA ON 3W/%Re GENERATOR PERFORMANCE
(Duration of observation: 18.08.2005 to 21.11.2005; radioactivity of '®W
loaded onto the column: ~7.48 GBq; specific activity of '*W: 27.28 GBq per
gram of tungsten)

Total Re-188 . Radio-
. Time of radioactivity . Rad1.o- Chemical  nuclidic
Elution evaluation on day of Yield Eluate chem'lcal purity purity of
No. (d) elution (%) pH p uorlty (ppm) W-188
(GBq = 1.1%) (%) (%)
1 4.10 5.61 82.11 45
2 8.09 5.62 85.62 45 100
3 12.11 506 8035 5.0 deltiz:e .
4 15.16 4.10 82.64 4.5-5.0
5 18.13 4.77 84.14 5.0
6 22.19 4.80 84.25 5.0
7 26.13 4.61 81.60 5.0 100
8 28.11 3.90 81.57 5.0
9 33.15 4.18 7849 5.0
10 35.05 3.45 8239 5.0
11 40.04 3.94 78.12 5.0
12 42.05 3.26 8120 5.5 100
13 47.06 3.62 78.44 5.5-6.0
14 50.07 3.30 79.29 5.5-6.0
15 54.09 3.29 79.46 5.0
16 57.23 3.13 81.17 5.0
17 61.08 3.13 80.85 5.0 100
18 64.13 2.96 82.17 55 Al\:lgfg4’ 1.4x10™%
19 68.23 2.96 79.86 5.5
20 70.25 2.52 80.01 5.5
21 76.20 2.65 77.97 5.5-6.0
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FIG. 17.5. Experimental and theoretical yields of ' Re and "**W.

200 300

Volume (mL)

400

Radioactivity of

Specific activity of

Generator loaded W-188 loaded W-188 f;;;zgfm evﬁﬁl‘igin
(GBq) (GBq/g of W)

GM1 55 133.16 3.032005  07.10.2005

GM2 11.01 97.42 10.062005  02.11.2005

GM 3 19.81 13275 29062005  20.07.2005

GM 4 7.48 27.28 18.082005  21.11.2005

Generator GM3 was observed for 3 weeks at the TAE Radioisotope
Centre; after preliminary testing, it was sent for regular use to clinics in
Dresden, Germany. Over a period of time ranging from 76 to 185 d, data on
18Re radioactivity (per batch and cumulative), percentage yield, and
radiochemical, chemical and radionuclidic purity were accumulated. About
200 elutions were carried out. Figure 17.6 shows the '*Re yields of the four
generators when eluted over a period of time.

182



MIKOLAJCZAK et al.

100 |
B, . .
90 Oy Moy o . * GM1
> & o' e
S 857><>20< 0..’ ’.0”.. -’ * m GM2
s L
= .! XX ¢
g 75, ™ ] x GM4
8 [ ]
T " 'L R
65
60 : | | : | ‘
0 10 20 30 40 50 60
Elution

FIG. 17.6. Rhenium-188 elution yields of the four generators.

The variation of elution yield results may be due to measurement error in
the determination of the W radioactivity loaded onto the column. Therefore,
for further definition of the generator specification, it was decided to use a
nominal (calibrated) radioactivity of '®Re eluted from the generator, and not
the radioactivity of "W loaded onto the column, as the specified parameter.
Because the sorption capacity of the alumina column is limited and the specific
activity of available W also varies within a rather limited range of values, it
was assumed that it would not be possible to produce a generator with an
expected '®®Re radioactivity greater than 480-500 mCi on the day of first
elution.

It was noticed that the elution yield tended to decline over time. This
decline may be due to reduced '®Re recovery from the "W adsorbed on the
column and not to the "W breakthrough, since the radionuclidic purity exami-
nations did not show any increased levels of W contamination in the eluates.
The generators were sterile and the endotoxin levels were within the limits for
use in humans.

On the basis of the series of experiments, it was confirmed that the
188W/1%Re generator technology developed leads to 'Re eluates with the
following parameters:

(a) Elution yields: 70-90%;

(b) pH:5.5-6.0;

(¢) Chemical purity: Al: <10 ppm; W: <10 ppm;
(d) Radiochemical purity: >98%;

183



CHAPTER 17

FIG. 17.7. Tungsten container for shielding the eluate vial.

(e) Radionuclidic purity: '"¥W: <0.5%; other gamma impurities: <0.1%;
(f)  Eluates are sterile and free of bacterial antitoxins.

The tests confirmed that the ¥W/!*Re generators can be systemically
used over a period of at least 6 months. The quality of the eluates has been
verified by HEDP and bombesin analog radiolabelling. The two generators
have been evaluated in the Clinic for Nuclear Medicine in Dresden, Germany,
with positive reports from the direct user.

17.3.3. Shielding containers for **Re eluates

A container for the eluate vial made from tungsten was designed and then
tested in working conditions in order to improve shielding of this container and
to increase the safety of generator elution.

The '®Re elutions were carried out using the standard lead container for
shielding the eluate vial. At higher concentrations of *Re, this container did
not provide sufficient protection. Therefore, a container made of tungsten was
prepared in order to improve shielding during elution. A drawing of this
container is given in Fig. 17.7.

17.4. CONCLUSIONS

According to the literature [17.7], ®¥W/!¥Re generators can be used for
over 6 months, because the parent radionuclide, "W, has a long half-life
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(T,,: 69 d); here, the generator was evaluated for that period of time. The
generator presented here makes use of the generator column, shielding and
elution set-up that proved useful and reliable when used for *Mo/*™Tc
generators. It offers a user friendly elution technique, low elution volume and
high radioactive concentration of the eluate, and can be used for over 6 months.
It can be used in clinics for routine applications as well as in research labora-
tories. The quality of the ¥ Re solution from the generator has been tested in
labelling of a '®Re-HEDP phosphonate based radiopharmaceutical for
palliative therapy of painful cancer metastasis to bone.
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Abstract

Under the coordinated research project (CRP), the processing of high specific
activity W produced by neutron irradiation in the SM research reactor was studied
theoretically and experimentally. The effects of neutron flux depression and shielding
on W specific activity were studied, and an optimized approach to W production
based on experimental data was developed. A procedure for '8W specific activity
estimation was developed based on gamma spectrometry measurement of W activity
and on photocolorimetric measurement of tungsten concentration in the sample
solution. The procedure allowed experimental data to be obtained for use for the opti-
mization of W production. A radiochemical procedure for irradiated target
processing providing efficient purification from both radioactive and non-radioactive
impurities was developed. Under the CRP, 15 batches of W were prepared and
shipped to the participant countries to support their research on '5W/!38Re generator
development.

18.1. INTRODUCTION

The main goal of RIAR’s participation in the CRP, under the research
agreement, was to improve the technology of ¥¥W production and to supply
CRP participants with '®W for their experimental studies of *W/"®Re
generators. The main features of "W production in the reactor were estab-
lished, and optimized irradiation modes using the SM high flux reactor, as well
as post-irradiation technology, were developed that considerably improved the
quality of the final product. The principal results of the study are presented in
this report.
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18.2. FEATURES OF W REACTOR PRODUCTION

The principal features of W production in the nuclear reactor (Fig. 18.1)
are as follows:

(a) Relatively low isotopic abundance of W in the natural mixture of
tungsten isotopes (28.43%);

(b) Production of W by two sequential neutron captures, through the short
lived "W (T, ,: 23.8 h) predecessor.

These features determine that production of W of high specific activity
requires:

(i) Use of highly enriched (more than 90%) '®W target material;

(ii) Provision of the highest rates of neutron capture by **W and '¥’W nuclei
(i.e. irradiation should be performed at the highest available thermal
neutron flux density).

18.2.1. Nuclear constants describing accumulation of W

Various aspects of W reactor production are discussed in a number of
papers [18.1-18.3]. Unfortunately, data referenced in these papers, both
experimental and theoretical, concern specific reactors and irradiation modes.
Thus, initially there were no reliable nuclear data available for "W and %W,

To develop technology for W production, the system of nuclear
constants applied for prediction of W accumulation in the SM research

1880s ( n ,Y) 1890$ ( n rY) 1900S ( n rY) 191OS
stable stable stable 154 d
p p
8Re (ny) "*Re (n.v) '89Re
stable 17 h 234 h
B p p
186W ( n.y ) 187W ( n.,y ) 188W ( n.y ) 189W
stable 238 h 69d 11 min

FIG. 18.1. Tungsten-188 production chain.
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reactor was analysed and refined. A set of experimental targets was irradiated
in various reactor positions, providing considerable variation of neutron flux
density and spectra. Irradiated material was dissolved in basic solution, and
activity was measured by gamma spectrometry, followed by calculation of
parameters of W accumulation. The specific activity of "W was determined
using the procedure described below. Data produced were used to study the
kinetics of '®W accumulation and to develop a revised system of nuclear
constants (Table 18.1). Based on these data, a more accurate prognostic system
for W production in the SM reactor was developed.

