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SYNOPSIS OF THE THESIS

"It is the lone worker who makes the first advance in a subject; the details may be
worked out by a team, but the prime idea is due to enterprise, thought, and

perception of an individual.”

ALEXANDER FLEMING
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The discovery of radioactivity by Henri Becquerel in 1896 and the subsequent
discoveries of radioactive elements by Marie Curie and Pierre Curie had a profound effect on
understanding of the biological effects of radiation. One of the consequences was the dawn of
medical applications of radionuclides and radiation. Nuclear Medicine is a clinical discipline
in which radiopharmaceuticals (molecules labeled with radionuclides) are used for diagnosis
or therapy [1]. Production of radioisotopes is an important aspect in the field of Nuclear
Medicine and there has always been considerable interest in the standardization of easy and
economically viable processes for obtaining promising radionuclides. The invention of
cyclotron in 1930s and the building of nuclear reactors in 1940s paved the way for production
of artificial radioisotopes. A wide variety of medically useful radioisotopes such as ’H, “C,
g, 3p, e, “co, 1, P, 197Hg and 'Au [2] were produced in the early years and
commercially supplied for medical applications. But Nuclear Medicine witnessed a major
upswing after the development of Mo/ Tc generator by Walter Tucker and Margaret

99my

Greene at Brookhaven National Laboratory in 1950s [3]. Tc, an ideal diagnostic

radionuclide occupied a dominant position in modern Nuclear Medicine and a variety of

%MT¢ based radiopharmaceuticals became available commercially, for imaging nearly all

9mTc is hence referred to as the ‘work horse of Nuclear

organs/systems of the human body.
Medicine’ [3] and is currently being used in ~80% of the diagnostic Nuclear Medicine
procedures world-wide [4].

Today, radioisotopes used for Nuclear Medicine are produced either in cyclotrons or
nuclear reactors or obtained directly at the hospital radiopharmacies from the radionuclide
generators. The availability of short-lived radioisotopes from radionuclide generators is an
inexpensive and convenient alternative to ‘in-house’ radioisotope production facilities like

reactors or cyclotrons. Radionuclide generators can be conveniently transported to

institutions far from the site of reactors or cyclotrons. A generator is developed on the
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principle of decay-growth relationship between a long-lived parent and its short-lived
daughter, existing in a state of radioactive equilibrium. It involves an effective radiochemical
separation of the daughter radionuclide from the decaying parent, by taking advantage of
their difference in chemical properties, such that the daughter activity is obtained with high
radionuclidic, radiochemical and chemical purities. Owing to the fact that the daughter and
parent are different radioelements, the daughter activity is availed in a ‘no-carrier-added’
(NCA) form with highest specific activity. Radionuclide generators are historically called
‘cows’ since the daughter activity is ‘milked’ (i.e. separated) from its precursor (parent) and
the parent then generates a fresh supply of the daughter. The increasing use of generator-
produced short-lived radionuclides for biomedical applications has fostered the need for
development of radionuclide generators.

In a radionuclide generator, as a result of the decay of the parent radioisotope, the
daughter activity grows and reaches the state of transient or secular equilibrium (depending
on the relative half-lives of parent-daughter pairs) within 4-5 half-lives of the daughter. After
it reaches the state of equilibrium, the daughter activity appears to decay with the same half-
life as that of the parent. At this stage, the daughter activity is separated from the parent. The
daughter activity again starts to grow in the generator, until equilibrium is reached in the
manner described above. Thus, the daughter radioisotope can be repeatedly separated from
the parent. Since generator produced radioisotopes are intended for clinical applications, it is
imperative that the radionuclide generators undergo strict quality control procedures before
being handed over to the Nuclear Medicine physicians for patient applications. Quality
control procedures involve specific tests and measurements that ensure the elution efficiency
of the generator, product identity, purity and radioactive concentration of the daughter
radionuclide, biological safety and labeling efficacy of the radionuclide for the preparation of

radiopharmaceuticals.
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The shelf-life of the radionuclide generator is the period for which the generator can
be safely used for the designated clinical applications. The loss in efficacy of a typical
radionuclide generator over a period of time is determined by the physical half-life of the
parent radioisotope, yield, radioactive concentration and the purity of the daughter
radioisotope. The overall economy of production of short-lived radioisotopes via a
radionuclide generator is decided by the shelf-life of the generator, which in turn determines
the cost of treatment using radiopharmaceuticals based on generator produced radionuclides.
To a great extent, the shelf-life of a radionuclide generator is influenced by the procedure
adopted for the separation of the parent-daughter pairs belonging to the adjacent group of
elements. The separation technique is usually selected based on the technical, economic and
logistic reasons, with emphasis on one or other of these factors depending on the
circumstances. Additionally, the radionuclide generators developed for biomedical
applications must be simple in design, efficient and easy to operate.

The development of radionuclide generators for biomedical applications presents
many challenges owing to the stringent requirements for such applications [5]. These
requirements can only be met with advances in separation chemistry. Various techniques, like
column chromatography, solvent extraction and sublimation have been reported for the
preparation of radionuclide generators [6]. Conversion of the parent radionuclide into an
insoluble ‘gel-based’ matrix and its use as the column matrix from which the daughter
radionuclide can be eluted is yet another strategy that has been reported [7]. Of these, column
chromatography and solvent extraction are the most commonly used methods for the
preparation of radionuclide generators for biomedical applications. The column
chromatography method relies upon the separation of the daughter activity from the parent,
by virtue of the difference in their retention affinity in the column matrix. The generators

developed by adopting this approach are simple to operate and demonstrate excellent elution
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characteristics. However, the limited radiation and chemical stability of the sorbent in certain
cases [8,9], is a major cause of concern in adopting this approach. This leads to the
breakthrough of the longer lived parent radioisotope and addition of chemical impurities in
the daughter eluate, thereby rendering it unsuitable for clinical applications. Additionally,
owing to the limited sorption capacity of the column matrix, the parent radioisotope must be
available with very high specific activity in order to elute the daughter with appreciably high
radioactive concentration. This restriction on the specific activity of the parent radioisotope
could be overcome to a great extent by the solvent extraction approach [6], which is based on
the relative solubility of the parent and the daughter radionuclides in two immiscible liquids,
usually water and an organic solvent. The major limitation of this approach is the
cumbersome multi-step separation process involving complicated apparatus. Therefore, it
requires highly trained personnel for successful operation. Moreover, the detrimental effect of
radiolysis in lowering the extraction efficiency of the organic solvent and addition of organic
residues in the daughter product cannot be ignored [6]. Further, the radiation dose to the
personnel in a solvent extraction set up is generally a concern. The other less commonly
adopted procedures like sublimation and ‘gel-based’ systems also have their inherent
limitations for clinical use [6,7]. In view of these limitations, development of alternate viable
processes for the preparation of radionuclide generators for biomedical applications still
remains an interesting challenge.

In this thesis, development of radionuclide generators based on two novel approaches
has been described. While the first approach involves the use of electrochemical separation
technique, the second involves the use of sorbents based on nanomaterials for use as column
chromatography matrices for the preparation of radionuclide generators. Electrochemical
method provides a simple and convenient approach of performing a wide variety of metal ion

separations. A mixture of metal ions having adequate difference in their formal potential
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values in an electrolytic medium can be mutually separated by selective electrodeposition of
one metal on an electrode surface under the influence of controlled applied potential. In-situ
electrochemical deposition of a daughter radionuclide is an attractive route to develop
radionuclide generators. The major advantage of this approach is that the daughter
radioisotope can be obtained with very high radionuclidic purity and radioactive
concentration, irrespective of the specific activity of the parent radioisotope. The second
approach based on the use of nanomaterials based sorbents as column matrices for the
preparation of generators relies on the unique morphological features, pore structure, high
surface areas and high surface charge of nanomaterials. Such sorbents demonstrate much
higher sorption capacity and selectivity for sorption of the parent radioisotope compared to
their bulk counterparts. The daughter activity can be obtained with appreciably high
radioactive concentration and purity suitable for biomedical applications.

Adopting these novel approaches, radionuclide generators have been developed both
for diagnostic applications (’Mo/”*™Tc and *®*Ge/**Ga) as well as therapeutic applications
*°St/”°Y and '"**W/'®*Re). The suitability of these generators for biomedical applications has
been evaluated. The thesis is divided into six chapters. A brief summary of the contents of
each chapter is given below.

Chapter 1: Introduction

The introductory chapter begins with a general overview of the field of Nuclear
Medicine and discusses the importance of radioisotopes and radiopharmaceuticals in Nuclear
Medicine. The categorization of radioisotopes based on their application (diagnostic and
therapeutic) and the essential characteristics of each type are described in detail. A list of
commonly used diagnostic and therapeutic radionuclides along with their decay
characteristics is also included. Different routes for the production of radionuclides along

with their relative advantages and disadvantages are described with a special emphasis on
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production of radionuclides using radionuclide generators. The chapter briefs about the
concept of radioactive equilibrium between the parent and daughter radioisotopes in a
generator and deals with the mathematical equations involved in the decay and growth of the
parent and daughter radioisotopes. The commonly used methods for the development of
radionuclide generators are described along with the relevant quality control procedures. The
relative advantages and disadvantages of these conventional methods are discussed and the
need for development of alternate methods for the preparation of radionuclide generators is
highlighted. To a large extent, progress in the development of radionuclide generator systems
and in the medical application of radioisotopes in general, is dependent on improvements in
separation technology. The widespread interest of the medical community in the diagnostic
and therapeutic use of generator produced radioisotopes has led to the development of
alternate methods by which the separation can be effected. The alternate approaches
employing electrochemical separation and column chromatography using nanomaterial based
sorbents are introduced and their advantages over the conventional methods are briefly
discussed. Finally, the chapter presents a broad outline of the scope of the work carried out by
the author.
Chapter 2: Synthesis and structural characterization of nanomaterial based sorbents

In recent times, use of nanoparticles have become one of the most exciting subject of
investigation and have played important roles in the forefront areas of Physics, Chemistry,
Engineering, Biology and Medical Science [10]. Nanomaterials hold promise for providing
many breakthroughs in the near future that is expected to change the direction of
technological advances in a wide range of applications. Nanoparticles are objects of the size
in the range of nanometer (1-100 nm). The science of nanometer scale objects is called

nanoscience and it aims at achieving the capability to manipulate matter in a desired fashion,
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atom by atom. In the nanometer scale, the properties of materials are markedly different from
the bulk materials which make such materials scientifically fascinating [10].

Apart from various other uses, nanomaterials have the potential to provide
unprecedented opportunities in developing a new class of sorbents for chromatographic
applications. One of the important aspects of nanomaterials is the high percentage of the
atoms residing on the surface. These surface atoms are unsaturated, exhibit intrinsic surface
reactivity and have a tendency to chemisorb charged species in aqueous solution in order to
achieve surface stabilization. Moreover, nanocrystalline materials are more tolerant towards
radiation than their bulk counterparts with larger grain sizes [11]. The prospective of such
nanomaterials as a new generation of sorbents in the chromatographic separation of metal
ions has been exploited [12,13]. In order to explore the potential of nanomaterials as sorbents
in the relatively unexplored field of radionuclide generators, four nanomaterial based
sorbents, namely, polymer embedded nanocrystalline titania (TiP), tetragonal nano-zirconia
(t-ZrO;), mixed phase nano-zirconia (nano-ZrQO;) and nano-ceria-polyacrylonitrile composite
(CeO,-PAN) were synthesized for the preparation of radionuclide generators, namely,
Mo/ Tc, ®Ge/®®Ga and "**W/'**Re generators.

The chapter begins with a brief discussion on the importance of nanomaterial based
sorbents in the preparation of radionuclide generators. Further, the different methods of
synthesis of nanoparticles are briefly described. The advantages of the chemical methods of
syntheses of nanoparticles in terms of the relative ease of synthesis and the potential to be
scaled up are discussed. The synthetic methodologies for preparation of the nanomaterial
based sorbents are described in detail. The structural characterization of these nanomaterials
was carried out by various analytical techniques like X-ray diffraction, surface area and pore
size determination, infrared spectroscopy and transmission electron microscopy. In order to

understand the sorption behavior of these sorbents, their zeta-potentials were determined at
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different pH environments. The suitability of these nanomaterials for use as column matrices
in chromatographic radionuclide generators was evaluated in this chapter, in terms of (a)
granularity and chemical stability of the materials and (b) reliability, reproducibility and ease
of synthesis. The more specific parameters such as the retention capacity of the sorbents,
selectivity and efficiency of separation, and performance on prolonged use, were evaluated
prior to the development of each of the radionuclide generators and are described in the
subsequent chapters. The synthesis and characterization of each nanomaterial based sorbent
constitutes a separate section of this chapter.
Chapter 3: Development of *’Mo/*’™Tc generators

A variety of 99m7e/* Mo generator systems have been thoroughly investigated during

the last 50 years, due to the ever-lasting demand for 99m

Tc, the most commonly used
diagnostic radioisotope in Nuclear Medicine [4]. The column chromatographic generator
using a bed of acidic alumina has emerged as the most popular generator system [4,14]. The
capacity of alumina for taking up molybdate ions is limited (2-20 mg Mo per g of alumina)
[15] necessitating the use of %Mo of the highest specific activity available, generally possible
only in *Mo produced through fission route. However, the production of fission *’Mo has
several inherent complexities [6]. The current global production of fission PMo is inadequate
to meet the demand and this has adversely affected patient services in many countries [16]. In
order to reduce the reliance on fission *’Mo, two novel approaches for the development of
®Mo/”™Tc generator, using *’Mo produced through neutron activation of **Mo, have been
described in this chapter. In the first approach, the feasibility of separation of PmTe from
*Mo by controlled application of electrode potential is demonstrated. Adopting the second
approach, Mo/ Tc generators were developed using two nanomaterial based sorbents (TiP

and t-ZrO;). The development of Mo/ Tc generators using these novel approaches are

described in two different sections of this chapter.
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Electrochemical **Mo/”"Tc generator: In the beginning of this section, the reason for
choosing electrochemical separation method for the preparation of Mo/ Tc generator is
briefly explained. The electrochemical principle and the reactions involved in the separation
of *™Tc from *’Mo are described. The electrochemical set up used and the optimization of
the experimental parameters for the efficient electrochemical separation of PmTe from Mo
are described in detail. The development of a 9.25 GBq Mo/ T generator and its
performance evaluation for 10 days are described. The quality control measures adopted to
ensure the suitability of 9mTe for biomedical applications have been detailed and the
performance of the generator over its shelf-life of 10 days with respect to these quality
control parameters is also enumerated. Finally, the major advantages of this generator are
highlighted.