Analysis of experimental data describing W production allowed us to
draw a number of important conclusions:

(a) The thermal neutron flux density and duration of continuous irradiation
are the most critical conditions for W production. The concentration of
8W nuclei is also dependent on the concentration of short lived W, so
after any intermediate reactor shutdown (as well as at operation power
decrease), the W specific activity decreases, increasing again only after
irradiation is continued, giving a distinctive ‘pit’ in the ‘specific activity—
irradiation time” dependency (Fig. 18.2).

(b) The duration of irradiation is critical for "¥*W production because of the
kinetics of production and decay of short lived '*’W. In the case of the SM
reactor, which uses campaigns consisting of two or three ‘micro-
campaigns’ (8-11 d each), the duration of the last microcampaign is the
most important.

(c) The ratio of the thermal cross-section and resonance integral values
shows that irradiation in hard neutron spectra (i.e. in high flux of fast
neutrons) does not lead to an increase of W specific activity.

Research reactors traditionally used for radionuclide production can be
classified on the basis of the neutron flux density in irradiation positions:

TABLE 18.1. NUCLEAR CONSTANTS FOR SELECTED NUCLIDES

Nuclide Decay constant Thermal cross-section Resonance integral
AT o (b) L. (b)

W-186 — 37.9 485

W-187 8.09 x 107 64.0 2760

W-188 1.16 x 107 1000 50 000

189



CHAPTER 18

(i)  High flux reactors with a neutron flux density greater than 1 x 10" cm™s7';

(ii) Medium flux reactors providing a neutron flux density of around
5x10% ecm2s!;
(iii) Low flux reactors having a neutron flux density of around 1 x 10" cm-s7).

Low flux reactors are not considered to be suitable facilities for '*W
production, as they can only provide W of very low specific activity. It should
be noted that medium flux reactors can provide a longer duration of
continuous operation (owing to the lower power rating in the active core),
which is also important. Nevertheless, the highest possible specific activity of
18W (produced from isotopically enriched '**W) is 55.5-74 GBq/g (1.5-2 Ci/g)
for medium flux reactors and 185-296 GBq/g (5-8 Ci/g) for high flux reactors.
There are only two high flux reactors in the world (HFIR, Oak Ridge, USA,
and SM, Dimitrovgrad, Russian Federation), whereas several medium flux
reactors are in operation.

It is interesting to note that our calculations show that irradiation of
natural tungsten (instead of isotopically enriched) in the high flux reactor
provides a specific activity of W comparable with that from medium flux
reactor irradiation. Unfortunately, production of W in that case is
accompanied by production of W, which generates ®Re. The latter
decreases the specific activity of '*Re after its separation in the generator.

7
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FIG. 18.2. Specific activity of "W and "W calculated for the real operation mode of
the SM reactor (irradiation in the neutron trap).
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18.2.2. Effects of W self-shielding and neutron flux depression
on 33W production

A reliable calculation procedure predicting "W production requires
consideration of the following features:

(a) The large cross-section of thermal neutron absorption by the W nuclei
requires that the value of neutron flux depression in the bulk of the
irradiated target be determined.

(b) The resonance integral values of a number of nuclides of the considered
transmutation chain require consideration of non-stationary effects of
nuclei self-shielding.

The effects of resonance self-shielding by the **W nuclei and the scale of
thermal neutron depression for tungsten oxide targets were evaluated.

18.2.2.1. Depression of thermal neutron flux

Depression is determined as a blocking (depression) coefficient; that is,
the ratio of thermal neutron flux density in the bulk of the target (®,) to that in
the surrounding moderator (®g).

The ABG method described in Ref. [18.4] was used to calculate the
blocking coefficient. This method provides a means to obtain a result without
solving the diffusion equation for the absorbing zone (in this case, the tungsten
oxide target), thus avoiding large calculation errors. It should be noted that the
blocking effect depends on two parameters only: target optical thickness and
the ratio of macroscopic cross-sections of neutron scattering to absorption in
the target. Macroscopic cross-sections were calculated taking into account the
difference between the temperature of the neutron gas in the target and that in
the moderator, and probabilities of neutron adsorption were calculated based
on estimations of probability of first nuclei collision [18.5].

The calculated dependence of the thermal neutron depression on the
tungsten oxide target (enriched with *W) diameter is presented in Fig. 18.3.
For a target diameter of approximately 5 mm (the geometry of our targets), the
neutron flux is around 0.85 rel. units.
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FIG. 18.3. Thermal neutron depression versus "WO; cylinder target diameter.

18.2.2.2. Evaluation of "W resonance self-shielding

Calculation of the effective resonance integral of W (equal to 485 b for
‘infinite dilution”’) was based on evaluation of the self-shielding effect; that is,
the decrease of the nuclear reaction rate referenced to one nucleus. The
resonance self-shielding coefficient was calculated for the approximation of
‘intermediate resonance’ using the ChainSolver computer code [18.6], and the
parameters of resonances were taken from the NKE code [18.6]. The
dependence of the resonance self-shielding coefficient for the W nuclei on
optical thickness is shown in Fig. 18.4. For the actual target optical thickness (~3
x 10*' ¢cm™), the self-shielding coefficient is large (~0.4). Under irradiation
concentration of the W nuclei, changes are considerable and thus the self-
shielding effect is non-stationary and must be considered in prognosis of W
yield.

18.3. MEASUREMENT OF '®W SPECIFIC ACTIVITY

The specific activity of "W routinely produced in high flux reactors is
typically 148-222 GBq/g (4-6 Ci/g), and in the case of a ‘thin’ target it can reach
296-444 GBq/g (8-12 Ci/g). Unfortunately, no procedures for determinating
the specific activity of W are described in the literature, and the specific
activity values referenced in various publications were determined
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FIG. 18.4. Resonance self-shielding coefficient of "W versus optical thickness of cylinder
target (5 mm diameter).

theoretically or experimentally as a ratio of the measured W activity and the
target weight, neither of which has high accuracy. The theoretical (calculation)
approach requires correctly measured cross-sections of nuclide transmutation
as well as actual parameters of neutron fields, and these data are not always
available. Such an experimental approach does not consider burnup of target
material, which cannot be neglected for long term irradiation in a high flux
reactor.

A procedure was developed for measuring the specific activity of W
based on a combination of gamma spectrometry in the sample solution and
determination of tungsten concentration in that solution by using photocolor-
imetry to determine the concentration of the tungsten-thiocyanate complex of
W(V).

The procedure is based on the formation of a coloured complex
compound of W(V) and thiocyanate ion. Tungsten is reduced to the five
valence state using a freshly prepared solution of titanium (III) chloride.
Optical density is measured at a wavelength of 398 nm. The tungsten concen-
tration is determined by comparison of the optical density of the test solution
with that of calibration solutions. An example of a calibration curve is
presented in Fig. 18.5. The procedure allows determination of the tungsten
concentration within a range of 0.002-0.01 mg/cm®. It is simple and does not
require rare reagents or analytical equipment. It was found that the error limits
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FIG. 18.5. Calibration curve used for measurement of tungsten concentration.

are below 13% considering an error of calibration curve below 7.5% and bulk
activity measurement error is below 10%.

18.4. LARGE SCALE PRODUCTION OF '#w

A typical cycle (campaign) of the SM high flux reactor consists of two
microcampaigns of 10 effective days each, with a 2 d shutdown in between.
Some campaigns consist of three microcampaigns, whose duration can vary by
several days, depending on the radionuclide production plan or experimental
programmes implemented at the reactor. It was demonstrated that the duration
of the last microcampaign is the critical factor affecting '*W specific activity.

Results of trial irradiations, presented in Table 18.2, demonstrate that the
irradiation plan realized for target Nos 10.11 and 44.45 is close to optimal.
This irradiation plan consists of three microcampaigns, with the last one being
9-10 effective days long. In this case, the "W specific activity was approxi-
mately 370 GBq/g (10 Ci/g), which is much higher than the specific activity
reached by targets irradiated during two microcampaigns.

It should be noted that tungsten burnup for targets irradiated during
three microcampaigns is higher than that of targets irradiated during two
microcampaigns. Nevertheless, it can be stated that, owing to the considerable
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TABLE 18.2. RESULTS OF TRIAL IRRADIATIONS

Target No. Irradiation Tungsten W-188 W-188 specific W
(irradiation time target activity  activity at EOI weight burnup
schedule, (effective  weight at EOI (GBg/g (Ci/g) atEOI (%)
effective days) days) (mg)  (GBq (Ci)) of W) (mg)

Target No.88-93 1729 28689 485.8(13.13)  242(6.5)  2007.64 30.0
(10-2-10)

Target No. 10.11 26 127792 307.1(83) 375.6(102) 8177 360
(10-2-10-2-10)

Target No. 31 1725 6403  88.8(24)  2109(5.7) 4181 350
(10-2-10)

Target No. 44.45 24.46 1040.1 2109 (5.7) 349.3 (9.4) 603.8 42.0
(10-2-10-2-9)

Note: EOI = end of irradiation.

increase in specific activity (approximately 1.7 times), the three campaign cycle
is more effective for large scale production of %W,

These data also confirm the need to optimize the irradiation plan and
production schedule, as the considerable increase in specific activity leads not
only to increased yield of W, but also to considerable burnup of the target
material; that is, its less effective use.

18.5. PROCESSING OF IRRADIATED TARGETS

The processing of irradiated targets includes their conversion to a soluble
state, removal of impurities (both radioactive and non-radioactive) and
adjustment of the concentration of components.

Tungsten oxide enriched with W isotope is commonly used as a target
material. The most common approach to producing sodium tungstate is to
dissolve the irradiated target in sodium hydroxide solution at moderate
heating. This procedure is not difficult if WO, is irradiated in neutron fluxes of
low or moderate intensity (10°-10'* cm™s™), that is, while producing low
specific activity ¥W. Irradiation of tungsten in a high flux reactor dramatically
changes its properties; in particular, the post-irradiation physical state is barely
soluble in basic solutions [18.7, 18.8]. This phase is nearly black in colour. The
quantity of this phase is correlated with the total fluence of neutrons and can
reach 30-50% of the weight of the target material [18.7]; it can be dissolved in
the presence of the oxidizing agent sodium hypochlorite [18.9]. This approach
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is useful in the case of tungsten oxide, since the irradiated material is
completely dissolved in diluted sodium hydroxide solution in the presence of
approximately 5% NaOCIl. This approach was used in the technology
developed in this study.

In the early stages of development (1996-2000), the processing technology
was limited by the dissolution of irradiated material and the adjusting of "W
bulk activity, as the main idea was to collect experimental data and to study "W
production in the reactor. It is appropriate to note that there were no special
product quality requirements from the customers, but only requirements
regarding the specific activity. In the second stage of the work, the research was
focused on improving product quality by removing impurities.

Irradiation of W in a high density neutron flux can lead to the
production of a considerable quantity of !Os, depending on the irradiation
conditions (Table 18.3). The yield of 'Os correlates with the burnup of target
186W and, less directly, with 8W specific activity.

First, irradiation of W in a neutron flux of high density produces a
considerable quantity of volatile '*'Os; depending on the irradiation conditions,
the yield is 2.59-11.1 GBq (70-300 mCi) per gram of tungsten (up to 2-3% by
activity). The flow chart for W processing and purification is shown in
Fig. 18.6. Dissolution of tungsten oxide in the presence of an oxidizing agent
allows nearly all the 'Os to be distilled, decreasing its content in the final
product to less than 0.1%. To ensure the ecological safety of the process, a
special device was designed providing nearly complete osmium trapping
(Fig. 18.7). This device includes scrubbers filled with a solution of thiourea in

TABLE 18.3. PARAMETERS OF IRRADIATED TARGETS DURING
ROUTINE PRODUCTION OF 88w

Initial target 0N OF w1 og activity W-188 specific ' W-186 Yield of
weight 12??;:3\?: at EOI activity at EOI  burnup ( GOf:lzlgtl)E CE);
(mg) daysy  (OBA(C))  (GBag(Cilg) (%) L TGP
758.8 19.66 11.0(3.0)  1961(53) 244 5.9 (162)
1911.7 17.47 333.0(9.0)  2109(57) 175 3.7 (99)
2970.0 19.9 5143 (13.9)  2257(61) 229 2.8 (77)
3132.4 1773 510.6(13.8)  2146(58) 242 2.6 (71)
2061.9 2356 3737(10.01)  2331(63) 222 7.3 (196)
3579.4 2554 880.6(23.8) 3737(10.1)  34.1 12.4 (334)

Note: EOI = end of irradiation.
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\ . JIrediatedtarget |

| Crushing of quartz capsule |

impurities (Dowex-1 in Cl" form

vaporation of the solution and decomposition o l
peroxotungstic acid

' Dissolution of tungstic acid in NaOH |

| Product certification |

FIG. 18.6. Reprocessing procedure.
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FIG. 18.7. Apparatus used for quartz capsule crushing and tungsten oxide dissolution:
1: cap with ventilation hole; 2: funnel; 3: capsule with irradiated material; 4: fixing screw;
5: crushing screw; 6: dissolver body; 7: heater; 8: line for vapour removal; 9: condensate
collector; 10: scrubbers; 11: coal trap.

concentrated hydrochloric acid and sodium hydroxide solution in ethanol.
After irradiation in the SM high flux reactor during a campaign of 21 d (which
is typical), up to 20% of target W burns out to '®’Re. Therefore, the
technology was supplemented with a procedure for purification from rhenium
by anion exchange with the Dowex 1 resin in NO5 form.

Tungsten oxide is irradiated in quartz capsules that are destroyed
mechanically within the device used for irradiated target dissolution (this
provides direct access of basic solution to the tungsten oxide powder). As the
target is dissolved in sodium hydroxide solution, quartz is also partially
dissolved, contaminating the tungsten solution with silicates. Here, anion
exchange chromatography with Dowex 1 resin was used to remove silica from
the solution. This procedure is performed after purification from rhenium. In
addition, some anionic impurities — products of oxidizing agent destruction
(e.g. chloride, chlorate and perchlorate ions) — are also removed from the
solution. The same is true for a number of other impurities of a cationic nature
that commonly contaminate the product.

At the final stage of purification, the solution is desalinated; that is, excess
sodium is removed by passage through the Dowex 50 cation exchanger. To
avoid tungsten precipitation inside the column, hydrogen peroxide is added to
the solution, forming pertungstic acid. The solution of pertungstic acid is
evaporated to dryness. The residue of tungstic acid is dissolved in the required
quantity (close to the stoichiometric ratio) of sodium hydroxide.

The total content of radioactive impurities in the final product is less than
0.2-0.5%. The W specific activity depends on the irradiation time and is
typically 148-166.5 GBq/g (4-4.5 Ci/g) at the delivery date for a 185-259 GBq
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(5-7 Ci) batch. A facility that will have a production capacity of at least 100 Ci
of W per year is under development.

Under the CRP, a total of 15 batches of "W were produced and shipped
to the participant countries during the 2005-2007 period.

REFERENCES TO CHAPTER 18

[18.1] KNAPP, FF, et al., Report ORNL/TM-12222, Oak Ridge National Laboratory,
Oak Ridge, TN (1992).

[18.2] SCHENTER, R.E., Comparison of Medical Isotope Production in Fast and
Thermal Reactor Systems, WHC-SA-0956-FP, Westinghouse Hanford Company,
Richland, WA (1990).

[18.3] KNAPP, FF, et al., Processing of reactor produced W for fabrication of
clinical scale alumina-based '5W/'¥Re generators, Appl. Radiat. Isot. 45 (1994)
1123-1128.

[18.4] BAT, G.A. (Ed.), Theory, Principles and Calculation Methods for Nuclear Power
Reactors, Energoizdat, Moscow (1982) (in Russian).

[18.5] BEKURTZ, K., VIRTZ, K., Neutron Physics, Atomizdat, Moscow (1968) (in
Russian).

[18.6] VAKHETOV, EZ., ROMANOV, Y.G., TARASOV, V.A., A set of programs for
nuclides transmutation calculation, SSC RIAR Proceedings, RIAR,
Dimitrovgrad (2003) (in Russian).

[18.7] TOPOROY, YU.G, TARASOV, V.A,, KUZNETSOV, R.A.,
GONCHAROVA, G.V,, Production of tungsten-188, Proc. of the Second
All-Russian Conf. on Radiochemistry, Dimitrovgrad, 27-31 October 1997,
Dimitrovgrad, RIAR (1997) 265 (in Russian).

[18.8] KLEIN, J.A., et al., “Production of tungsten-188 at Oak-Ridge National
Laboratory”, Isotope Production and Applications in the 21st Century, Proc. of
the 3rd International Conf. on Isotopes, Vancouver, Canada, 6-10 September
1999 (STEVENSON, N,, Ed.), World Scientific (1999) 454-457.

[18.9] EHRHARDT, G.J., WOLFANGEL, R.G., DEUTSCH, E.A., Process for the
Preparation of Rhenium-188 and Technetium-99m Generators, U.S. Patent
5,382,388, Jan.17 (1995).

199






Chapter 19
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Abstract

A system for post-elution concentration of **Re was developed in which salt
components (NaCl) were removed by passing the eluate through Dowex 50 cation
exchange resin in Ag* form, followed by sorption of rhenium on a small column of
alumina. Distribution of '®Re between the alumina and the NaCl solution was studied
varying the salt concentration and the pH level. It was found that only the acidic form of
alumina is effective for concentration of '®8Re. It was also found that removal of salt
components (NaCl) from the eluate is necessary for effective concentration of '*Re,
and that the sodium chloride concentration should be decreased to 0.001 mol/L. A
dynamic capacity of Dowex 50 in Ag* form with regard to sodium chloride was found to
be 0.8-1.1 mg equivalents per cm® of resin. Rhenium losses are negligible during desali-
nation, and the final solution is not contaminated with silver ions. It was demonstrated
that the conductivity of the eluate from the desalination column is only a few
millisieverts at normal column operation. Exhausting the column capacity leads to a
sharp (1000-10 000-fold) increase of the eluate conductivity. This phenomenon can be
used to control the desalination process, ensuring both the effective sorption of rhenium
by the concentrating column and the reliability and safety of the entire concentrating
system.