Mo/ Tc generators using nanomaterials as sorbents: This section begins with a brief
discussion on the limitations of the conventional inorganic sorbents in the preparation of
Mo/ Tc generators and proposes the utilization of two nanomaterial based sorbents, TiP
and t-ZrO, for such applications. The optimization of experimental parameters for achieving

f %"Tc is described in

maximum sorption of Mo on these sorbents and efficient elution o
detail. The mechanism of Mo-sorption by the nanomaterials was established by correlating
the distribution ratio (Ky) values of Mo and Tc ions with the zeta potential of the sorbents.
The sorption capacities of these sorbents were determined under both static as well as
dynamic conditions, and the sorption capacity values were compared with that of the
conventionally used alumina. The development of Mo/ Tc generators, one each based on
the two sorbents, is described. The evaluation of the elution performance of the generators for
a period of 10 days is discussed. The quality control studies carried out to ensure the

f 99m,

suitability of ~""Tc for clinical applications and the performance of these two generators with

XX Vil



respect to these quality control parameters are described. In the end, the advantages of this
approach for the preparation of Mo/ Tc generator are enlisted.
Chapter 4: Development of ®Ge/**Ga generators

%%Ga is an excellent positron emitting radioisotope suitable for clinical applications in
Nuclear Medicine using positron emission tomography (PET). The cyclotron independent
availability of %Ga from a ®*Ge/**Ga generator at a reasonable cost makes it an attractive and
realistic option for countries with limited or no cyclotron facilities. Though several %Ge/®Ga
generators have been reported [8] in the past, their direct application in a clinical context
could not be accomplished, primarily due to non-availability of suitable sorbent materials.
The ®*Ga solution eluted from these generators was contaminated with residues of matrix
materials (such as TiO,, SnO,, Ti and Sn ions) and other cations (such as Fe, Mn etc.) [8].
The presence of these impurities in the ®*Ga solution was a major obstacle in labeling
receptor-specific biomolecules [8]. Further, %Ga was eluted from these generators with low
radioactive concentration and contained significant amounts of long-lived %Ge (t,= 279 d) as
a radionuclidic impurity [8]. The ®*Ga eluate from these generators could only be used for
radiopharmaceutical applications after tedious multiple post-elution processing steps [8].

In view of these drawbacks of the conventional ®*Ge/**Ga generators, development of
generators devoid of such shortcomings would be relevant and meaningful. Development and
evaluation of two novel ®*Ge/**Ga column chromatographic generators using t-ZrO, and
CeO,-PAN as sorbents is described in this chapter. The chapter discusses the important
characteristics of these nanomaterials which make them suitable for the preparation of
%Ge/®Ga generators. The optimization of the experimental parameters for the
chromatographic separation of %Ga from ®*Ge is described in detail. The Ge-sorption
capacities of these sorbents were determined under both static and dynamic conditions. The

mechanism of sorption of ®*Ge and elution of ®*Ga has been explained on the basis of the pH-
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dependent surface charge on the nanosized metal oxides. A detailed description of the
development of two %Ge/®Ga generators (each of 740 MBq activity) using these sorbents is
provided. The quality control procedures adopted to evaluate the suitability of %Ga for
biomedical applications are described. The elution performance of these generators and the
quality control parameters over a period of 1 year is illustrated and discussed. Finally, the
chapter discusses the major advantages of using t-ZrO, and CeO,-PAN sorbents for the
preparation of clinical grade ®*Ge/*®Ga generators.
Chapter 5: Development of *’Sr/”’Y generator

MY is a therapeutic radioisotope of enormous interest, and several established
radiopharmaceuticals with this isotope are currently in use in radiotherapy [17]. For targeted
therapy, *°Y of very high purity and specific activity is required. A radionuclide generator
system based on the secular equilibrium of 2S¢ decaying to %Y is the most suitable method
to avail high specific activity Ny Although a variety of separation technologies for the
preparation of 25/"Y generators have been developed, the feasibility of installation of a
generator system for operation in a Nuclear Medicine department is still an unrealistic
proposition [17]. Most of the current separation techniques involve multiple steps such as
solvent extraction, ion exchange, extraction chromatography either alone or in combination.
The possible degradation of the organic solvent or the column matrix by the intense [
radiation of *°Y reduces the useful life of such generators. Additionally, the possibility of
unacceptable levels of 2S¢ impurity in %Y is an issue of concern, as *’Sr localizes in the
skeleton and thus has a very low maximum permissible body burden of 74 kBq (2 uCi) [18].
Considering that a patient can receive not more than 74 kBq *’Sr through the life-time and
that often in-vivo radiotherapy using *°Y-radiopharmaceuticals will need to be administered
in large quantities and several times, the limit for *’Sr acceptable in *°Y becomes extremely

low. Although there is no clear consensus on the *’Sr levels acceptable in *°Y, currently 74
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kBq %Sr in 37 GBq %Y is the limit that is followed. Currently, Y is separated by industrial
manufacturers and supplied as a radiochemical in inorganic form to the radiopharmacies. The
cost of *°Y is high and the availability is limited due to logistics issues related to distribution.
Hence, the benefits of targeted therapy using Y based radiopharmaceuticals at present are
available to a small number of patients in 3-4 of the most developed countries.

In order to circumvent these problems, a simple 05/ Y generator based on
electrochemical separation technique was developed and this is described in this chapter. The
chapter discusses the principle involved in the electrochemical separation of Y from *Sr
and attempts to provide a mechanism for the separation. The electrochemical set up used for
the separation is described in detail. The optimization studies carried out to achieve selective
electrodeposition of *°Y from *°Sr/”°Y mixture is elaborated. A detailed description of the
development of a 1.85 GBq (50 mCi) 05r/0y generator is provided and the precautions to be
adopted are mentioned. The issues regarding the maintenance of the %St feed solution, are
discussed. The various quality control studies carried out to ensure the suitability of Y for
clinical applications are described. The consistency in the performance of the generator over
a period of 2 years is demonstrated. The experiments carried out using Sr/Y mixtures
simulated to represent 37 GBq (1 Ci) of %Sr are described and the relevance of this study for
scaling up of the *°Sr/’"Y generator to higher level of activity has been explained. Finally, the
major advantages of the electrochemical 05/"Y generator are discussed at the end of this
chapter.

Chapter 6: Development of "**W/'**Re generators

'88Re is one of the useful radioisotopes which has been explored and demonstrated for
a wide variety of therapeutic applications in Nuclear Medicine [17]. The attractive physical
properties of '88Re and its availability in a NCA form, from a 188y /1%Re generator with an

adequate shelf-life, makes it an interesting option for clinical use. The '*W parent
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radionuclide is available in relatively low specific activity (111-185 GBq g"' (3-5 Ci g) of
W) even when produced using high flux reactors such as the High Flux Isotope Reactor
(HFIR) in Oak Ridge National Laboratory, USA or SM Reactor in Dmitrovgrad, Russian
Federation [19]. The commercially available 188w /'R generators are akin to the Mo/ Tc
generators using alumina columns, which have limited W-sorption capacity (maximum 80
mg W g") [20]. Depending on the specific activity of the available W, the currently
available generators yield 188Re of low specific volume (activity mL™") and consequently
often require an additional concentration step [19]. Hence, it is pertinent to develop
188w /18R generators where the concentration step can be avoided and even low specific
activity 188y prepared in medium flux research reactors can be used.

This chapter describes the development of two novel approaches for the preparation
of '**W/'®Re generators suitable for biomedical applications. The first approach is based on
the selective electrodeposition of "**Re from a feed solution of "**W by controlled application
of electrode potential. In the second approach, nanomaterial based sorbents (TiP and nano-
7Zr0;) were utilized for the preparation of the 185W/'"*¥Re column chromatographic generators.

188Re obtained from the conventional alumina based

Additionally, in order to concentrate
188w /1%Re generator, a simple electrochemical approach for the post-elution of '88Re has
been developed and described.

Electrochemical "*W/'*®Re generator: The reason for adopting the electrochemical
approach for preparation of 188w /'R generator is briefly explained in the beginning of this
section. Subsequently, the principle and major electrochemical reactions involved in the

188

separation of '®®Re from '*W are discussed. The electrochemical set up used and the

experiments carried out to optimize the electrolysis parameters to achieve effective

188

electrochemical separation of '**Re from "®*W are discussed. The development of a 1.11 GBq

(30 mCi) '"**W/'"**Re generator is described in detail along with its performance evaluation.
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The quality control measures adopted to demonstrate the suitability of 188Re for biomedical
applications are mentioned. Finally, the attractive features of this generator are highlighted.
Post-elution concentration of **Re by electrochemical method: This section describes an
electrochemical approach to concentrate Na'**ReQ, obtained from alumina based '**W/'**Re
generator. The development of an alumina based '**W/'**Re generator of 1.85 GBq is
described. The electrochemical assembly used for concentration of '®Re is described along
with the optimization of the electrochemical parameters to achieve maximum yield of '88Re.
The effect of volume of "**Re solution on the electrodeposition yield of 188Re is discussed.
The quality control measures adopted to demonstrate the suitability of the concentrated 188Re
for clinical use are described. In the end, the advantages of the electrochemical concentration
procedure are discussed.

188w/ 135 Re generators using nanomaterials as sorbents: This section describes the
development of 188w /!#8Re generators using TiP and nano-ZrO; as sorbents. The effect of pH
of the solution on the Ky values of 88w and '®Re ions were studied to optimize the

f '8%W feed in the column as well

experimental conditions necessary for satisfactory loading o
as easy elution of !88Re. The mechanism of uptake of 188y by these sorbents is proposed by
correlating the Ky values of W ions with the zeta potential of the sorbents. The sorption
capacities of these sorbents were determined under both static and dynamic conditions and
compared with the values reported for alumina. The procedure for the development of two
188w /1%Re generators (of 1.85 GBq each), using TiP and nano-ZrO, as sorbents, respectively,
and evaluation of their elution performance for 6 months are described. The quality control
procedures adopted to demonstrate the suitability of !88Re for clinical use are discussed. The

chapter ends with a mention of the advantages of using this class of sorbents for the

preparation of '**W/'**Re generators.
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CHAPTER 1

INTRODUCTION

“Research is to see what everybody else has seen and to think what nobody else has

thought”

ALBERT SZENT-GYORGYI



1.1 The evolution of Nuclear Medicine

The discovery of X-rays by Wilhelm Conrad Rontgen in 1895 and of radioactivity by
Henri Becquerel in 1896 opened up a vast avenue for a number of phenomenal discoveries to
follow in the next few decades and thus laid the foundation of the ‘nuclear era’ [1]. Marie and
Pierre Curies investigated extensively the phenomenon of radioactivity, discovered by Henri
Becquerel. It was Marie Curie who coined the term ‘radioactivity’. By 1898, foresight and
further work by the Curies led to the discovery of two new elements, namely, polonium and
radium. The Curies rightly pointed out that radioactive decay is a phenomenon of
spontaneous emission of particles or electromagnetic radiation from an atomic nucleus due to
its instability. The emanations from radioactive substances were found to have components
like alpha (o), beta () or gamma (y) radiations and sometimes neutron, proton or other heavy
particles resulting in the transformation of the nucleus. With the discovery of artificial
radioactivity by Irene Curie and Frederic Joliot in 1934 and the discovery of nuclear fission
by Otto Hahn and Fritz Strassmann in 1938, many new radionuclides could be produced,
which could be utilized for variety of applications in diverse fields such as healthcare,
industry, food and agriculture benefitting the mankind [2]. One of the most important
applications of radionuclides is in the field of healthcare and this branch of medicine is
known as ‘Nuclear Medicine’.