19.1. INTRODUCTION

The aim of this study was to develop a "*W/!'®Re generator that can be
optimized to provide routine samples of high activity concentrated **Re
solutions (up to 18.5 GBg/cm?®) for the synthesis of radiopharmaceuticals (e.g.
labelled monoclonal antibodies used in radioimmune therapy and applied in
balloon angioplasty). Alumina based (sorption type) generators of 37 GBq
activity provide '®Re bulk activity at the level of 1.85-3.7 GBq/cm?; however,
post-elution concentration can be used to provide *Re concentration factors
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greater than 10. It should be noted that production of these generators is
possible if the specific activity of the W is at least 148-166.5 GBq/g. At low
specific activities, the weight of tungsten on the generator column is propor-
tionally increased, necessitating an increased column size and decreasing the
eluate specific volume. In such cases, a higher concentration factor is required.

The use of a concentration procedure follows from the need to ensure
long term exploitation of the generator. The latter is caused by the high price of
the generator (currently $7000-8000 for a 12.95-18.5 GBq generator produced
by ORNL and up to $15 000 for a 37 GBq generator), which in turn affects the
cost of "Re radiopharmaceuticals and the entire treatment procedure. The
long half-life of the parent radioisotope (69 d) allows the generator to be used
for 2-3 half-lives, that is, for at least 4-6 months. However, the bulk activity of
the eluate decreases in proportion to the activity of the parent radionuclide;
thus *®Re concentration is needed to provide eluate having the required
parameters. The concentration factor should be not less than 50 at the end of
the generator operation period.

A number of ®Re concentration procedures have been described in the
literature (see review below). However, because previously described systems
have a number of disadvantages that may limit their clinical application,
research aimed at developing new concentration systems continues.

In the system for *™Tc concentration recommended for extending the
working life of Mo/*™Tc generators that is described in Ref. [19.1], salts (Na*
and CI” ions) are removed by passing the eluate through a column containing
Dowex 50 cation exchanger in Ag*form, followed by sorption of *™Tc by an
alumina column, with the technetium being washed out from the latter with the
saline (0.15 mol/dm® NaCl). As technetium and rhenium have similar chemical
properties, and as separation of ™ Tc and '*Re from parent radionuclides is
implemented in similar sorption systems, it is reasonable to assume that this
system is suitable for '®*Re concentration. The goal of this study was to evaluate
this assumption experimentally and to produce data for prototype
development.

19.2. 'Re CONCENTRATING SYSTEMS

The use of evaporation as a concentrating procedure is not appropriate
for 1%Re eluate containing 0.9% NaCl. The dry residue produced from 20 cm?
of eluate will contain 90 mg of NaCl. To synthesize labelled compounds — for
example, monoclonal antibodies — the '®Re solution volume often needs to be
less than 1 mL; in this case, the concentration of sodium chloride would be
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more than 90 mg/cm?®, or 1.5 mol/dm?, a level that is unacceptable for most
biologically active compounds.

A number of approaches to solving the problem have been proposed by
Knapp et al. [19.2-19.4] involving the use of tandem type generators consisting
of an alumina based generator column with one or two columns attached for
188Re concentration.

The first approach [19.2, 19.3] uses the AG S0W-X1 or Chelex-100 cation
exchange resins (Bio Rad Laboratories). The '**Re eluate is passed through the
ion exchange column attached directly to the generator column, with the
anionic "®Re species in the solution passing through the column and the
cationic species of alkali metals (Na*) being retained by the resin substituting
protons. In this way, perrhenic acid solution in HCl is produced. The rhenium
elution profile for the cation exchange column is nearly identical to that for the
alumina column. For example, while passing 12 cm® of eluate through a 3.6 g
cation exchange AG 50W-X1 column, the maximum value of the activity was at
6 cm®, more than 95% of the activity was found at 4-10 cm?® and it was
completely eluted with 12 cm?® of solution. This profile fully corresponds to that
of the generator column. A feature of the process is the changing of the pH of
the solution eluent after passing through this cation column. The initial pH of
the eluate (produced from the generator column) is almost 5.6; after passing
through the cation exchanger, the pH decreases to less than 1. The efficiency of
Na* cation removal can be controlled using this pH decrease phenomenon. The
sodium chloride free solution can be concentrated by evaporation. In
accordance with the terminology of analytical chemistry, the described
procedure of chromatography removal of salt components provides so-called
relative concentration of '®Re. Absolute concentration is provided by
evaporation.

The second procedure for '®Re concentration is based on anion exchange
with the AG-1 resin (BioRad Laboratories) [19.3, 19.4]. This resin absorbs
perrhenate ion ReO; with high distribution ratios, particularly from nitrate
containing solutions. However, owing to the resin’s high affinity to chloride
ions, direct absorption of rhenium from an eluate with a high content of NaCl
cannot be achieved. To remove bulk quantities of chloride, it was proposed to
evaporate the generator produced eluate to dryness, followed by heating the
residue with concentrated nitric acid and removing the chloride ions with
volatile hydrochloric acid. The residue produced after this treatment is diluted
in 0.16 mol/dm? nitric acid and is passed through the column filled with the
AG-1-X8 resin prewashed with diluted nitric acid. Subsequent washing of the
column with 1.6 mol/dm? nitric acid removes sodium ions and other metallic
impurities. Rhenium is desorbed with 6 mol/dm? nitric acid.
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The third procedure for '®Re concentration also provides for the use of a
tandem type generator with an anion exchange column, but 0.155 mol/dm?
ammonium nitrate solution is used as the primary eluent for isolation of **Re
from the alumina column [19.2, 19.3, 19.5]. The primary eluate is passed
through the anion exchange column attached to the generator column to
absorb '®Re. Rhenium is desorbed with 6 mol/dm? nitric acid. Use of nitrate
containing solutions is the main disadvantage of the second and third
approaches; as the nitrate solutions are incompatible with biologically active
substances, they cannot be directly used for synthesis of radiopharmaceuticals.
Nitrate content in pharmaceuticals is also limited.

An advanced modification of the tandem generator [19.6, 19.7] that is
now widely used is also based on rhenium concentration using a highly basic
anion exchanger; however, chloride ions are removed using a quite different
procedure initially proposed for service life prolongation of *™Tc generators
[19.1, 19.8]. For this purpose, the primary eluate is passed through the cation
exchange column with silver ions (Ag Plus, Analtec, Inc.). This column
efficiently removes chloride ions, leaving perrhenate ions in the eluate; the
secondary eluate is then passed through the anion exchange column (Millipore
QMA Sep-Pak or Waters Sep-Pak AccellW Light QMA), which provides
isolation of *Re from the solution. Washing the anion column with normal
saline provides the sodium perrhenate solution with a bulk activity greater than
18.5 GBg/cm’.

The main advantage of this system is operation of all three columns (the
generator itself, the chloride removal column and the concentrating column) in
the ‘on-line’ mode. All flows are switched with three way valves. The use of
solenoid valves and the absence of any evaporation make it possible to
automate the entire process.

Another procedure for production of ®Re or ™ Tc solution with a high
bulk activity was patented in 1998 [19.9]. It also uses removal of a salt
component with a cation exchange resin followed by selective sorption of
perrhenate or pertechnetate ions with the anion exchange resin. Unlike the
procedures described above, these processes are implemented in solutions of
weak acids. It is required that the pK, ionization constant of the weak acid be
above that of perrhenic acid (pK, = —1.25) or pertechnetic acid (pK, = 0.3) and
below that of the acid produced by the parent radionuclide — tungsten or
molybdenum acid. The primary eluate is produced by washing the alumina
based generator column with a weak acid solution of 0.1-0.5 mol/dm®. From the
viewpoint of biological compatibility, use of ammonium acetate or ammonium
citrate is preferable, but it is also possible to use succinate, fumarate, maleate,
tartrate and phthalate of lithium, potassium, sodium and calcium.
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The primary eluate is passed through the column with a strongly acidic
cation exchanger where the cation (e.g. ammonia) is replaced by protons of the
resin, and thus the solution leaving the column contains a weak acid (e.g. acetic
and perrhenic or pertechnic acids). Owing to its low degree of dissociation, the
weak acid cannot compete with perrhenate or pertechnetate ions in the
subsequent passage of the solution through the third column with a strongly
basic anion exchanger that provides for efficient concentration of ReOj or
TcOyj ions. Washing of the third column with NaCl [19.9] solution or just water
[19.10] provides for rapid desorption of rhenium or technetium and high
concentration factors. The final eluate contains small quantities of the acid
anion used for production of the primary eluate. It was estimated in Ref. [19.9]
that the content of this impurity is not greater than 0.1% for the acetate system,
for example. The presence of the acetate ion in eluate is not a problem, as
sodium acetate is often used as a component of solutions used in synthesis of
labelled compounds and radiopharmaceuticals.

A disadvantage of this concentration system is the lower yield of *Re
and *™Tc when sodium acetate rather than 0.15M saline is used as an eluent.
For example, for the 37 GBq generator, the average yield of **Re is 70-80%
for the 0.9% solution of NaCl and 62 + 14% for the 0.3 mol/dm?® solution of
sodium acetate at pHS5.5 [19.10]. Thus, a more expensive generator with higher
activity of the parent radionuclide may be required to produce equal activities
of the eluate.

As previously mentioned, the ®™Tc concentrating system was described
for the service life prolongation of ?Mo/*™Tc generators [19.1]. In this system,
technetium is concentrated by sorption on an alumina column after removal of
sodium chloride from the primary eluate solution. In this process, the eluate is
passed through the cation exchange column with a Dowex 50 type resin
containing silver, as described in Refs [19.8, 19.9]. The experimentally
measured concentration factors were 10-20.

Since the chemical properties of technetium and rhenium are similar,
separation of ™Tc and '®Re from the parent radionuclides is performed in
similar sorption systems. Thus it is quite logical to assume that the technetium
concentration system can be applied for ®Re concentration. Additional
experiments were required in order to evaluate this assumption. Since the
conditions for *™Tc concentration were not described in detail, the possibility
of increasing the concentration factor up to 40-50 was not obvious for the case
at hand. The parameters of the eluate resulting from concentration also were
not described.

Thus the behaviour of *Re and eluate components produced with the
alumina based generator using the concentration system proposed for *™Tc
was studied experimentally. In particular, the effects of sodium chloride
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concentration and solution pH on rhenium sorption were studied using various
modifications of the alumina (acid, neutral and base). The desalination
efficiency (removal of NaCl) and the contamination level of the final eluate
with silver ions were estimated.

19.3. EXPERIMENTAL PROCEDURE

The ®Re behaviour was studied using the radioactive tracer procedure.
The '®¥Re solution was produced by eluting a laboratory scale generator loaded
in accordance with the recommendations given in Refs [19.3, 19.4]. The NaCl
water solution (0.15 mol/dm?, pH3.5) was used as an eluent. Silver behaviour
was studied using """™Ag as a tracer, which was produced by irradiation of
natural silver in the SM high flux reactor. Activity was measured using an end
window counter (SI-3B type) and a BDBS3 scintillation detector with a well
type Nal(T1) scintillator. All reagents were of analytical or higher grade. The
alumina intended ‘for chromatography’ was one of three types — A (acidic),
N (neutral) or B (basic) — and the AG-50 cation exchange resin was obtained
from Eichrom Inc. (USA). Columns with the alumina and cation exchanger
were filled using a suspension procedure. Flow rates of solutions were
controlled using an ISMATEC peristaltic pump.

19.4. RESULTS AND DISCUSSION

The prototype system used for *™Tc concentration is based on the
nuclide’s sorption by alumina (in acidic or neutral form), followed by its elution
with a small volume of physiological saline. It is well known that *™Tc is
efficiently adsorbed by alumina from slightly acidic solutions [19.1, 19.11].
However, its distribution ratio decreases dramatically in the presence of salts
(e.g. NaCl); hence salts must be removed from the solution prior to concen-
tration. The initial eluate passage through the exchanger containing silver
cations is used for this purpose. The chloride ions produce insoluble silver
chloride on the column and sodium is absorbed, replacing the silver in the
resin. The eluate solution produced is pertechnic acid, which is slightly acidic,
containing almost no salts, and provides for optimal conditions for technetium
sorption by alumina.

Rhenium is a chemical analog of technetium, so its behaviour should be
similar to that of technetium. Unfortunately, there is no detailed information
about rhenium sorption in the available literature. It is known that the
maximum sorption of rhenium from water solutions occurs at pH4-6, but there
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is practically no sorption in the presence of sodium chloride [19.11, 19.12].
When the sodium chloride concentration is 0.15 mol/dm® and at pH3, the
rhenium distribution ratio determined under static conditions is 0.08. Under
dynamic conditions, at pH3 and with a sodium chloride concentration of
greater than 0.15 mol/dm?®, the distribution ratio is an order of magnitude
higher (0.8). For dilute solutions of sodium chloride (concentrations of less
than 0.015 mol/dm?®), the rhenium distribution ratio increases to 15-20 at pH4—
8. No more detailed information can be found in Ref. [19.11].

References [19.1, 19.13] describe the behaviour of ™ Tc and 'Re with
the use of acidic alumina, and the possibility of using neutral alumina is
mentioned in Ref. [19.1]. No data on the effect of alumina on rhenium sorption
were found in the literature. Moreover, the above publications did not consider
the influence of a number of parameters (e.g. elution flow rates) on the
operation of the entire concentration system, or of the parameters of the
solution after its passage through the desalination column, in particular its pH
and sodium chloride concentration, on the efficiency of the concentration
column. The level of contamination by silver ions after the *™Tc concentration
was not determined. For these reasons, the following were examined in this
study:

(a) Factors influencing the rhenium sorption on alumina under static and
dynamic conditions (chemical form of the sorbent, eluate pH, solution
flow rate and concentration of sodium chloride);

(b) Factors influencing the desalination column capacity provided with the
cation exchanger containing silver (conditions of sorbent preparation and
solution flow rate).

19.4.1. Static sorption of **Re with alumina

The effect of sodium chloride concentration and solution pH on *Re
sorption was studied for alumina in acidic, neutral and basic forms. The results,
shown in Figs 19.1-19.3, demonstrate that only the acidic form adsorbs *Re
effectively from the solutions at pH3-8. Rhenium distribution ratios (Dg,) are
close to 100 when sodium chloride is absent, and are lower for neutral alumina
than for acidic alumina. When there is no sodium chloride in the solution, the
pH value increases from 2 to 4, dramatically decreasing the distribution ratio
from 25 to several units, and this ratio remains low when the solution pH is
increased. The rhenium distribution ratio for basic alumina is below 1 for the
whole range, and in only one case it is equal to 10, at pH2, for the salt free
solution. In all cases, the rhenium distribution ratio strongly depends on the salt
concentration; Dy, decreases twice for the most effective acidic alumina when
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the sodium chloride concentration is 0.001 mol/dm?; it is not higher than 10 at
[NaCl] = 0.01 mol/dm?. Thus '*¥Re can be efficiently isolated from the eluate by
sorption on the acidic alumina from a salt free acidic solution. The desalination
factor should not be less than 1.5 x 10*. Rhenium can be desorbed from alumina
with a 0.15 mol/dm? solution of NaCl (saline).

120 4
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0 T T T T 1
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FIG. 19.1. Sorption of 'Re with acidic alumina (ICN Alumina A, Akt 1).
Curve 1: [NaCl] = 0 mol/L; 2: [NaCl] = 0.001 mol/L; 3: [NaCl] = 0.01 mol/L; 4: [NaCl] =
0.05 mol/L; 5: [NaCl] = 0.1 mol/L.

30 1
25 4

20 -

DRe-188

pH

FIG. 19.2. Sorption of Re with neutral alumina (ICN Alumina N, Akt. 1). Curve 1:
[NaCl] = 0 mol/L; 2: [NaCl] = 0.01 mol/L; 3: [NaCl] = 0.05 mol/L; 4: [NaCl] = 0.1 mol/L;
5: [NaCl] = 0.15 mol/L.

208



KUZNETSOV et al.

DRe-188

8 10

FIG. 19.3. Sorption of '*Re with basic alumina (ICN Alumina B, Akt. 1).Curve I:
[NaCl] = 0 mol/L; 2: [NaCl] = 0.1 mol/L.

19.4.2. Dynamic sorption of "**Re on acid alumina

The '®Re sorption was studied using polypropylene chromatography
columns (5 mm in diameter). The column height was 10-11 mm for 0.25 g of
alumina. Experiments on sorbent breakthrough capacity estimation
demonstrated that '*Re was not detected in the eluate (at pH3.5) after passing
45 and 55 mL of the ‘salt free’ solution at flow rates of 4.85 and 1.1 mL/min,
respectively (Fig. 19.4). Further washing of the column with sodium chloride
solution ([NaCl] = 0.15 mol/L, pH3.5) results in complete '**Re elution with
0.6-0.7 mL of eluate (Fig. 19.5). The data presented in Fig. 19.4 show the
concentration factor determined as a ratio of volumes of the initial solutions.
Under these conditions, the concentration factor of the eluate could be close
to 100 at a flow rate of 1.1 mL/min. The eluent flow rate increase up to
4.85 mL/min causes earlier breakthrough of ®Re and reduces the concen-
tration factor to 65-75. Nevertheless, this value is sufficient for practice. It is
obvious that the concentration factor can be increased by further decreasing
the sodium chloride solution volume that is used for 'Re desorption.
However, these experimental results are in good agreement with the results of
static sorption experiments and confirm the need for complete removal of
sodium chloride before the '®Re concentration procedure. The *Re elution
curve for the acidic alumina column (m = 0.25 g) using 0.15 mol/L solution of
NaCl at pH3.5 is shown in Fig. 19.5.
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FIG. 19.4. Frontal elution curve of ' Re at various flow rates of eluting solution (for
0.25 g alumina column). Curve I: flow rate of 4.85 mL/min; 2: flow rate of 1.1 mL/min.
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FIG. 19.5. Rhenium-188 elution curve for acidic alumina column (m = 0.25 g); eluent:
0.15 mol/L solution of NaCl at pH3.5.