Nuclear Medicine is the medical specialty that involves the use of radioisotopes in the
diagnosis and treatment of diseases [3]. In other words, it employs the nuclear properties of
radioisotopes to evaluate metabolic, physiologic and pathologic conditions of the human
body. Today, Nuclear Medicine offers procedures that are immensely helpful to a broad span
of medical specialties ranging from oncology and cardiology to psychiatry bringing solace to
millions of patients all over the world annually. Nuclear Medicine has a multifaceted

heritage. Soon after its discovery by Pierre and Marie Curies, radium began to be used for



treatment of disease conditions and was considered ‘cure all’ till the 1920s [4]. An important
breakthrough took place in the year 1923, when George de Hevesy, one of the pioneers of
Nuclear Medicine, introduced the concept of ‘tracer’ wherein a radioisotope could be used to
trace the path of radiolabeled molecule in a biological system [4]. He demonstrated that with
just a miniscule quantity of radioactive element, amazingly large number of body functions
could be studied without altering the biochemical make-up or the physiological function of
the organ being studied. The invention of the cyclotron by E.O. Lawrence in the 1930’s
paved the way for production of number of radioisotopes in small quantities (mCi levels) by
‘charged particle acceleration’ [5]. The first clinical application of artificial radioactivity was
probably carried out in the year 1938, when a 29 year old chronic myelogenous leukemia
patient was treated with 32p at the University of California, Berkeley, USA [4]. Even today,
2p s extensively used as one of the most important therapeutic radioisotopes [6]. The
production of *'T by Livingood and Seaborg in accelerator led to its use in thyroid cancer
therapy [4]. A landmark event of Nuclear Medicine occurred in 1949 when Professor David
Smithers of Royal Marsden Hospital of London performed the first successful radioiodine
treatment on a 20 year old woman suffering from inoperable neck tumor [7]. After the
mastery over the controlled chain reaction of nuclear fission in the 1940s and the subsequent
commissioning of nuclear reactors, production of medically useful radioisotopes became
feasible in the nuclear reactors [3]. In the early 1950s, reactor produced radioisotopes on a

3H, 14C, 35S, 32p and I became available commercially in large

large scale such as
quantities. Soon after, B could be produced in large quantities (Curie levels) in the nuclear
reactors and sealed sources containing ®°Co became extensively available for use in
teletherapy for the treatment of cancers.

Towards the end of 1950’s the in-vitro technique, Radioimmunoassay, based on the

competitive binding between natural and labeled antigen to an antibody [8] was invented by



Solomon Berson and Rosalyn Yalow for measurement of very low concentrations of
hormones in human samples such as serum. This Nobel Prize winning technology was a
turning point in the world of clinical diagnosis and paved the way for quick, simple and
sensitive measurement of hundreds of biologically important molecules such as hormones,
drugs etc. in human samples.

These significant developments in the medical applications of radioisotopes and
radiation have been considered by many as the dawn of Nuclear Medicine. However, the

f "Tc in

widespread clinical use of Nuclear Medicine was witnessed after the advent o
1960s. Though PmTe was discovered by Seaborg and Emilio Segre in 1937 [9,10], the
potential of this excellent radioisotope for diagnostic Nuclear Medicine could not be
unearthed until the development of *’Mo/*™Tc generator by Walter Tucker and Margaret
Greene at Brookhaven National Laboratory in 1957 [11]. The practice of Nuclear Medicine
got a giant momentum after the development of the Mo/ Tc generator. Soon, 9mre
occupied a dominant position among the diagnostic tools in modern Nuclear Medicine and a

variety of ™

Tc based radiopharmaceuticals became available commercially. This
radioisotope is referred to as the ‘work horse of Nuclear Medicine’ [11] and is currently
being used in ~80% of the diagnostic Nuclear Medicine procedures world-wide [12]. The
introduction of radionuclide generators was a catalyst in the growth of Nuclear Medicine, as
short-lived radioisotopes could easily be availed at Nuclear Medicine departments far away
from the reactors or cyclotrons. Subsequently, owing to the tremendous advancement in the
Nuclear Medicine technology and instrumentation after 1965, Nuclear Medicine registered a
phenomenal growth as a specialty discipline. By the end of seventies it was possible to
visualize almost all the major organs by employing Nuclear Medicine techniques. With the

development of single photon emission tomography in 1980s, it was possible to obtain three

dimensional images of the heart, which helped in the critical diagnosis of various heart



diseases. The introduction of the concept of computed tomography (CT) and associated
reconstruction techniques led to the development of Single Photon Emission Computed
Tomography (SPECT). The advent of Positron Emission Tomography (PET), wherein
positron emitting radionuclides are employed to obtain tomographic images of the organs,
helped Nuclear Medicine to become one of the most exciting diagnostic specialties in
healthcare [13]. This field continues to grow and is now extensively used in conjunction with
computed tomography, magnetic resonance imaging, ultrasonography etc. to gain maximum
information.
1.2 Radiopharmaceuticals

Nuclear Medicine procedures are mostly carried out by administration of very small
amounts of  radiochemical preparations known as  ‘Radiopharmaceuticals’.
Radiopharmaceuticals are defined as a special class of radiochemical formulation having high
purity, sterility and apyrogenicity, suitable for administration to human patients either orally
or intravenously, either for diagnosis or therapy [13]. Radiopharmaceuticals could be simple

¥Sr**, BT which localize in the organs of interest owing to their

ions such as 32PO43',
biochemical action [13]. However, such examples are very few and generally, a
radiopharmaceutical can be considered to be a two component system consisting of a
radionuclide attached to a carrier moiety. The carrier moiety is the biologically active part
which directs the radiopharmaceutical to the desired target while the role of the radionuclide
is to either aid imaging (diagnosis) or irradiate the cell to cause killing (therapy). While
designing a radiopharmaceutical for a particular application, a suitable carrier molecule is
chosen to achieve preferential localization in the organ of interest or emulation of

physiological functions of the organ of interest and a radionuclide with appropriate decay

characteristics is chosen to achieve diagnostic or therapeutic efficacy.



1.3 Classifications of the radionuclides based on their application: Diagnostic and
therapeutic radionuclides

The radioisotopes that are used for the preparation of radiopharmaceuticals can be
broadly classified into two types, namely diagnostic radionuclides and therapeutic
radionuclides, depending on their specific applications [14].
1.3.1 Diagnostic radionuclides

Diagnostic radionuclides are used in the preparation of radiolabeled molecules that
are aimed at getting information regarding the internals of the body, in a non-invasive
manner. Most diagnostic procedures using radiopharmaceuticals are for imaging organs such
as heart, brain, liver, lungs, etc. in order to identify any abnormalities at the early stage of the
disease as well as to determine the functioning of organs and to delineate abnormal growths
such as tumors. The essential criteria for using a radionuclide for diagnostic purpose are
discussed below.
a) Absence of particulate emission: Since the main objective of using a diagnostic
radionuclide is to visualize its location non-invasively, the radiation emitted must be capable
of passing through the tissues without depositing the energy within the tissue. Thus, it is
desirable that the radionuclide used for diagnostic purposes emits only y-rays. Consequently,
the radionuclide should decay purely either by electron capture (EC) or by isomeric transition
(IT) without any internal conversion (IC). Further, emission of a single energy photon/y-ray
is even more desirable, as this would allow tomographic 3-dimensional images of the body
internals to be registered. Such “Single Photon Emission Computed Tomography” (SPECT)
images are far better for delineating lesions for diagnostic purposes and are hence preferred
over simple 2-dimensional images. Radionuclides emitting particles, such as o and B
particles are not suitable due to their short range of penetration and high linear energy

transfer (LET). These particulate radiations get completely absorbed in the tissues rendering a



high radiation dose to the patient without aiding diagnosis. However, positron (") emitting
radionuclides can be used for diagnostic applications, as annihilation of the positron with an
electron leads to emission of two 511 keV y-rays, which aid in diagnosis. In the case of
positrons, the images obtained using ‘“Positron Emission Tomography” (PET) cameras have
far better resolutions than the SPECT images, due to the far lower background noise
achievable with coincidence counting.

b) Emission of suitable energy y-photons with high yield: In addition to the emission of
photons that can permeate tissues, the emitted y-radiations should be in the optimal energy
range for diagnostic imaging. The gamma cameras used for SPECT as well as rectilinear
imaging of gamma emissions employ Nal(T1l) detectors, and gamma emissions in the range of
80-300 keV are ideally suited for use in such cameras. Below 35 keV, the y-photons are
attenuated inside the patient’s body and hence not detected by the detector. To be useful for
imaging, the y-photons must have at least 80 keV energy [13]. On the other hand, y-photons
of more than 300 keV energy, cannot be properly collimated and therefore, sub-optimal
image with poor sensitivity and low resolution is obtained in SPECT imaging [13]. However,
in PET imaging, the two 511 keV y-photons which emanate on annihilation of positron are
detected in coincidence, using suitable detectors such as Bismuth Germanate. A high yield of
v-photons is desired as this would allow reduction in activity to be administered and time
requirement for imaging.

¢) Suitable half-life: A radionuclide having a short physical half-life is generally suitable for
the preparation of diagnostic radiopharmaceuticals, as it is desirable that it decays after the
procedure is completed. However, the half-life should be adequately long for completion of
the preparation and quality control of the radiopharmaceutical, transport of the
radiopharmaceutical to the desired site and subsequent imaging studies with the available

instrumentation. Apart from the physical half-life, the biological half-life of the



radiopharmaceutical has a bearing on its residence time in the body, and this depends on the
nature of the carrier molecule used.

d) Ease of production of the radionuclide: The radionuclide must be easily available and its
production route must be cost effective.

e) High specific activity and purity: The radionuclide of interest must be available with
high specific activity and very high radionuclidic, radiochemical and chemical purity. High
specific activity ensures that the desired activity of the radiopharmaceuticals to be injected
can be acquired with minimum amount of carrier molecule. High radionuclidic purity of the
radionuclide reduces the undesired dose to the patient from the radionuclidic impurities while
high radiochemical and chemical purity ensure its suitability for labeling various ligands and
biomolecules for the preparation of the radiopharmaceuticals.

f) Favorable chemistry: The radionuclide chosen should have versatile chemistry amenable
for manipulation into various chemical forms with the desired biological behavior. In case of
the metallic radionuclides, the complexation chemistry of the radio-element should be
favorable for the preparation of a wide variety of radiopharmaceuticals.

Based on the imaging modalities for which diagnostic radionuclides are used, they
may be further categorized into two types, namely, the radionuclides used for SPECT
imaging and the ones used for PET imaging [14].

i) Radionuclides used for SPECT imaging: SPECT, as mentioned earlier, is a technique to
obtain 3D images of the organs, by processing the data when a single energy y-ray emitting
radionuclide is used. The most common SPECT systems consist of a gamma camera with one
to three Nal(Tl) detector heads mounted on a gantry, an online computer for acquisition and
processing of data and a display system [13]. The detector head rotates along the long axis of
the patient at small angular increments (3°-10°) for 180° or 360° angle sampling and the

information is typically presented as cross-sectional slices, which can be freely reformatted or



PmTe is the

manipulated as required to obtain transverse, saggital or coronal images [13].
most common radioisotope used for SPECT imaging. Apart from 9mTe, several other
radionuclides such as *’Ga, ''"In, '*’I and **'Tl also enable SPECT imaging. The physical
characteristics of the commonly used radionuclides for SPECT imaging are given in Table

1.1.

Table 1.1: Physical characteristics of radionuclides used for SPECT imaging

Radionuclide Half-life [15] Mode of decay@ Principal y-component

E in keV (% abundance) [16]

e 6.0 h IT 140.5 (88.9)
Bt 13.3h EC 159.0 (82.8)
Ga 33d EC 93.3 (38.3)
"n 2.8d EC 245.4 (94.2)
200 72.9h EC 167.4 (10.0)

@Only principal decay mode is mentioned; EC indicates decay by electron capture; IT
indicates decay by isomeric transition; E indicates energy

It may be mentioned that, "*'I is also an important diagnostic radionuclide, widely used for
thyroid imaging, owing to the highly specific accumulation of iodide ions in the thyroid.

However, due to the emission of multiple y-rays and the strong - rays, SPECT imaging is

131 131
f

not possible using 1. The easy availability and lower cost o I make it the preferred
isotope despite the existence of another iodine isotope '**I which enables SPECT imaging.

ii) Radionuclides used for PET imaging: PET imaging, as indicated earlier, is based on the
detection of two 511 keV photons emitted in opposite directions after annihilation of a
positron (B*) with an electron. The two emerging photons are detected by two detectors
placed at 180° in coincidence, and the data collected around the body axis of the patient are

used to reconstruct the activity distribution [13]. In modern PET systems, multiple detectors

are distributed in two to eight circumferential arrays arranged in circles, hexagons or



octagons around the patient, wherein, each detector is connected to the opposite detector by a
coincidence circuit [13], enabling quick imaging.

PET, as compared to SPECT has the ability to record images with superior sensitivity
and high spatial resolution, owing to the much reduced background noise. PET can be very
helpful in detecting very small lesions, which may be missed in SPECT imaging using 99mre
based radiopharmaceuticals. Bp (t, = 110 min), the most important PET radionuclide, is used
as a metabolic tracer in the form of "*F-FDG (**F-fluoro deoxy glucose), for the diagnosis of
a variety of conditions, most importantly in cancer detection and staging. The exponential
growth of PET imaging using BE_FDG in the past two decades, has aptly resulted in it being
called the ‘molecule of the millennium’ [1,17,18]. BE_FDG accounts for about 10% of all
imaging done presently in Nuclear Medicine [1]. Other radioisotopes that are used for PET
imaging include, ''C, BN, 120, ®Ga, ¥Rb etc. The physical characteristics of commonly used
radionuclides for PET imaging are given in Table 1.2.