19.4.3. Sorbent preparation for sodium chloride removal

The Eichrom AG-50 cation exchange resin sorbent was prepared in the
following way. The resin was soaked in water, after which it was kept in contact
with the 0.2 mol/L solution of silver nitrate (1 volume of resin to 10 volumes of
solution) for 1 h with continuous stirring with a magnetic stirrer. It was then
soaked in the same solution (without stirring) for 1-30 h. The resin was
thoroughly washed with water until complete removal of silver ions was
achieved (confirmed by chloride testing). The treated resin was transferred to
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the chromatography column used for desalination of the eluate. The degree of
resin saturation with silver ions depends on the resin contact (soaking) with
silver nitrate solution. It was found that the resin exchange capacity relative to
the H* ions is 1.82 mg eq/mL. The same content of silver (1.8 mg eq/mL) in the
resin can be achieved after 8-10 h of soaking. Similar values of silver and
proton content (exchange capacity) confirm that protons are nearly replaced
by silver ions. The relationship between the resin saturation (dynamic capacity)
and the soaking time was estimated by passing NaCl solution through the
column at a flow rate of 0.3-0.35 mL/min until chloride ions appeared in the
eluate (see Fig. 19.6).

19.4.4. Estimation of desalination column capacity relative to sodium chloride

The sorbent capacity relative to the sodium chloride was estimated by
passing sodium chloride solution (0.15 mol/L, pH3.5) through the column with
the help of periodic sampling of the eluate. The pH value was measured for
each aliquot. The presence of chloride ions was checked for, using the silver
nitrate test. It was found that breakthrough of chloride ions for the 9.5 mm
diameter column and V, = 1.5 mL at a flow rate of 0.75-5.26 mL/min occurs
after passing 8-11 mL of the solution, which corresponds to 0.8-1.1 mg eq/mL
capacity.

These data allow estimation of the minimal volume of the desalination
column attached to the generator. A column with 6-8 g of alumina is generally
used for a 1 Ci generator. In this case, the '*Re eluate volume is 25-30 mL
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FIG. 19.6. Relationship between the sorbent capacity relative to sodium chloride and the
duration of cationite soaking in silver nitrate solution (measured at a solution flow rate
of 0.3-0.35 mL/min).
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[19.10]. So the desalination column volume should not be less than 3 mL at an
eluting solution flow rate of 0.75 mL/min and 4 mL at a flow rate of 5 mL/min.
To avoid breakthrough of the salt components, an excessive quantity — 7-8 mL
— of the sorbent should be used.

The desalination process is described by the following exchange reaction:

2R-Ag+Na* +2Cl"+ H* ——R—-Na+R—-H+2AgCI |

where R is a matrix of the ion exchange resin.
As the sorbent capacity is exhausted, the following reaction becomes the
dominating one:

R-H+Na*——>R-Na+H"

which results in acidification of the eluate.

The change in the acidity of the solution after passing through the desali-
nation column is shown in Fig. 19.7. Similar to the sorbent capacity, the pH
change of the solution flowing from the column depends on the solution flow
rate and is correlated with the appearance of the chloride ion in the eluate. This
fact confirms the nature of the ion exchange process described above. The
acidity (pH) of the eluate produced with the desalination column is within the
range of 4 to 5.5 while the sorbent capacity is not exhausted. This provides for
efficient sorption of rhenium on the alumina. When the sorbent capacity is
exhausted, the solution is acidified and chloride ions appear in it. Both factors
decrease the Dy, and can lead to '®Re breakthrough at the stage of concen-
tration using alumina. To ensure reliability of the entire concentration system
operation (desalination and concentration columns), ‘excessive’ capacity of the
desalination column seems to be logical, but some other parameters should be
controlled as well. One option would be to control the solution acidity (pH);
however, on-line control of pH is, unfortunately, rather complicated and
requires expensive equipment.

As can be seen from the equations describing the ion exchange processes
in the desalination column, the effluent is a water solution with a low ion
content. The exhausted capacity of the sorbent increases ion concentration in
the eluent; its conductivity increases too. This assumption was confirmed
experimentally (Fig. 19.8). The conductivity of the eluate that did not contain
chlorine ions was 4-5 mS. The appearance of chloride ions (confirmed by silver
chloride testing) led to a 3—4 orders of magnitude increase of electric conduc-
tivity. These data allow development of a simple procedure of efficiency control
of the desalination column and of the entire concentration system using a very
simple electric conductivity sensor (two electrodes attached at the outlet of the
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FIG. 19.7. Change of eluate pH at the outlet of the desalination column at various flow
rate values. Shadowed area corresponds to a positive silver chloride test.
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FIG. 19.8. Change ofthe desalination column eluate p H and conductivity. Shadowed area
corresponds to a positive silver chloride test.

desalination column). Low electric conductivity of the eluate indicates normal
functioning of all columns. Otherwise, breakthrough of '®Re is possible while the
solution goes through the concentrating column with alumina.

The effect on sorbent capacity of long term storage was also studied. A
batch of sorbent was prepared, and its capacity was estimated periodically. The
results of measurements are given in Table 19.1. These data show that the
AG-50 cation exchange resin saturated with silver can be stored for a long time
(at least 4 months) without a change in its capacity.
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TABLE 19.1. CAPACITY OF SORBENT RELATIVE TO CI" ION
VERSUS STORAGE TIME

Storage time (d) 1 2 45 115

Sorbent capacity (mg eq/mL) 1.2 1.2 1.2 1.2

19.4.5. Behaviour of silver

It is obvious that the primary eluate passing through the exchanger
containing silver cations can cause the solution to become contaminated with
silver ions. This is why the potential level of contamination was estimated using
the radioactive tracer ""™Ag. For this purpose, a batch of sorbent was prepared
by treating the resin with silver nitrate containing radioactive silver. The '"™Ag
activity was measured after passing through the 50 mL column of 0.15 mol/L
NaCl solution. It was found that the silver concentration in the eluate was less
than 1 mg/mL. It was also found that silver has a very low affinity to alumina
under these experimental conditions (water solution, pHS5) using the radioactive
tracer. On the basis of the ratio of solutions passed through the concentration
column with alumina (1.5-2 mL), its free volume (<0.1 mL) and the primary
eluate volume (>30 mL), we can affirm that the concentration column decreases
the silver content by two orders of magnitude or more. In general, the silver
content in rthenium concentrate should not be greater than 0.01 mg/mL.

19.4.6. System testing

The system was tested using a laboratory scale generator of 3 mCi activity.
Rhenium-188 was eluted from the generator with 50 mL of 0.15 mol/L solution
of NaCl at pH3.5. The solution obtained was passed through the column system
consisting of a desalination column with 8 g of silver saturated cation exchange
resin and a concentration column with 0.25 g of acid alumina. When the
primary eluate was passed through, the columns were washed with 2 mL of
saline (pH3.5) and detached, and the concentration column was then washed
with 1 mL of saline. The solution flow rate was 5 mL/min. Rhenium-188 activity
measurements in the concentrate showed that the yield of '®Re is greater than
95% within the experimental error. The bulk activity of ®*Re in the primary
eluate was 0.06 mCi/mL; in the concentrate it was 3 mCi/mL. Thus the concen-
tration factor achieved was 60. This factor can be further increased by
optimizing the columns and piping system. The increase of the concentration
factor will be proportional to the decrease of the ‘dead’ volume of piping and
columns.
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19.5. SUMMARY AND CONCLUSIONS

Experimental investigation proved the applicability of the **™Tc concen-
tration system for *Re concentration, with concentration factors of not less
than 50. The sorption of *Re on alumina from NaCl solutions with various
concentrations and pH levels was studied. It was demonstrated that only acid
alumina can be used for efficient concentration of '®Re. To provide efficient
sorption of ®Re, salts (NaCl) must be removed from the solution prior to
concentration, and their concentration should be lower than 0.001 mol/L. The
capacity of the AG-50 cation exchange resin in silver form was estimated
relative to sodium chloride. It was in the range of 0.8-1.1 mg eq/mL under
dynamic conditions. The desalination procedure does not cause any loss of
188Re. Contamination with silver did not occur, as was experimentally verified.
A method of desalination efficiency control based on measuring pH or conduc-
tivity of the eluate was proposed. It was proved that the sorbent used on the
desalination column can be stored for at least 4 months without a change in its
properties.
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Abstract

Adsorbents based on poly zirconium compound (PZC) and poly titanium
compound (PTC) were synthesized for the preparation of SW/'®Re generators. The
chemical composition, molecular structure and physicochemical characteristics of these
adsorbents were investigated. The adsorption properties of PZC and PTC sorbents in
different tungstate solutions and the elution performance were investigated. Tungsten
adsorption capacities of about 520 mg of tungsten per gram of PZC and 515 mg of
tungsten per gram of PTC and a ¥ Re elution yield greater than 80% for both PZC and
PTC sorbents were achieved. A 'Re eluate concentration process was developed by
eluting '8 Re from the tandem system of ¥W-PTC-alumina columns with two different
concentrations of saline solution, which gave a concentration factor of about 6. The
technology developed can be used for the preparation of clinically applicable 5W/'®Re
generators using low specific radioactivity '8W produced in medium flux research
reactors.

20.1. INTRODUCTION

Tungsten-188 is produced via the "W (nn,y) W reaction using high
neutron flux reactors, which are available in only a handful of countries around
the world. However, '®Re generators can be produced using imported %W
solution, provided that an appropriate generator technology is used. The
literature contains studies of *"Tc generator technologies using gel or
zirconium/titanium polymer based sorbents to produce "**W/'"®¥Re radionuclide
generators [20.1-20.5]. Here, zirconium and titanium inorganic polymer
sorbents were studied for the preparation of "*W/'®Re generators.
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20.2. MATERIALS AND METHODS
20.2.1. Preparation of PZC and PTC sorbents

PZC and PTC sorbents were synthesized from isopropyl alcohol (iPrOH)
and anhydrous metallic chloride under strictly controlled reaction conditions.
A given amount of anhydrous metallic chloride (ZrCl, for PZC; TiCl, for PTC)
was carefully added to different amounts of iPrOH. The temperature of the
reaction mixtures immediately reached 96-98°C for iPrOH-ZrCl, and 92-94°C
for iPrOH-TiCl,, where it was maintained. Solutions were stirred gently using a
magnetic stirrer in open air until they became viscous. As the reaction
temperature increased, a water soluble gel (the intermediate precursor) was
formed at 129-131°C for the PZC sorbent and at 111-113°C for the PTC
sorbent. The water insoluble, solid PZC or PTC materials of particle sizes from
0.10 to 0.01 mm were formed by maintaining the reaction temperature at
141-142°C (30 min) for PZC and at 124-126°C (45 min) for PTC. The
preparation conditions for the different batches of the synthesized PZC and
PTC samples are summarized in Tables 20.1 and 20.2.

TABLE 20.1. CONDITIONS FOR THE CHEMICAL SYNTHESIS OF
DIFFERENT PZC SAMPLES

ZrCl, weight Volume of isopropyl alcohol Reaction temperature at final stage

Sample

P () (mL) 0)
PZC, 50 40 141-142
PZC, 50 80 141-142
PZC, 50 100 141-142

TABLE 20.2. CONDITIONS FOR THE CHEMICAL SYNTHESIS OF
DIFFERENT PTC SAMPLES

TiCl, weight Volume of isopropyl alcohol Reaction temperature at final stage

Sample

P (2) (mL) (°C)
PTC, 40.7 40 124-126
PTC, 40.7 80 124-126
PTC, 40.7 100 124-126
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20.2.2. Investigation of the chemical composition, structure and
physicochemical properties of the PZC and PTC sorbents

The zirconium and titanium contents were analysed by the gravimetric
method of ignition of the sorbent samples at 1200°C for 2 h. The ZrO, and TiO,
were weighed, and the zirconium and titanium contents were calculated. The
carbon, hydrogen and oxygen contents of the PZC and PTC samples were
determined by thermal decomposition of the sorbents on a Perkin Elmer
2400 IT instrument. The chlorine content of the sorbents was analysed by
thermal decomposition of the samples. The decomposed HCI product was
trapped in an alkaline solution and the CI” content was determined by ion
chromatography. Thermal analysis of the sorbent samples was carried out using
an MB-7H derivatographer instrument with an N, gas flow rate of 50 mL/min
and a heating rate of 10°C/min. Potentiometric titration of PZC and PTC
samples was carried out with 0.1 g of PZC or PTC sorbent samples in 60 mL of
0.1M NaCl solution. The titration solution was 0.1M NaOH solution.

Infrared spectra of sorbent samples were recorded on a Brucker-IFS 48,
Carlo Erba-GC 6130 instrument. X ray diffraction patterns of sorbent samples
were recorded on a Rigaku Miniflex diffractometer with a CuKa ray and CuNi
filter at 40 KV/20 mA.

20.2.3. Adsorption and elution patterns of **W/!'®Re generators

A radioactive W solution with a concentration of 25.6 mg W/mL at pH7
was added to the PZC or PTC sorbent samples (0.75 g weight), which were
then gently shaken in a water bath at 50°C overnight. After shaking, the
samples were allowed to stand and a portion of clear supernatant solution was
removed to measure the W radioactivity. The remaining solution was
decanted to obtain the solid sorbent portion. These solid PZC or PTC samples
were packed on 8 mL glass columns and washed with 50 mL of water followed
by 10 mL of saline. Activity levels of 5-10 mCi of W were used in all column
experiments. Elution yield, W breakthrough and tungsten elemental content
were determined for each elution.

20.2.4. PZC or PTC sorbent based **Re elution concentration systems

Investigation of the ®Re concentration process was carried out by
eluting 'Re from the 8W-PTC column with a 0.005% saline solution; this
eluate was passed through a small alumina column where all "**ReO; was
retained. The '®ReO; was subsequently eluted with a small volume of physio-
logical saline.
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20.3. RESULTS AND DISCUSSION
20.3.1. Synthesis and specification of PZC and PTC sorbents

Both the PZC and the PTC sorbents were light brown in colour and
changed to white when soaked in water. These particles swelled in water and
were hydrolyzed to give an acidic solution, while the solid matrix of the
sorbents remained insoluble. The volume of swollen PZC was 1.25 and that of
the PTC bed was 1.35 times that of the dry gel. The adsorption capacities of
both PZC and PTC sorbents decreased with an increase of the reaction temper-
ature, whereas an increase of the molar ratio of the reactants (isopropyl/MeCl,)
resulted in a higher degree of swelling of sorbent particles in aqueous solution.
This swelling phenomenon favoured diffusion of the tungstate ions into the
solid matrix of the sorbents during the adsorption process. However, the
swelling of particles also gives rise to a decrease of their mechanical stability.
For further investigations, the PZC2 and PTC2 sorbent samples were used
owing to their favourable stability.

20.3.2. Chemical composition and molecular formula of PZC and PTC
sorbents

The results of chemical and thermal analysis are given in Tables 20.3
and 20.4. Based on these results, the molecular structure of the PZC and PTC
sorbents was calculated. The molecular weight (including organic residue) was
determined to be M = 5901.3. Organic residue in the PZC molecule was
equivalent to 9.63% of the PZC molecular weight, as was seen with thermal
analysis. Because the organic substance in this formula was attributed to a
residual organic by-product of the chemical synthesis reaction and was
completely released from the polymer matrix in aqueous solution, the segment
unit of the real polymer compound is assumed to have the following formula:
[Zr)5 (OH)s3, Cly, (ZrO,)-126 H,O],,.

TABLE 20.3. CHEMICAL COMPOSITION OF PZC SORBENT

Element Cl H Zr (@) H,O (H+ O + C) Organic
Content (% weight)  17.90 0.505 24.92 8.74 3831 9.63
Atomic ratio 1.87 1.87 1 2 7.83 (Not calculated)
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TABLE 20.4. CHEMICAL COMPOSITION OF PTC SORBENT

Element Cl H Ti @) H,O
Content (% weight) 18.965 0.535 43.87 29.33 7.3
Atomic ratio 0.584 0.584 1.0 2.001 0.443
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FIG. 20.1. Proposed arrangement of atoms in PZC polymer.

The proposed steric arrangement of atoms in the PZC molecule is shown
in Fig. 20.1.

The ion exchange capacity derived from the above chemical formula
offers an adsorption capacity of 517.1 mg of tungsten per gram of PZC by
assuming that tungstate ions are adsorbed on PZC in the form of WO;". In
addition, it is assumed that one molarity of WO? ion consumes 2 equivalents of
ion exchange capacity of PZC and PTC sorbents (one equivalent of WO3 ion is
91.92 g). This type of strong adsorption suggests a covalent bond between
tungstate ions and the zirconium metal atom.

The molecular formula of the PTC sorbent was calculated to be
[Tiy, Clg, (OH)g, (TiO, )4;:60H,0],,. The proposed molecular structure of PTC
is depicted in Fig. 20.2.

The chlorine content of the PTC sorbent is 5.35 millimole per gram of
PTC sorbent (18.96% of chlorine element in 1 g of PTC). This is equivalent to
the ion exchange capacity of 5.35 meq per gram of PTC sorbent and conse-
quently offers a very high adsorption capacity of 491.8 mg of tungsten per gram
of PTC by assuming that the tungstate ions are adsorbed on PTC in the form of
WO?, and that one molarity of WO?~ ion consumes 2 equivalents of ion
exchange capacity of PTC sorbent. This type of strong adsorption gives a
covalent bond between molybdate or tungstate ions and the titanium metal
atom.
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FIG. 20.2. Proposed arrangement of atoms in PTC polymer.

The adsorption capacity of both sorbents was varied depending on the
temperature, reaction time and gel ageing process before the solid PZC and
PTC polymers were formed. The actual adsorption of PZC and PTC sorbents,
which is to some extent higher than the values mentioned above, accounted for
the non-covalently adsorbed tungstate ions and/or for adsorption of small
amounts of polytungstate ions. These polyanions could be formed at the
beginning stage of adsorption owing to the strongly acidic medium resulting
from the hydrolysis of the -Zr-Cl (or -Ti-Cl) groups of the backbone of the PZC
or PTC molecules. These types of weak adsorption of the polytungstate ions
result in higher tungstate breakthrough when loaded with high tungstate
concentration. The infrared adsorption patterns of PZC and PTC are given in
Table 20.5.