Table 1.2: Physical characteristics of radionuclides used for PET imaging

Radionuclide Half-life [15] Mode of decay® Principal y-component

E in keV (% abundance) [16]

RS3 109.8 min p* 511 (200.0)
%Ga 68.3 min B*, EC 511 (176.0)
He 20.4 min B* 511 (199.5)
BN 9.9 min i 511 (199.6)
50 122.2's p* 511 (199.8)
2Rb 1.2 min B*, EC 511 (192.0)

@Only principal decay mode is mentioned; E indicates energy

Among these, 8Ga (t, = 67.7 min) has gained considerable interest in the recent times,

mainly because it can be availed from a radionuclidic generator, obviating the need to have a
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cyclotron at the vicinity of the Nuclear Medicine center [19].
1.3.2 Therapeutic radionuclides

Therapeutic radionuclides are utilized for the preparation of radiolabeled molecules,
which are designed to deliver therapeutic dose of ionizing radiation to specific disease sites
with high specificity in the body. An ideal therapeutic radionuclide should have the following
characteristics.
a) Emission of high linear energy transfer (LET) radiations: The radionuclides used for
therapy should emit high LET particulate radiations such as o, 3" or Auger electrons. These
particles (o, B~ or Auger electrons), depending on their energy and mass have different
penetration ranges in tissue. These radiations are effective in delivering localized cytotoxic
doses of radiation, resulting in target cell death. Although a-rays have high LET, unless they
are targeted very precisely to the diseased site, they can result in unnecessary radiation dose
to the healthy tissues. In the case of Auger or conversion electrons, these rays carry very
small energy and dissipate all the energy within a very short range of the order of nm. Thus, it
is essential that the radiopharmaceutical is targeted inside the cancer cell, preferably the
DNA. On the other hand the " rays have a range of few um to mm, depending on their
energy and a large variety of § emitting metallic radionuclides are feasible to be produced in
reactors. Hence, generally, the B emitting radionuclides are preferred for therapeutic
applications [20].
b) Emission of imageable y-photons with low abundance: Apart from the particulate
radiation required for therapeutic effectiveness, emission of y-rays of energy suitable for
imaging (80-300 keV), is desirable in a therapeutic radionuclide. Imaging the in-vivo
distribution of the radiopharmaceutical will enable the physician to ascertain the proper
localization as well as to determine the dosimetry in patients. [21,22]. However, as y-

radiations irradiate the non-target tissues also, resulting in increase of radiation dose burden
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to the patients as well as increase in personnel exposure, emission of suitable energy photons
in low abundance is preferred for minimum increase in dose burden of the patient.

¢) Suitable half-life: The physical half-life of the radionuclide is an important consideration
in the design of radiotherapeutic agents. In order to maximize the therapeutic ratio, the
physical half-life of the radionuclide should match well with the in-vivo localization and the
pharmacokinetics of the radiolabeled drugs [21,22]. Depending on the nature for which it is
utilized, a suitable therapeutic radionuclide should be judiciously chosen based on the half-
life.

Apart from these, just like an ideal diagnostic radionuclide, a therapeutic radionuclide
should be available at a reasonable cost with specific activity and purity suitable for
radiopharmaceutical application. Moreover, its chemistry should be amenable for preparation
of a wide variety of radiopharmaceuticals. Both therapeutic as well as diagnostic radionuclide
should form a strong and irreversible bonding with the carrier molecule resulting in the
formation of a highly stable radiolabeled molecule. A list of commonly used therapeutic
radionuclides along with their physical characteristics is shown in Table 1.3.

Table 1.3: Physical characteristics of some therapeutic radionuclides

Radionuclide Half-life Mode of Energy Principal y-component
[15] decay@ (keV)# E in keV (% abundance) [16]
p 14.3d B 1710.6 Nil
YSc 33d B,y 600.1 159.4 (68.0)
Cu 61.8h B,y 577.0 184.6 (48.7)
T As 38.8h B,y 682.9 239.0 (1.6)
9Sr 50.5d i3 1496.6 Nil
Ny 64.1 h p 2282.0 Nil

Continued in the next page

12



Radionuclide Half-life =~ Mode of Energy Principal y-component
[15] decay@ (keV)’ E in keV (% abundance) [16]
Rh 354 h B,y 567.0 318.9 (19.2)
109p g 13.7h B,y 1115.9 88.0 (3.6)
mAg 744d B,y 1036.8 342.1 (6.7)
1311 80d B,y 970.8 364.5 (81.2)
K 524d B,y 427 .4 81.0 (37.1)
142p,. 19.1 h B,y 2162.3 1575.6 (3.7)
149p 531h B,y 1071.0 285.9 (2.8)
15361 463 h B,y 808.4 103.2 (28.3)
1964 185h B,y 970.6 58.0 (26.2)
165Dy 23h B,y 1286.2 94.7 (3.6)
1661, 26.8 h B,y 1854.5 80.6 (6.2)
169 944d B,y 351.2 Nil
15y 42d B,y 470.0 396.3 (6.5)
7 g 6.7d B,y 498.2 208.4 (11.0)
186R o 90.6 h B,y 1069.5 137.2 (8.6)
18R 169 h B,y 2120.4 155.0 (14.9)
194, 193 h B,y 2246.9 328.4 (13.0)
19844 27d B,y 1372.5 411.8 (95.5)
1974 3.1d B,y 452.6 158.4 (36.9)
21 p¢ 72h o, y 5982.4 687.0 (0.3)
212B; 60.6 min o,y 6207.1 727.2(11.8)
*UBj 45.6 min Q, y 5982.0 439.7 (27.3)
MWpa 11.4d o, y 5979.3 269.4 (13.6)
25, 10.0d o, Y 5935.1 99.7 (3.5)

-@Only principal decay mode is mentioned; "For [ particles maximum [~ energy is mentioned
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1.4 Production of radionuclides for Nuclear Medicine applications

The radionuclides used in Nuclear Medicine are mostly artificially produced, either in
a cyclotron or a nuclear reactor [3,23]. Various factors influence the nuclear reaction and the
product radionuclide that ensues, both in nuclear reactors as well as cyclotrons. Among these,
the nature of the target atom and the type and energy of the projectiles influence the reactions
significantly. Other factors such as the purity of the target material, the nuclidic abundance of
the target nuclide, the irradiation duration etc. have a bearing on the kinds and extent of
radionuclidic impurities in the desired product as well as the amounts and specific activity of
the product radionuclide [3,23]. One convenient route of radioisotope production, especially
for the short-lived radioisotopes, is the use of radionuclide generator systems wherein high-
specific activity radionuclides can be produced in a no-carrier-added (NCA) form and can
readily be obtained at the desired site [24-26]. However, the parent radionuclides used in
these generators are either produced in a nuclear reactor or a cyclotron. The three different
methodologies for the production of medically useful radionuclides are discussed below, with
special emphasis on generator produced radionuclides.
1.4.1 Cyclotron produced radionuclides

In a cyclotron, targets of stable elements are bombarded with a high energy beam of
charged particles generated by accelerating the charged particles, such as p, d, «, He etc., by
means of an electromagnetic field. A wide variety of radionuclides can be produced in a
cyclotron by varying the type of target and the energy of the charged particle in the cyclotron
[3,23,27]. Generally, the radionuclides produced in cyclotron are neutron deficient and hence
decay either by electron capture or B* or both, followed by y-emission in certain cases. In a
cyclotron, the radioisotopes produced are with atomic numbers different from those of the
target isotopes, and hence it is necessary to separate the radioisotope from the target after the

irradiation. This can be accomplished by techniques such as ion-exchange chromatography,
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solvent extraction, precipitation, electrochemical separation, distillation, simple filtration,
paper chromatography, etc., and the radioisotopes can be availed in NCA form [28,29]. The
target material for the production of radionuclides must be pure and preferably mono-isotopic
or at least isotopically enriched to avoid the production of extraneous radionuclides.
Additionally, the energy and the type of particles used for bombardment must be carefully
chosen so that contamination with undesirable radionuclides from extraneous nuclear
reactions can be avoided or minimized. The irradiation of a target in a cyclotron may require
external beam irradiation or internal beam irradiation depending on the situation and
requirements [3]. High flux delivering modern charged particle accelerators generate excess
heat (higher than 1000 °C) within the target. This requires fast removal of heat by circulating
cold deionized water around the targets and using highly stable target materials as metal foils,
electroplated metals, metal powders, metal oxides and salts melted on duralmin plate [3].
Sometimes, the targets are irradiated at a lower current in order to overcome the heating
problems.

Cyclotron produced radionuclides such as 67Ga, 111In, 1231 and ?°'T1 which decay by
electron capture, are used for SPECT imaging while B* emitting radionuclides such as, ''C,
13N, 15O, and '®F are useful in PET studies. Table 1.4 lists some of the commonly used
cyclotron produced radionuclides along with their half-lives, principal decay modes and

commonly used production routes.
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Table 1.4: Physical characteristics of some cyclotron produced radionuclides

Radionuclide Half-life [15] Mode of Common production Natural
decay* route® abundance of
target (%)#
e 20.4 min p* “Np,o''C 99.6
PN 9.9 min p* °0(p,0) >N 99.8
e 122.2 s B* "N(d,n) / "N(p,n)"°0 99.6/0.4
*p 109.8 min B* BO(p,n)'"°F 0.2
PNe 17.3s B* E(p,n) / 100.0/99.8
%0O(oi,n)*Ne
*'Na 233 i **Ne(d,n) 90.5
Mg 212h B 2Mg(a,2p)**Mg 11.0
*Sc 3.3d By ®Ti(p,2p)*'Sc 73.8
INi 36.0 h B*.EC *®Fe(*He,2n)’'Ni 91.7
%Cu 12.8h p~p*.EC %Ni(p,n)**Cu 0.9
Cu 61.8h By %7n(p,2p)*’Cu 18.8
%Ga 3.2d EC %7n(p,2n)*'Ga 18.0
BGe 271.0d EC ¥Ga(p,2n)**Ge 60.0
"As 17.9d p.p*.EC "'Ga (o,n) *As 40.0
T As 38.8h B,y 80Se(p,0)”’ As 49.6
"Br 57.0h EC > As(o,2n) 'Br 100.0
8oy 14.7h B* 8Sr(p,n) *°Y 9.8
1%pq 16.9d EC "%Rh(p,n)'*Pd 100.0
M 2.8d EC Medp,n)''n 12.8
Hmgn 13.6d CE 21Sb(p,2p,3n)" ' "™Sn 57.4
| 133 h EC 1218b(o,2n) 2 57.4
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Radionuclide Half-life [15] Mode of Common production Natural

decay* route® abundance of
target (%)#
Xe 36.4d EC ()" Xe 100.0
1Er 10.3h EC "Ho(p,n)'*Er 100.0
YTHg 64.1 h EC ¥ Au(p,n)"”"Hg 100.0
200 729h EC 2571(p,3n)°'TI 29.5
S\ 7.2h o, y 29Bi(o,2n)* ' At 100.0

“Only principal decay mode is mentioned; COther routes of production also exists;, EC
indicates decay by electron capture; CE indicates decay by emission of conversion electrons

1.4.2 Reactor produced radionuclides

A large number of radionuclides used in Nuclear Medicine are produced in the
nuclear reactors [3,23]. A nuclear reactor is an assembly in which fission chain reaction takes
place in a controlled manner, generally, for the production of energy. A nuclear reactor is
constructed with fuel rods made up of fissile materials such as °U or **’Pu. The nuclear
fission reactions, apart from producing enormous amounts of energy, also result in copious
amounts of neutrons. These neutrons are essential for sustaining the nuclear fission chain
reaction and can undergo further nuclear reactions. In addition, they are also used for
artificial production of radioisotopes. Since, neutrons emitted from fission reactions have
very high energies and consequently very high velocities; the probability of their interaction
with other nuclides is very low. Hence, these neutrons are slowed down in nuclear reactors to
the thermal region with energy in the range of 0.025 eV by using moderators. Thermal
neutrons have comparatively higher probability of interaction with the nucleus of atoms and
are extremely important for the production of radioisotopes [30]. Though, many countries in
the world have nuclear reactors suitable for the production of radioisotopes, very few of them
have nuclear reactors which have fluxes high enough to produce radioisotopes with adequate

specific activities and amounts required for applications in Nuclear Medicine [31,32]. In
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India, the radioisotope production and application was among the important mandates from
the beginning of the “Atomic Energy” program in the late 1940s and early 1950s. Till
recently, three research reactors, namely, Apsara, CIRUS and Dhruva were operational at
Bhabha Atomic Research Centre in Mumbai, to cater to the need of radioisotope production
in India. However, the Apsara reactor has been temporarily shut down for refurbishment
while the CIRUS reactor has been decommissioned in December, 2010. The maximum
neutron flux available in Apsara and CIRUS reactors were 5 x 10'? and 6 x 10" n cm™ s™.
Presently, the Dhruva reactor with a maximum thermal neutron flux of 1.8 x 10" ncm™ s is
used for the production of radioisotopes. The different types of neutron induced reactions
commonly used for the production of radioisotopes are briefly discussed below.
1.4.2.1 Radiative neutron capture or (n,y) reaction

In a radiative neutron capture reaction, the target nucleus captures one thermal
neutron and emits y-rays to produce an isotope of the same element. Often the isotope formed
is unstable, and hence is radioactive. Generally, the radioisotope formed is neutron rich and
decays by B~ emission with relatively long half-life. The radioisotope cannot be separated
from the target as they are the same elements and therefore its specific activity is low.
Specific activity is also limited by the available neutron flux and cross section. Various
medically useful radionuclides such as 6OCO, 99Mo, 24Nal, 19211‘, 198 Au and %*Br are produced by
this method. (n,y) reactions are useful to produce radioisotopes which decay to either stable
isotopes or longer-lived radioisotopes, which would find an application. Very rarely, two
consecutive (n,y) reactions are used for production of a radioisotope. Such a production route
would understandably require very high neutron flux, high neutron capture cross-sections for
both reactions as well as high isotopic abundance of the target nuclide.

Most often, (n,y) reactions lead to B emitting isotopes, which may further yield

another ° emitter. However, in some elements with large number of stable isotopes, (n,y)
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reactions could result in neutron deficient isotope which may decay either by ‘electron
capture’ mode or rarely by ‘8" mode. Such reactions, wherein (n,y) is followed by another
transmutation, lead to radioisotopes of another element which are of interest for medical
applications, as the final product radionuclide can be separated from the original target
element. The major advantage of this mode is that the radionuclide can be produced with very
high specific activity in a NCA form.
1.4.2.1.1 Neutron capture (n,y) followed by [ decay

Many (n,y) reactions produce short lived radioisotopes which decay by B~ emission to
another ~ emitting radioisotope having a longer half-life. The most widely used isotope

511, 3%Te on (n,y) reaction, yields 131

produced by this route is Te (t, = 25 min), which decays
to "*'I, which is then separated and used. Another example is 76Yb which undergoes (n,y)
reaction to produce '"'Yb (t, = 1.9 h) which subsequently decays by B~ decay to produce
"L u (t, = 6.7 d). The radionuclide '”’Lu can then be separated from the irradiated Yb target.
1.4.2.1.2 Neutron capture (n,y) followed by EC/f* decay

Target nuclides which have room to accommodate a few more neutrons in their
nucleus when bombarded with neutrons may yield higher stable isotopes of the same element
or a radioisotope of the same element, which is not neutron rich. This product nuclide
transmutes by EC (or rarely %) mode to an isotope of neighboring element which could also
be a neutron deficient isotope decaying by EC mode. Such a situation arises in elements

124Xe, which on

which have large number of stable isotopes, such as Xe. A good example is
(n,y) reaction yields 55Xe (t, = 16.89 h), which decays by EC to 1 (t, = 60 d). "P1is a very
useful medical isotope produced by irradiation of Xe gas through the above route.

1.4.2.2 Neutron capture with particle emission: (n,p) and (n, @) reactions

In some cases, neutron capture leads to emission of charged particles such as proton

or a-particle from the compound nucleus, if sufficient excitation energy is available for such
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a reaction. The typical examples of such reactions are 329 (n,p) 32p and *'Al (n,a) **Na. In
these cases also, the product radionuclide is non-isotopic with the target radionuclide and
hence can be obtained in NCA form after its separation from the target.
1.4.2.3 Neutron capture with fission or (n,f) reaction

The neutron induced fission of ***U or **’Pu during normal reactor operation produces
a wide variety of radioisotopes. The peak fission yield of 6% corresponds to isotopes with
mass numbers 95-100 and 135-140 [30]. Among these, there are several radioisotopes which
have potential for use in medical as well as other applications. However, since a large number
of radioactive and stable isotopes are produced in fission, isolation of a particular
radioisotope of interest with adequate radionuclidic purity requires elaborate and extensive
processing facilities. The fission produced radionuclides normally possess very high specific
activity, as other isotopes of the same element also formed during fission would be in low
amounts. One good example of a medically useful isotope availed through the (n,f) route is
®Mo, which is formed in very high specific activities, containing small amounts of other
stable Mo isotopes like '“Mo.

A list of some reactor produced radionuclides is given in Table 1.5 along with their
half-lives, principal decay modes, commonly used production routes, natural abundance of
target materials, and the cross-section of the nuclear reaction by which the radionuclide is

produced.
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Table 1.5: Physical characteristics of some reactor produced radionuclides

Radionuclide Half-life Mode of Common production Natural Cross-
[15] decay* route abundance section (b)
(%) [15] [15]
(n,y) reaction
*Na 15.0h B »Na(n,y)**Na 100.0 0.53
32p 14.3d B 3p(n,y)*P 100.0 0.18
g 87.5d B *S(n,1)*S 4.2 0.29
Slcr 27.7d EC Cr(n,y)’'Cr 4.4 15.9
Fe 44.5d By ¥Fe(n,y)’ Fe 0.3 0.0013
OCo 53y By *Co(n,y)*Co 100.0 37.18
PSe 119.8d EC "Se(n,y)""Se 0.9 51.8
*Mo 67.0h By *®Mo(n,y)*Mo 24.1 0.13
1%pq 13.7h By 1%pd(n,y)'Pd 26.5 8.3
142p; 19.1h By 14pr(n,y) ' **Pr 100.0 11.5
53Sm 46.3 h By 2Sm(n,y)"**Sm 26.7 206
9G4 18.5h By 8Gd(n,y)"°Gd 24.8 2.2
1py 23h By Dyn,y) Dy 28.2 1610
1%Ho 26.8 h By Ho(n,y)'*°Ho 100.0 66
1Er 9.4d By SEr(n,y) “Er 26.8 2.74
Yb 42d By "Yb(n,y)' YD 31.8 69
"y 6.7d By "Lu(n,y)"""Lu 2.6 2100
18Re 90.6d By 8 5Re(n,y) ' *Re 37.4 106
921 73.8d By r(n,y) I 37.3 645
Dy 19.2h By P r(n,y) I 62.7 111
8 Au 2.7d By 7 Au(n,y)'**Au 100.0 98.65
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Radionuclide Half- Mode of Common production  Natural Cross-
life [15] decay* route abundance section (b)
(%) [15] [15]

Sequential neutron capture

1%py 81.5h B "“Dy(n,7)'*Dy(n,y) 28.2 2700; 3500
166Dy
188w 69.0 d By BOW (n,y)" "W (n,y) 28.6 36; 70
188
W

(n, y) followed by [ decay

" As 1.6d By °Ge(n,y,p)" As 7.7 0.092
'%Rh 353 h By "“Ru(n,y,$)'"Rh 18.6 145
HAg 7.5d By Hopdm,y,p)' 'Ag 11.7 0.37
| 8.0d By B0Te(n,y,p)"'1 33.8 0.27
pm 53.1h By "¥Nd(n,y,$)"*Pm 5.8 2.50
"y 6.7d By 75Yb(n,y,$)" " "Lu 12.7 2.40
A0 3.1d By 8pt(n,y,$)'” Au 7.2 3.66

(n,p) and (n, @) reaction

H 123y B SLi(n,0)’H 7.5 940
Hc 5730y B “N(n,p)*C 99.6 1.83
32p 14.3d B 2S(n,p)**P 95.0 0.07
Cu 2.4d By 77Zn(n,p)®’Cu 4.1 0.0012
¥Sr 50.5d B Y (n,p)*¥’sr 100.0 0.0003
(n, fission)
%S¢ 28.6y B 33U(n,£)*Sr 0.7 Y=5.89%
Mo 67.0 h By 23U (n,H)Mo 0.7 Y=6.14%
Bl 8.0d By Un,H"' 0.7 Y=2.84%

*Only principal decay mode is mentioned; EC indicates decay by electron capture, ‘b’ refers
10 barn (1 b = 10** cm?), Y’ indicates the fission yield
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1.4.3 Generator produced radionuclides

A radionuclide generator is a device wherein a parent nuclide decays to a radioactive
daughter nuclide, which can be separated from the parent and used. One important obvious
requirement for availing a radionuclide through generator system is that the parent nuclide
should have a longer half-life than the daughter nuclide. Thus, although there are several
radionuclides produced in reactors or cyclotrons which decay to radioactive daughters, not all
of them are eligible to be used in a generator system. In the past few decades, the use of short
lived radioisotopes has grown considerably in both diagnostic as well as therapeutic Nuclear
Medicine, because large doses of these radionuclides can be administered with only
minimum radiation dose to the patients and excellent quality images can be obtained [24-
26,33]. The increasing application of these short lived radioisotopes has led to the
development of radionuclide generators which serve as a convenient means of their
production [24-26,33-35]. The availability of the short-lived radioisotopes from radionuclide
generators serves as an inexpensive and convenient alternative to ‘in-house’ radioisotope
production facilities like reactors or cyclotrons. The radionuclide generators can be
conveniently transported to institutions far from the site of reactors or cyclotrons. A generator
is developed on the principle of decay-growth relationship between a long-lived parent and
its short-lived daughter, existing in a state of radioactive equilibrium. It involves an effective
radiochemical separation of the decaying parent and daughter radionuclides, by taking
advantage of their difference in chemical properties, so that the daughter activity is obtained
with high radionuclidic, radiochemical and chemical purities. Owing to the fact that the
daughter and parent are different elements, the daughter activity is availed in a NCA form. A
list of some medically important radionuclide generator systems is given in Table 1.6, along

with the decay characteristics of the parent and daughter radionuclides.
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Table 1.6: Some medically important radionuclide generator systems

Daughter radionuclide

Parent radionuclide

Radio- Half-life Mode B, o Principal y Radio- Half-life Mode of
nuclide [15] of energy  energy inkeV  nuclide [15] decay*
decay* inkeV (% abundance)
[15] [16]
*Sc 39h  EC,p* - 511.0 (188.0) “Ti 46y EC
62Cu 9.7 min B* - 511.0 (194.9) 27n 9.2h EC, B
%°Cu 51min B,y 26424 1039.2 (8.0) 50N 54.6h B
%Ga  67.6min B* - 511.0 (178.2) %Ge  270.8d EC
2As 26.0h B* - 511.0 (150.0) 2Se 8.4d EC
%2Rb 1.3 min Bt - 511.0 (190.6) 82Sr 25.6d EC
8imgy 2.8h IT - 388.0 (80.0) Ty 33d EC, B*
Ny 64.1 h B 2282.0 Nil Sr 288y B
99mTe 6.0h IT - 140.5 (88.9) Mo  659h B,y
1O"Rh  65.1min  IT - 39.7 (0.07) "WRu 3944 B,y
1mpAg 3985 IT - 88 (3.7) cd  453.0d EC
2Ag 3.1h B,y 39560  616.8 (42.9) "2pq  21.0h B,y
M 1.7h IT - 391.7 (64.9) "Bsn 115.1d EC
| 23h B,y  2118.1 667.7 (98.7) PTe 334 B
BmBa 2.6 min IT - 661.6 (89.9) Bics 301y B
M0 4 1.7d B,y 37619  1596.2(954)  'Ba  12.7d B,y
1%Ho 26.8h B,y 18545 80.6 (6.2) py  81.6h B,y
Ta 9.3 min EC 1910.0  325.8(84.7) w o 21.6d EC
18%Re 169 h B,y 21204 155.0 (14.9) W 69.4d B,y
4r 192h B,y 22469  328.4(13.0) Pos 6.0y B,y
SmAy 306 IT - 261.7 (68.0)  '™Hg 40.0h EC, y
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Daughter radionuclide Parent radionuclide

Radio- Half-life Mode B, o Principal y Radio- Half- Mode of

nuclide [15] of energy energy inkeV  nuclide life decay*
decay* inkeV (% abundance) [15]
[15] [16]
“®Bi  60.6min o, B,y 6207.1 727.2 (11.8) ““Pp  10.6h B,y
(o)
2254.02
®)
*UBi  459min o,y 59820  439.7(27.3) Ac  10.0d o, y
B Ac 10.0d oy  5935.1 99.7 (3.5) Th 7430y o, y

*Only principal decay mode is mentioned; EC indicates decay by electron capture; IT
indicates isomeric transition

1.5 The development of Radionuclide Generators: A Historical Perspective

The development of radionuclide generators over the past five decades was primarily
motivated by the increasing gamut of applications of short-lived radionuclides and their
compounds in Nuclear Medicine [24-26,33-35]. This has resulted in significant progress in
the production of radionuclides to be used as parent nuclide in generators and development of
sophisticated radiochemical separations and reliable technical designs of the generator
systems [24-26,33-35]. The first radionuclide generator for biomedical applications was
developed by Fallia in 1920 [36,37], by the use of the **°Rd (t;= 1620 y) — **’Rn (t,= 3.8 d)
parent-daughter pair to obtain *’Rn seeds for radiation therapy. However, the real practical
importance of radionuclide generators was realized only in 1951 with the development of the
132Te (ty, =78 h)/ 1321 (t, = 2.29 h) generator at the Brookhaven National Laboratory (BNL) in
USA [38]. A simplified version of this generator was developed in BNL by the mid-1950s
[38]. The similarities between the **Te/"*’I and *’Mo/**"Tc parent-daughter pairs led to the
pioneering development of *’Mo/”™Tc generator system in 1957 at BNL by Walter Tucker

and Margaret Greene [11]. Subsequently, several other radionuclide generator systems were
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also developed, some of which have significant practical applications [24-26,36].
1.6 The mathematical equations of radioactive decay and growth

In a radionuclide generator, a ‘parent’ radionuclide (A) decays to a ‘daughter’
radionuclide ( B) which further decays to stable/nearly stable ‘grand-daughter’ nuclide (C).
This decay scheme can usually be represented as in Fig. 1.1 for two successive radionuclides.
In this decay scheme /4, is the decay constant for A having N} initial number of atoms and 4,
the decay constant for B. For the sake of simplicity, it is generally assumed that
N,(t=0)=N)=0 and N,(t=0)=N,; =0 and the grand-daughter productC, as a stable
nuclide characterized by 4, =0.