Good agreement was found between these results and the infrared
absorption data of the ZrO,xH,0O and TiO,'xH,O samples. The organic trace
amount retained in the PZC and PTC, detected at 2900 cm™, is assigned to

TABLE 20.5. INFRARED ADSORPTION OF PZC AND PTC SORBENTS

Wave number Chemical bond

(cm) Intensity characteristics Specified group

3353 Very strong (broad) v (OH) OH in Zr-OH, Ti-OH
and in -CH,-CH(OH)-CH,

3300 Very strong v (OH;")

2900 Very strong v (CH) -CH,-CH,-

2900 Weak v (H;0%)

1619 Medium 6 (H,0)

666 Medium v (Zr-0O)
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organic by-products of the chemical synthesis reaction, but not to the isopropyl
alcohol reactant. X ray diffraction analysis results showed an amorphous
structure of the PZC and PTC sorbents.

20.3.3. Behaviour of PZC and PTC sorbents in the aqueous solution

The results of potentiometric titrations of PZC and PTC sorbents are
shown in Fig. 20.3. An ion exchange capacity of 5.65 meq H" per gram of PZC
was found at pH11. This amount is equivalent to 5.65 meq CI” per gram of PZC
and agrees with the chlorine content of PZC found in the thermal analysis
mentioned above. There is good agreement between the ion exchange capacity
values as estimated by titration results and the molecular formulas of the PZC
and PTC compounds.

The behaviour of PZC in aqueous solution can be summarized as follows:
PZC sorbent is hydrolyzed, but not dissolved, in aqueous solution and gives an
acidic solution (pH1.6) in water. This PZC product is mainly composed of
(-ZrO-) and (-ZrO*Cl™-) groups bonded together. The HCI formed during
hydrolysis makes the water strongly acidic.

In open air, the PZC adsorbs water molecules from the humid
environment and a very strong acidic medium is formed in the PZC particles.
This acidity destroys the -ZrO-(ZrO) -ZrO- bonds and, after three weeks of
standing in open air at room temperature, makes the PZC sorbent soluble in
water. The PZC sorbent contains a minor quantity of unidentified organic
compounds (2.53% carbon, 1.96% hydrogen and 5.14% oxygen). This organic
substance is released when PZC adsorbent is hydrolyzed in aqueous solution.

Potentiometric titration of PTC sorbents gave similar results: 5.35 meq H*
per gram of PTC capacity was found for PTC sorbent at pH11. The hydrolysis
property of the PTC sorbent is similar to that of the PZC sorbent.
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FIG. 20.3. Potentiometric titration curve of PZC (a) and PTC (b) sorbents.
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20.3.4. Tungsten adsorption and '**Re elution performance of PZC and PTC
sorbents

Tungsten adsorption capacity and other characteristics of PZC and PTC
samples versus adsorption time are given in Table 20.6. Rhenium-188 elution
profiles using PTC and PZC columns loaded with 1 g of sorbents are shown
in Figs 20.4 and 20.5, respectively. These studies demonstrate that the
sorbents fulfill the requirements in use for preparation of chromatographic
188W/1%Re generators.

20.3.5. Effect of tungsten content on adsorption capacity, **Re elution yield
and tungsten breakthrough

Table 20.7 summarizes the results of the effect of the tungsten content in
the solution used for adsorption by the sorbents. Adsorption of tungsten
increased with increasing concentration of tungsten, indicating higher capacity
at higher tungsten concentrations. However, the percentage of adsorption
decreased with an increase of tungsten concentration. Tungsten breakthrough
from 8W-PZC and "W-PTC columns increased with the increasing tungsten
content of adsorption solution. This is attributed to the weakly bound tungstate
ion on the sorbent particle surface. Rhenium-188 elution yields showed lower
yields at both low and high tungsten load concentrations with both sorbents.

TABLE 20.6. TUNGSTEN ADSORPTION CHARACTERISTICS OF
THE PZC2 AND PTC2 SORBENTS

Tungsten
Sorbent adsorption capacity
sample  (mg of tungsten

Particle si - . Re-1
article size Swelling in H,O Reaction - 8.8
of sorbent elution yield

(% volume)  time (min)

0,

per g of sorbent)* (mm) (%)
PZC2-1 5152 0.1-0.001 22.5 30 90.3
PZC2-2 520.1 0.1-0.001 244 45 91.2
PZC2-3 5412 0.1-0.001 29.3 50 88.3
PTC2-1 492.2 0.1-0.001 23.5 35 89.2
PTC2-2 515.1 0.1-0.001 26.3 45 90.4
PTC2-3 521.3 0.1-0.001 28.5 60 93.4

a

The tungsten adsorption capacity of the PZC and PTC sorbents in tungstate solution
at a concentration of 25.6 mg W/mL at pH7 (the pH of the post-adsorption solution
was 4.5).
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FIG. 20.4. '®Re elution profiles of three different "SW-PTC columns loaded with 1.0 g

of sorbent samples (PTC2); elution performed with 0.9% saline.
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FIG. 20.5. "Re elution profiles of three different "*W-PZC columns loaded with 1.0 g

of sorbent samples (PZC2); elution performed with 0.9% saline.
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20.3.6. Effect of the composition of tungsten solution on adsorption
and '®¥Re elution

Studies of the tungsten adsorption and '®Re elution performance of
18W-PZC and "W-PTC sorbents in different solutions were carried out. It was
found that, when NaOCI is added to the tungsten solution, both tungsten
adsorption capacity and *Re elution performance improve. Maximum tungsten
adsorption capacities of about 520 mg of tungsten per gram of PZC and 515 mg
of tungsten per gram of PTC were achieved. The capacities varied depending on
the adsorption conditions. The adsorption of tungstate in acetate buffer solution
showed a better integrity of PZC and PTC sorbent particles than did adsorption
of tungsten in pure water solution of tungstate. Sterilizing the W-PZC and
BW-PTC columns in the autoclave reduced the elution yield of *Re to some
extent, but did not affect the tungsten breakthrough of column.

20.3.7. '88Re concentration for "*W-PZC or "8W-PTC generator

Since low specific activity "W was used in the above studies, the **Re
obtained required post-elution concentration. The 'ReO; concentration
process was carried out by eluting **Re from the "¥W-PZC and/or "¥*W-PTC
columns with a dilute (0.005%) saline solution. The '*Re eluate collected was
then passed through a small alumina column where all the 'ReO; was
retained; the '®¥ReO; was then eluted from the alumina column with a small
volume of physiological saline. Results of these studies are presented in
Table 20.8 and Figure 20.6. A concentration factor greater than 6 was achieved
with this concentration technique.

20.4. CONCLUSION

The PZC and PTC sorbents for the preparation of chromatographic
188\W/188Re generators were synthesized and their chemical composition and
molecular structure were determined. Tungsten adsorption capacities of about
520 mg of tungsten per gram of PZC and 515 mg of tungsten per gram of PTC,
and a '®Re elution yield greater than 80% were achieved with both PZC and
PTC sorbents. A W breakthrough of 0.015% and tungsten element break-
through of less than 5 pg of tungsten per millilitre were found in the '®¥ReO;
eluate. A '®Re concentration process was developed by eluting '*Re from the
tandem system of ®*W-PTC-alumina columns with different concentrations of
saline solutions. A concentration factor greater than 6 was achieved with this
concentration technique.
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TABLE 20.8. ELUTION PERFORMANCE OF '"W-PTC COLUMN WITH
18Re CONCENTRATION SYSTEM

First column (W-188-PTC column) elution (0.005% NacCl eluant)

Eluant Re-188 Re-188 radioactivity
. . . . Tungsten breakthrough
volume elution yield retained on alumina column in the eluate
(mL) (%) (mCi)
5.5 mCi (91.6% of Re-188
20 0 radioactivity of W-188-PTC Not detected
column)

Second column (alumina) elution (0.9% NaCl eluant)

Re-188 radioactivity ~ Re-188 radioactivity Tungsten Eluant
and elution retained on alumina breakthrough in volume
yield column (mCi) the eluate (mL)

5.0 mCi (83.0% of
Re-188radioactivity of 0.5 Not detected 3 6.7
W-188-PTC column)

Concentration
factor

40 1 I 1

Firs ehation stop optontion i 0% ok |

35 | 0.005% NaCl solution

30

L d
o

o]
o

-
L]

Re-188 radioactivity

-
(=]

10 15 20 25
Elution volume (mL)
FIG. 20.6. Concentration system and elution profiles: (A) elution profile from the
alumina column after concentration; (B) elution profile from the PTC column without
concentration; PTC sorbent weight: 4 g; alumina weight: 1.5 g; tungsten weight loaded
onto PTC column: 2.1 g; "W radioactivity: 6 mCi.
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Radionuclide generators are efficient means
to enhance the availability of short lived
radioisotopes used in medicine and industry.
Technologies for the preparation of %9Sr/°%Y
and 1%8W/18%Re generator systems developed
through an IAEA coordinated research project are
presented in this publication. Analytical methods
that are essential for evaluating the safety of
radionuclides used in therapy are also described.
By adapting the technologies described in this
publication, these generators can be fabricated
to cost effectively provide °°Y and 128Re for basic
research and radiopharmaceutical preparation.
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