Then at any given time ¢, one can write the following differential equations [39]:

dN,(t) ==AN,(t)dt or % =AM ==AN,(1) oo (1)

dN,(t) =+AN,(t)dt — ,N,(t)dt or % = AN, (1) = A,N,(1)...... (2)

dN,(t
and  dN,(t) =+A,N,(1)dt or % = H AN () e 3)
A, Parent
N (0, N Ay B, Daughter

*ikl (t).e fklg.-. t N (t) N.D

A (D, A 6
C, G-Daughter

X3 (t).-. X30.-. }‘-3

*%3 (t).-. *430.-. t;
Stable A;=10

Fig. 1.1: The decay scheme of a parent-daughter pair in a radionuclide generator

Equation 1 describes the rate of change of number of atoms of type A, supposing that the

only source of these atoms is from the initial supply N, atz =0. Equation 2 describes the rate
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of change of the number of atoms of type B which is equal to the supply by the decay of
atoms A corrected for the loss through its own decay. Equation 3 describes the rate of change
of the number of atoms of type C fed by only the decay of atoms B (being stable, C is
continuously accumulated). The solution of equation 1 leads to the well known decay

equation of a single radionuclide i.e.:
N =N A and A= AN A — a0 A )

The solution of equation 2 leads to the following expression (assuming N, (0) = N 3 =0):

N,()=N" -2 - A i) ( —At —e"iztj ........................................ (5)

Here, the activity A,(¢) is given by the general definition of the activity. Therefore,

0 21]-2 _/?J_e_ﬂzt
A,(1)=A4,N,(t)=N, - ( j .............................. (6)

A

or A(f) = AO/;/%( —At_ _’“j ........................ 7

where, A = A4, N/ .
1.6.1 Time taken by the daughter radioisotope to attain maximum radioactivity

The radioactivity of the daughter isotope reaches maxima when the feeding of the
daughter atoms ( B) exactly compensates their decay:

i.e. when A, (1) = A,(t) or AN,(t)=A,N,(1)
dA() _dN,(1) _ 8)
dt  dt

or when

Then one can write:

o = ARTA) (1'44% jln [t—lj ..................................... ©)
/12 _/11 L =1 I

where, t; and t, are the half-lives of the parent and daughter radionuclides, respectively and

tmax 18 the time taken by the daughter radioisotope to attain maximum radioactivity.
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1.7 Radioactive Equilibrium

When the ‘daughter’ radionuclide decays at the same rate at which it is being
produced, it is said to have reached the state of ‘radioactive equilibrium’. Radionuclide
generators can be categorized on the basis of the ratio of the half-life of the parent to that of
the daughter radionuclide and two principal situations are considered: (1) If the ratio of A;:A;
is ~0.1, the parent-daughter system is said to exist in a state of transient equilibrium (2) If A,
is very much smaller than A, (and t; is much greater than t;) the system is said to exist in
secular equilibrium [39]. Both the cases are discussed briefly, with suitable examples.
Case 1: Transient equilibrium

In this case, A <A, or t;>t, with t;/t; ~10. The most suitable example for this case is

the *”Mo/”™Tc radionuclide pair.

B (1, =65.94h) ¥(t, =6.01h)

Mo "Te Tc (ground state)

In this case, the transient equilibrium is reached at:

foax = (%j lnt—1 =22.79 hours
1 —t, t,

After this period of time, the daughter activity (**"Tc) comes in equilibrium with the parent
activity (*’Mo) and then it follows the same half-life as that of its parent. This is illustrated in
Fig. 1.2. Few other radionuclide pairs which exist in a state of transient equilibrium are
SIRb/A™Kr, #St/**™Rb, *'Y/*"Sr, '*Sn/' " n and "' 0s/""™Mr.
Case 2: Secular equilibrium

In this case, A is far less than A, or t; is much greater than t,. Some well known
examples of this case are *°St/”Y, '*'Cs/"*"™Ba parent-daughter systems.

B(t, =30.07y) B(t, =2.55m)

s g B4
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Fig. 1.2: Activity profile of the *Mo/”™Tc transient equilibrium system

For practical purposes, these situations could be considered to correspond to 4 —0 or

t,—>oo. Thus A(f)= AN =A’ and N,(t)=N,; due to the fact that At ~(1-At)=1.
Consequently, with respect to the decay of the daughter activity, the radioactivity of the

parent appears to be constant. The equation for the radioactivity of the daughter radioisotope

becomes:

Az(t):Aloﬁ(e_ﬂ“t—e_ﬂztjzAf(l—e_)?t) .............................. (10)

Under this condition, the total radioactivity of the parent and daughter reaches the maximum
and does not decrease appreciably for several half-lives of the daughter product. The activity

profile of the '*’Cs/"*"™

Ba system is illustrated in Fig. 1.3.
1.8. Separation of the daughter product from the parent in a radionuclide generator

A radionuclide generator generally consists of a closed system housing parent and

daughter radionuclides in a state of radioactive equilibrium and the daughter activity can be
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separated from the parent by exploiting their differences in their chemical properties, using

suitable separation techniques.

1.0 o ) o o o o o Q Q Q
0.9 1 "
0.8 - u

m “"Ba:A(t)/A°

137

o "Cs:AM)/A°

0.7 1
0.6

AM)/AS

0.5
0.4
0.3
0.2
0.1
0.0

T
0 2 4 6 8 10 12 14 16 18 20
Time (h)

Fig. 1.3: Activity profile of the B37Cs/M"™Ba secular equilibrium system

The activity of the daughter radionuclide grows as a result of the decay of the parent until
either a transient or secular equilibrium is reached within several half-lives of the daughter
(as determined by ty.x, defined in section 1.6.1), after which the daughter appears to decay
with the same half-life as that of the parent. At this stage, the daughter activity is separated
from the parent. After separation, the parent regenerates a fresh supply of the daughter.
Theoretically, the elution of the daughter activity from the generator can be made repeatedly.
Fig. 1.4 illustrates the multiple growth and elution of the daughter activity. Radionuclide
generators are historically called ‘cows’ since the daughter activity is ‘milked’ (i.e. separated)

from its parent (precursor) and the parent then generates a fresh supply of the daughter.
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1.9 The available options for the preparation of radionuclide generators

The separation of the parent-daughter pairs belonging to the adjacent group of
elements is one of the most challenging aspects of research in the field of radionuclide
generators. Sometimes separation is complicated by the multiple oxidation states of the pair
and its tendency to form a variety of complexes [26]. Moreover, the requirement of the
daughter radionuclide in a form suitable for clinical applications, further places stringent
requirements on the separation chemistry. This requires selection of the suitable separation
procedure, providing high yield of the daughter radionuclide in minimum volumes (high

radioactive concentration) and highest purity.

100 — Paent
\\\\ activity
nso —
Daughiter
actidy e
Daugkiter
| ackivty
0.0 Dawghter
adivity
= _
= n1a
=
< nns —
nn2 —
| | | I
0 12 24 3 & 54 T2
Time (h)

Fig. 1.4: Multiple growth and elution of daughter activity in a radionuclide generator
Preferably, the daughter activity should be obtained in a form that is amenable for direct use
in the preparation of radiopharmaceuticals. In the case of metallic radionuclides,
uncomplexed form is the most desirable. Additionally, the radionuclide generators for
biomedical applications must be simple in design, efficient and easy to operate. Various
techniques, such as column chromatography, solvent extraction and sublimation have been

reported for the preparation of radionuclide generators [40-43]. Conversion of the parent
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radionuclide into an insoluble ‘gel” and its use as the column matrix from which the daughter
radionuclide can be eluted is yet another strategy that has been reported [25,44]. Out of these,
column chromatography and solvent extraction are the most commonly used methods for the
preparation of radionuclide generators for biomedical applications. The choice of a particular
technique is usually made for technical, economic and logistic reasons, with emphasis on one
or other of these factors depending on the circumstances. The relative advantages and
disadvantages of each of these techniques are discussed below.

1.9.1 Column chromatography: This is the most commonly used method for the preparation
of radionuclide generators, primarily due to its simplicity of operation. This method relies
upon the chromatographic separation of the daughter radioisotope from the parent, by the
virtue of their difference in their retention affinity in the column [45,46]. Generally, the
column matrix has very high retention affinity for the parent radionuclide while the affinity
for the daughter radionuclide is substantially low. The long-lived parent is adsorbed on a
solid support and the daughter activity is selectively and periodically eluted using suitable
eluents. Both inorganic and organic sorbents have been evaluated as chromatographic
supports for radionuclide generators [45]. However, the radiation damage to the organic
matrix deteriorates the performance of the generator with respect to the elution yield and
parent breakthrough, on prolonged use. Moreover, the radiolytic fragments of the organic
matrix may come along with the daughter activity in the eluate as undesirable chemical
impurities. The limited resistance of these organic resins to radiation also limits the
radioactivity of the parent that can be loaded onto the generator column. The inorganic
sorbents, on the other hand, possess appreciably high radiation resistance and good ion-
exchange properties which make them suitable for the preparation of radionuclide generators.
Typically, hydrated metal oxides (such as Al,O3, ZrO,, SnO,, TiO; etc.) are used as inorganic

sorbents for the preparation of radionuclide generators [45]. A cause of concern with such
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sorbents is the solubility of metal oxides in aqueous solutions. In certain cases, the solubility
of metal oxide increases with successive elutions over a prolonged period of time [45,19].
This in turn adds chemical impurities in the daughter product, rendering it unsuitable for the
preparation of radiopharmaceuticals [19].

Another major limitation of the chromatographic approach is the limited sorption
capacity of the column matrices. The required volume of the eluent for the quantitative
elution of the daughter radioisotope from a chromatographic generator depends on the size of
the column which in turn is inversely proportional to the specific activity of the parent
radioisotope [40]. Consequently, high specific activity parents are required in order to reduce
the size of the column. If the specific activity of the parent radioisotope is low, the daughter
activity can only be availed with low-radioactive concentration from such systems, thereby
requiring post-elution concentration of the daughter activity prior to the preparation of
radiopharmaceuticals [25]. The requirement for the multiple-step post-elution concentration
procedure results in a fairly complex system, introduction of chemical impurities in the
daughter eluate and overall low reliability. Sometimes, the column chromatographic
generators exhibit degrading performance on repeated elution, over a prolonged period of
time [19]. For certain cases, it is reported that the yield of the daughter activity decreases and
the breakthrough of the parent increases with time [19]. This in turn reduces the shelf-life of
the generator and makes it cost-ineffective.

1.9.2 Solvent Extraction: Solvent extraction is another approach which has been widely
exploited for the preparation of radionuclide generators [40-43,47,48]. This method is based
on the relative solubility of the parent and the daughter radioelements in two immiscible
liquids, usually water and an organic solvent [49]. The solvent extraction generators have
some economic and technical advantages. Unlike in column chromatographic approach, here,

low specific activity parent can be used for the preparation of radionuclide generators and the
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daughter activity is obtained with high radioactive concentration with low levels of
radionuclidic impurities. However, solvent extraction involves a cumbersome multi-step
separation process using complicated apparatus. Therefore, it requires highly trained
personnel for successful operation. The handling of large volumes of organic extractant may
pose possible fire hazard due to the volatile organic vapors. Moreover, the organic solvent
may undergo radiolysis and introduce organic residues in the daughter product, which may
interfere in the subsequent radiolabeling reactions and bring undesirable changes in the
biological properties of the radiopharmaceutical. The detrimental effect of radiolysis may
also lower the extraction efficiency of the organic solvent.

1.9.3 Sublimation: This approach has a very limited scope as it can be used for the separation
of daughter radionuclide from the parent, only if there is a sufficient difference between their
volatilities at an elevated temperature. Till date, this approach has been restricted only to the
Mo/ Tc generator system. The fundamental work in the sublimation of PmTe from Mo
was carried out at the Australian Atomic Energy Commission, to provide a source of
medically acceptable 99mTc [40-43,50]. For this, irradiated molybdenum trioxide was heated
at 850 °C in a stream of oxygen, in a specially designed apparatus. Under these conditions,
the oxide of technetium (Tc,0O7) sublimed, thus separating from the molten molybdenum
oxide. The major advantage of this approach is that low specific activity parent (*’Mo) can be
used for the preparation of the generator [40]. Moreover, irradiated target (MoOj3) can

directly be used without any chemical processing and the daughter radionuclide o

Tc) can
be obtained with very high radioactive concentration and radionuclidic purity [40]. However,
there are numerous disadvantages of this approach. Firstly, the separation process is very
complicated and a gadget suitable for use in small Nuclear Medicine laboratory has not been

developed. Secondly, the separation efficiency was poor (~25-40%) and it reduced further

after first separation. Thirdly, there are chances of leakage of radioactivity in gaseous form
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and therefore the entire process requires dedicated facility and very skilled working
personnel. Therefore, despite its ability to produce 99mTe of very high quality, this process has
very limited acceptability.

1.9.4 ‘Gel-based’ system: Here, the parent radionuclide is used as the column matrix by
converting it into a suitable insoluble compound. The use of the term ‘gel’ is owing to the
initial work with *’Mo, wherein the matrix resembled gels, while strictly these matrices may
not be ‘gels’. However, since the term has come to stay in the world of radionuclide
generators, it is continued. The ‘gel’ based system is an useful alternative to the
chromatographic generator wherein low specific activity parent can be used [44]. It retains
the simplicity of the chromatographic systems and can be conveniently operated in a hospital
radiopharmacy. This approach has been exploited for the preparation of *’Mo/”’™Tc and
188w /188Re generators [44,51-53]. For this, the neutron irradiated “Mo as molybdate or 188y
as tungstate can be incorporated into insoluble precipitates of zirconium or titanium [44,51-
54]. The content of Mo or W inside the gel matrix is ~25-30% and it is possible to use
medium specific activity Mo or '"*W for preparation of the gel [54]. Though the ‘gel
generator’ is simple to operate, the preparation of the gel itself is quite complicated and pose
several challenges. The properties of these generators depend essentially upon their
preparation conditions [44,51-55]. Consequently, the factors such as the pH of %Mo-
molybdate or '®*W-tungstate, the molar ratios of X:Mo or X:W (X = Zr, Ti etc.), the
concentrations of the reagents, the order of reactive addition, the drying temperature of the
final product etc. influence the elution of 9m1e or ¥ Re from the gel. Thus it is important to
have strict “Standard Operating Procedures” (SOP) for preparation of these gel generators.
Even if the ‘gel generator’ is prepared under the most optimum conditions, the specific

f 99m,

concentration o Tc or '%¥Re may be too low for clinical use [25].
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1.10 Quality control of the generator produced radioisotopes

Since generator produced radioisotopes are intended for clinical applications, it is
imperative that the radionuclide generators undergo strict quality control procedures before
being handed over to the Nuclear Medicine physicians for patient applications. Quality
control involves specific tests and measurements that ensure the elution efficiency of the
generator, product identity, purity and radioactive concentration of the daughter radionuclide,
biological safety and the efficacy of the radionuclide for the preparation of
radiopharmaceuticals. These methods are briefly described below.
a) Elution efficiency of the radionuclide generator: The elution efficiency of the
radionuclide generator is defined as the proportion of the daughter radioisotope present in the
generator system that is separated during the elution process. Theoretically, the activity (Ay)
of the daughter radioisotope present in the generator system at the time of elution is given by
the equation (7). In practice, the activity of the daughter radioisotope eluted is less than that
predicted by the theory. If the measured activity of the separated daughter radioisotope after
allowing time ‘t’ for its growth, is denoted by A, then the elution efficiency can be defined
by the equation:

s

9 Elution efficiency =

For a radionuclide generator to be cost-effective, it is essential that its elution efficiency
should be fairly high (>80%) and it should remain constant during the stipulated period of
utilization (or the useful shelf life) of the generator.

b) Radionuclidic purity of the separated daughter radioisotope: Radionuclidic purity is
defined as the fraction of the total radioactivity in the form of the desired radionuclide [56].
In the separated daughter radioisotope obtained from the radionuclide generator, the primary
radionuclidic impurity that may be expected is the long-lived parent radioisotope. Sometimes,

the parent radioisotope may be associated with other radionuclidic impurities which may also
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come in the separated daughter activity. Understandably, radionuclidic impurities are
undesirable in the daughter product, as these can have various implications for its use in
Nuclear Medicine, such as interference in the reaction for preparation of the
radiopharmaceutical leading to poor yields or unwanted compounds, increase in the unwanted
radiation exposure to the patient, obscure scintigraphic images, and possible radio-toxicity.
Hence the radionuclidic purity of the intended radionuclide needs to be determined and the
impurities ascertained to be well within the stipulated limits [56]. Determination of
radionuclidic impurities in the separated daughter radioisotope is mostly done by y-ray
spectrometry using HPGe detector coupled with a multi-channel analyzer [56]. This
technique can be used for both qualitative as well as quantitative estimation of radionuclidic
impurities in the daughter product obtained from the radionuclide generator. However, in
case of generator systems where both parent and daughter radioisotopes are pure B~ emitters
(as in the case of *°Sr/*’Y generator) and no Y-emissions are available to permit Y-
spectrometric analysis, B~ counting has to be done after a quality control test wherein the
parent radionuclidic impurity is unambiguously separated from the daughter product [57-59].
In such cases, the radionuclidic purity may also be checked and determined by J-
spectrometry using a liquid scintillation counter [59].

¢) Radiochemical purity of the separated daughter radioisotope: The radiochemical
purity of a generator produced radionuclide may be defined as the fraction of the total
radioactivity present in the desired chemical form [56]. Radiochemical impurities may arise
in the daughter radionuclide during its separation from the parent or its subsequent storage
due to several factors such as the action of the solvent and the effect of radiolysis, change in
temperature or pH, presence of oxidizing or reducing agents. The radiochemical impurities
present in the daughter radionuclide may not be suitable for labeling with ligands and

biomolecules. This may also affect the biological behavior of the radiopharmaceutical as the
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agent may not be selectively taken up by the target organ [56]. The presence of radiochemical
impurities in generator produced radioisotopes can be detected and determined by various
analytical methods. These include, paper chromatography, thin layer chromatography, paper
electrophoresis, high performance liquid chromatography, gel filtration, gel chromatography,
ion exchange chromatography, solvent extraction, inverse dilution and precipitation [56]. In
this thesis, paper chromatography and thin layer chromatography techniques have been used
for determining the radiochemical purity of the generator derived radioisotopes.

d) Chemical purity: Any unwanted chemical species (organic or inorganic) present in the
daughter product is considered as chemical impurity. The presence of these chemical
impurities may affect the chemistry of the radionuclide for the preparation of
radiopharmaceuticals. The chemical impurities may be introduced in the daughter
radionuclide by a variety of ways. This includes the use of impure chemicals and use of
radioactive parent solutions containing undesired chemicals introduced during its
radiochemical processing. Also, in case of column chromatographic and solvent extraction
based generators, the radiolytic or chemical degradation of the column matrix or the solvent
may lead to the addition of chemical impurities to the daughter radionuclide. The presence of
these chemical impurities can be avoided by the use of highly pure chemicals and adoption of
appropriate separation methodology. The level of these chemical impurities may be detected
and determined by various analytical techniques like colorimetry, spot-tests,
spectrophotometry, inductively coupled plasma atomic emission spectroscopy (ICP-AES) etc.
[56]. Of these techniques, ICP-AES has been utilized in this thesis for the determination of
the chemical purity of the generator produced radionuclides. If required, the chemical
impurities present in the radionuclide may be removed by applying simple separation

techniques, such as, precipitation, solvent extraction, ion-exchange and distillation [56].
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e) Labeling efficacy: Generally, generator produced radionuclides are used for clinical
application, only after radiolabeling a suitable ligand or a biomolecule with it. The suitability
of a generator produced radionuclide for radiopharmaceutical applications can be
demonstrated by its efficacy to prepare standard radiolabeled agents. This is also an indirect
test of the chemical purity of the radionuclide as high chemical purity is required for the
preparation of the radiolabeled agent with the no-carrier-added radionuclide.

f) Biological tests: Biological quality control tests are carried out to examine the sterility and
apyrogenicity of the generator-produced radionuclide before the preparation of
radiopharmaceuticals. Sterility indicates the absence of any viable bacteria or microorganism
in a radiochemical. It is essential to avail the daughter radionuclide from the generator in
sterile form in order to prepare clinical grade radiopharmaceuticals. Administration of non-
sterile radiopharmaceutical can cause a wide variety of infections leading to several
physiological problems including death [56]. Steam or high temperature sterilization and
sterilization by filtration through microfilters are the commonly used procedures for
sterilizing the radiochemicals. Generally, in order to obtain the generator produced
radionuclide in a sterile form it is filtered through commercially available Millipore filters
[56], which are membrane filters made of cellulose esters, available in various pore sizes and
disposable units.

Pyrogens are either polysaccharides or proteins produced by metabolism of
microorganisms and if present in a radiopharmaceutical can cause a wide variety of
physiological problems, such as, fever, chills, malaise, leucopenia, flushing, sweating,
headache and pain in joints [56]. It is mandatory that all products intended for injection into
the humans, including radiopharmaceuticals should have pyrogens below the stipulated

limits. Pyrogen free radionuclides can be obtained from the generator without much difficulty
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using high quality chemicals and taking particular care during the preparation and storage of
the generator.

Numerous methods are reported for testing the sterility and apyrogenicity of a
radiochemical [56]. However, since all these methods are time consuming, the sterility and
apyrogenicity tests for short-lived generator produced radionuclides are done post-facto.
However, in order to reach this level of confidence on the product, several batches have to be
produced, tested and repeatedly shown to be complying with the quality requirements, before
actual use in humans. The daughter radionuclide obtained from the generator is used for
radiopharmaceutical preparation, provided the manufacturer has already established its
sterility and apyrogenicity before the generator is commercialized.

1.11 Shelf-life of a radionuclide generator

The shelf-life of a radionuclide generator is the period for which the generator can
safely be used for the designated clinical applications. The shelf-life of a typical radionuclide
generator is influenced by the physical half-life of the parent radioisotope as well as the
generator performance which are gauged by measuring the elution yield, radioactive
concentration and the purity of the daughter radioisotope. The parent radioisotopes having
longer physical half-lives are generally expected to have longer shelf-life. However, the
shelf-life of a radionuclide generator is also influenced by the procedure adopted for the
separation of the parent-daughter pairs. The suitability of a separation procedure to withstand
the effects of radiolysis and chemical degradation over a prolonged period of time enhances
the shelf-life of the generator. Overall, the economics of production of short-lived
radioisotopes via a radionuclide generator is decided by the shelf-life of the generator which
in turn determines the cost of treatment using radiopharmaceuticals based on generator

produced radionuclides.
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1.12 Motivation for the work carried out in this thesis

Radionuclide generators play an important role in providing short-lived radioisotopes
in a no-carrier-added form, for use in Nuclear Medicine. To a great extent, progress in the
development of new radionuclide generator systems and medical applications of generator-
produced radioisotopes, is dependent on improvements in separation technology. As
discussed earlier (Section 1.9), the currently available options for the preparation of
radionuclide generators have several limitations which have an impact on their widespread
acceptability and adaptability in a clinical scenario. In view of these limitations, development
of alternate viable processes for the preparation of radionuclide generators for biomedical
applications still remains an interesting challenge.

In this thesis, development of radionuclide generators based on two novel approaches
has been described. The first approach involves the use of electrochemical separation
technique and the second involves the use of nanomaterials based sorbents for the preparation
of radionuclide generators. Electrochemical method provides a simple and convenient
approach of performing a wide variety of metal ion separations. A mixture of metal ions
having adequate difference in their formal potential values in an electrolytic medium can be
mutually separated by selective electrodeposition of one metal on an electrode surface under
the influence of controlled applied potential [60]. In-situ electrochemical deposition of a
daughter radionuclide is an attractive route to develop radionuclide generators. The major
advantage of this approach is that the daughter radioisotope can be obtained with very high
radionuclidic purity and radioactive concentration, irrespective of the specific activity of the
parent radioisotope. The second approach based on the use of nanomaterials based sorbents
for the preparation of generators relies on the unique morphological features, pore structure,
high surface areas and high surface charge of nanomaterials. Such sorbents demonstrate

much higher sorption capacity and selectivity for the sorption of the parent radioisotope
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compared to their bulk counterparts. The daughter activity can be availed with appreciably
high radioactive concentration and purity suitable for biomedical applications.
1.13 Scope of the present thesis

The work carried out in this thesis pertains to the development of some of the most
important radionuclide generators for biomedical applications, adopting the novel approaches
described above. Radionuclide generators have been developed for both diagnostic
applications (*Mo/*™Tc and **Ge/**Ga generators) as well as therapeutic applications
°St/’Y and '*W/'®Re generators). The development of each of these radionuclide
generators is described as separate chapters in this thesis (Chapters 3-6). The synthesis and
structural characterization of four nanomaterial based sorbents, namely, polymer embedded
nanocrystalline titania (TiP), mixed phase nano-zirconia (nano-ZrQO,), tetragonal nano-
zirconia (t-ZrO;) and nano-ceria-polyacrylonitrile composite (CeO,-PAN) which are of
common relevance for the preparation of PMo/?™Tc, ®Ge/®*Ga and "*W/'"**Re generators

has been described in Chapter 2.
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CHAPTER 2

SYNTHESIS AND STRUCTURAL
CHARACTERIZATION OF
NANOMATERIAL BASED

SORBENTS

“All truths are easy to understand once they are discovered; the point is to discover

them.”

GALILEO GALILEI
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2.1 Introduction
2.1.1 Nano — The Beginning

In the recent times, nanoparticles, or objects of size in the range of nanometer (1-100
nm) have become one of the most exciting objects of investigation and have played important
roles in the forefront areas of Physics, Chemistry, Engineering, Biology and Medical Science
[61,62]. Such materials show great promise in providing many breakthroughs in the near
future that may change the direction of technological advances in a wide range of
applications [61]. Nanoscience or the science of nanoparticles refers to the control and
manipulation of matter at nanometer dimension, which includes synthesis, characterization,
exploration, and application of nanostructured and nanosized materials. While the word
‘nanoscience’ is relatively new, the applications of nanomaterials can be historically traced
back to even before the generation of modern science and technology. Nature makes
nanometer sized objects of varying kind. Several structures of nanometer dimensions have
probably existed on earth ever since the inception of life on it [61]. The abalone, a mollusk,
constructs very strong shells having iridescent inner surfaces by utilizing calcium carbonate
as strong ‘nanostructured bricks’ held together by ‘glue’ made of carbohydrate-protein mix.
Cracks initiated on the outside are unable to move through the shell because of the
nanostructured bricks. The shells represent a natural demonstration that a structure fabricated
from nanoparticles can be much stronger than that made with bulk materials. Another
example is that of the bacteria, ‘Magnetosperillum magnetotacticum’, which makes
nanometer sized magnetite (Fe;O4) particles of specific morphology [61]. The magnetism
caused by such particles helps the bacteria in finding a direction favorable for its growth.
There are several other bacteria like the familiar ‘Lactobacillus’ which can take up metal ions

added into butter milk, and reduce them inside the cell and make nanoparticles [61].
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It is not clear when humans first began to take advantage of the nanosized materials. It
is known that in the 4™ century A.D., Roman glassmakers were fabricating glasses containing
nanosized metals [61]. In the ancient Indian medical system called Ayurveda, nanosized gold
particles were used in several medicinal preparations [61]. Over 5000 years ago, the
Egyptians also used nanosized gold particles in dentistry [61]. Photography, now an advanced
and mature technology was developed in the eighteenth and nineteenth centuries based on
production of silver nanoparticles sensitive to light. However, the science of nanometer scale
objects was not discussed until much later. In 1959, the Nobel Prize winning physicist,
Richard Feynman presented a visionary and prophetic lecture at a meeting of the American
Physical Society, entitled “There is plenty of room at the bottom”, where he speculated on the
possibility and potential of nanosized materials [61,63]. But, it was not until the 1990s with
the emergence of appropriate methods of fabrication of nanostructures that a notable increase
in research activity occurred, and a number of significant developments resulted. This period
was also marked by the phenomenal success in developing important tools for viewing,
characterizing and for atomic manipulation of the nanostructures. Several sophisticated
instruments for characterization and manipulation such as scanning electron microscopy,
transmission electron microscopy and scanning probe microscopy became available for
researchers to explore the nanoworld.

Owing to their unique properties, nanomaterials are now used in various diverse fields
like nanophotonics, lasers, nanoelectronics, solar cells, resonators, high sensitivity sensors,
catalysis, functional coatings, energy storage, drug delivery and biomedicines [61,62,64].
Today, nanomaterials are revolutionizing social and economic development by offering
innovative and viable solutions to some of the most pressing problems of the world
community. However, these are only a limited part of the fast developing applications of

nanomaterials and numerous other applications of these materials are yet to be unfolded.

45



2.1.2 Nanomaterials as sorbents for radionuclide generators

Nanomaterials are expected to provide unprecedented opportunities in developing a
new class of sorbents for chromatographic applications due to their unique surface and
morphological features. While the structural features of such materials are in between of
those of atoms and the bulk materials, the properties of materials with nanometer dimensions
are significantly different from those of atoms and bulks materials. Due to their small
dimensions, nanomaterials have extremely large surface area to volume ratio, which makes a
large fraction of atoms of the materials to be the surface or interfacial atoms, resulting in
more ‘surface-dependent’ material properties. These surface atoms are unsaturated, exhibit
intrinsic surface reactivity and have a tendency to chemisorb charged species in aqueous
solution in order to achieve surface stabilization. Moreover, the small size of nanomaterials
either renders them free of internal structural imperfections or impurities present cannot
multiply sufficiently in them to cause mechanical failure [65,66]. The imperfections within
the nano dimension are highly energetic and will migrate to the surface to relax themselves
under annealing, thereby leaving pure and perfect material structures inside the
nanomaterials. This phenomenon of increased materials perfection affects the properties of
nanomaterials. For example, the chemical stability for certain nanomaterials may be
enhanced and the mechanical properties of nanomaterials will be better than the
corresponding bulk materials [65,66]. Further, it is reported that nanocrystalline materials are
more radiation resistant than their bulk counterparts with larger grain sizes [67,68].

There are few reports available in the literature on the exploitation of nanomaterial
based sorbents in the chromatographic separation of metal ions [69,70]. However, the
potential of using such materials as column matrices in radionuclide generators for
biomedical applications is yet to be explored. Owing to their high surface area and intrinsic

surface reactivity, nanomaterial based sorbents have much higher sorption capacity and
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selectivity compared to the conventional sorbents. Consequently, parent radioisotopes
obtained from medium flux reactors with low specific activity can also be used for the
preparation of radionuclide generators and the daughter activity can be availed with
appreciably high radioactive concentration and purity. The enhanced mechanical and
chemical stability of such sorbents ensure that the column matrix does not dissolve even after
multiple elutions and prolonged use of the generator, thereby preventing the addition of
chemical impurities in the eluate. Further, owing to the high radiation stability, nanomaterials
can withstand the radiation environment and demonstrate consistently good performance over
a prolonged period of time.
2.1.3 Synthesis of nanomaterials

The synthesis of nanoparticles forms an essential component of nanoscience and
requires strict control over size, shape and crystalline nature, in order to utilize them for the
desired applications [62]. Several methods of synthesis of nanoparticles have been reported in
the literature, which include high energy milling, sputtering, laser ablation, utilization of
plasma generated by radiofrequency heating coils, thermolysis, combustion, chemical-vapor
deposition, electrodeposition, sol-gel and chemical solution methods [62,71,72]. Of these, the
chemical solution method is probably the most useful method of synthesis of nanomaterial
based sorbents for radionuclide generators. This is primarily due to the suitability of this
method to be scaled up for the routine synthesis of large quantities of nanomaterials using
inexpensive and less complicated apparatus [62]. Moreover, chemical methods have proved
to be much more effective than other methods, as they provide better size-control,
homogeneity and enable different shapes and functionalization [62,71].

Chemical synthesis of nanomaterials has been reviewed by many authors [65,71-74],
and innumerable improvements and better methods are being reported continually. In

accomplishing the synthesis and manipulation of nanomaterials using this approach, a variety
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of reagents and strategies have been employed, besides, a wide spectrum of reaction
conditions. It must be mentioned here that there is no general strategy to make nanoparticles
with narrow size distribution, tailored properties, and desired morphologies, which could be
universally applied to different materials. It is believed that the formation of nanoparticle
using chemical method follows the classic LaMer mechanism, which suggests a short burst of
nucleation followed by slow diffusive growth, favoring formation of monodisperse
crystalline nanoparticles [75]. In this thesis, chemical solution method has been used for the
syntheses of various nanomaterial based sorbents for use in radionuclide generators.
2.1.4 Characterization of nanomaterials and understanding their properties

The characterization of nanomaterials is generally done with a probe which may
consist of photons, electrons, neutrons, atoms, ions or even atomically sharp pins [61,62,65].
For nanomaterials, the probing light or particle often has varying frequencies, ranging from
gamma to infrared rays or beyond in the case of photons or hyperthermal (<100 keV) to
relativistic energies in case of particles. The resulting information can be processed to yield
images or spectra which reveal the topographic, geometric, structural, chemical or physical
details of the material. Several techniques are available under the broad umbrella of
characterization of materials [61,62,65] and a systematic application of one or more
techniques leads to a complete understanding of the nanomaterial. In this thesis, techniques
like Brunauer-Emmett-Teller (BET) surface area analysis, Fourier Transform Infrared
Spectroscopy (FTIR), powder X-Ray Diffraction (XRD), Transmission Electron Microscopy
(TEM) and zeta-potential analysis were used for the characterization of the materials and
understanding their properties. The chemical stability of the nanomaterial based sorbents in
different medium was determined using Inductively Coupled Plasma Atomic Emission

Spectroscopy (ICP-AES). These techniques are briefly described below.
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2.1.4.1 BET Surface Area Analysis

Gas sorption (both adsorption and desorption) on the clean surface of dry solid
powders is the most popular method for determining the surface area and pore size
distribution of nanomaterials [76]. In a gas sorption experiment, the material is heated and
degassed by vacuum force or inert gas purging to remove adsorbed foreign molecules.
Controlled doses of an inert gas, such as nitrogen, krypton, or argon, are introduced and the
gas 1s adsorbed, and later, withdrawn and desorbed. This cycle of adsorption and desorption
is carried out several times. The sample material is placed in a vacuum chamber at a constant
and very low temperature, usually at the temperature of liquid nitrogen (77.4 K), and
subjected to a wide range of pressures, to generate adsorption and desorption isotherms. The
amounts of gas molecules adsorbed or desorbed are determined by the pressure variations due
to the adsorption or desorption of the gas molecules by the material (the adsorbent). Various
amounts of gas molecules will be adsorbed or desorbed at different doses of the gas (the
adsorbate). Knowing the area occupied by one adsorbate molecule, (for example, 16.2 A? for
nitrogen), and using an adsorption model, the total surface area of the material can be
determined. The specific surface area that can be determined by gas sorption ranges from
0.01 to over 2000 m’ g, Determination of pore size and pore size distribution of porous
materials can also be made from the adsorption/desorption isotherm using an assessment
model, suitable for the shape and structure of the pores [76]. The range of pore sizes that can
be measured using gas sorption is from a few Angstroms up to about half a micron.
2.1.4.2 FTIR Spectroscopy

Molecules and crystals can be thought of as systems of balls (atoms or ions)
connected by springs (chemical bonds) [77]. These systems can be set into vibration, and they
vibrate with frequencies determined by the mass of the balls (atomic weight) and by the

stiffness of the springs (bond strengths). The molecular and crystal vibrations are at very high
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frequencies ranging from 10" = 10" Hz (3-300 um wavelength), which are in the infrared
(IR) region of the electromagnetic spectrum. The oscillations induced by certain vibrational
frequencies provide a means for matter to couple with an impinging beam of infrared
electromagnetic radiation and to exchange energy with it when the frequencies are in
resonance. These absorption frequencies represent excitation of vibration of the chemical
bonds and are thus specific to the type of bonds and group of atoms involved in the vibration.
In the infrared spectroscopy, the intensity of a beam of infrared radiation is measured before
and after it interacts with the sample as a function of light frequency. A plot of relative
intensity versus frequency is the infrared spectrum. The term °‘FTIR’ refers to Fourier
Transform Infrared Spectroscopy, when the intensity-time output of the interferometer is
subjected to a Fourier Transformation to convert it into the familiar infrared spectrum
(intensity versus frequency). The identities, surrounding environments and atomic
arrangements, and concentration of chemical bonds that are present in the sample can be
determined.
2.1.4.3 Powder X-Ray Diffraction

X-Ray Diffraction (XRD) is a very important technique that has long been used to
address numerous issues related to the crystal structures of solids, including lattice constants
and geometry, identification of unknown materials, orientation of single crystals, preferred
orientation of polycrystals, defects, stresses etc. In XRD, a collimated beam of X-rays with a
wavelength typically ranging from 0.7 to 2 A, is incident on a specimen and is diffracted by
the crystalline phases in the specimen according to Bragg’s Law [78]:

nA = 2d sin 6

where, n is the order of diffraction, d is the spacing between atomic planes in the crystalline

phase and A is the X-ray wavelength. The intensity of the diffracted X-rays is measured as a

function of diffraction angle 20 and the specimen’s orientation. The diffraction pattern is used
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to measure the specimen’s crystalline phases and measure its structural properties. The most
commonly used X-ray diffraction technique is the powder diffraction [78]. Powder XRD can
be used to determine the average crystallite size of a nanocrystalline material [78]. If the
average crystallite size in a powder is below a certain limit (~2000 A diameter), additional
broadening of diffracted X-ray beams occurs. From measurement of this extra broadening an
average crystallite size can be obtained. However, a normal diffraction line might also have a
finite width due to several reasons: the radiation is not absolutely monochromatic, the Ko line
has finite breadth due to Heisenberg Uncertainty Principle and the focusing geometry of the
instrument may not be perfect for a variety of reasons. In order to correct for the peak
broadening which is caused by the diffractometer due to the aforementioned reasons, the peak
broadening due a sample is always measured in comparison with that of a standard material.
The crystallite size, D, might be estimated from the peak width using the Scherrer’s formula:

094
Bcos@

where, A is the X-ray wavelength and 6 is the Bragg angle. B is the line broadening,
indicating the extra peak width of the sample in comparison to the standard, derived using the
Warren formula, B’ = BM2 - Bsz, where M and S refer to specimen and the standard. By and
Bgs are measured in radians at half the peak height (full width at half maxima, FWHM). The
sample and standard must have peaks close to each other. With good experimental
techniques, crystallite sizes up to 200 nm can be measured by using the Scherrer formula. In
the range of 5-50 nm, the broadening is easy to determine. At larger particle sizes, the
difference between the sample and standard is small and at small particle sizes, the peak is
difficult to distinguish from the background. For smaller particles, low angle peaks are used
for size determination as they are less broad as compared to the large angle peaks.

2.1.4.4 Transmission electron microscopy

Transmission Electron Microscopy (TEM) is a well known technique for imaging
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solid materials at atomic resolution. Structural information can be acquired both by (high
resolution) imaging as well as by electron diffraction [65]. Additional detectors allow for
elemental and chemical analysis down to sub-nanometer scale. The greatest advantages that
TEM offers are the high magnification ranging from 50 to 10° and its ability to provide both
image and diffraction information from a single sample. TEM instruments with resolving
powers in the vicinity of 1 A are now common and have become one of the most essential
tools for the characterization of nanomaterials. In TEM, the electrons from a source such as
an electron gun (W or LaB¢) enter the sample, are scattered as they pass through it, are
focused by the objective lens, are amplified by the magnifying projector lens, and finally
produce the desired image. The transmitted electrons are used to create the image of a
sample. Scattering occurs when an electron beam interacts with matter. Elastic scattering
involves no energy loss and give rise to diffraction patterns. Inelastic interactions between
primary electrons and the sample electrons at heterogeneities such as grain boundaries,
dislocations, second phase particles, defects, density variations etc., can cause complex
absorption and scattering effects, leading to a spatial variation in the intensity of the
transmitted electrons. In TEM, one can switch between imaging the sample and viewing its
diffraction pattern by changing the strength of the intermediate lens.

The higher the operating voltage of a TEM instrument, the greater is the lateral spatial
resolution. High voltage TEM instruments (e.g. with 400 kV) have resolutions better than 0.2
nm. High voltage TEM instruments have additional advantage of greater electron penetration,
because high energy electrons interact less strongly with matter than low energy electrons. So
it is possible to work with thicker samples using a high voltage TEM. However, the chances
of irradiation damages are more at higher acceleration voltages.
2.1.4.5 Zeta potential of nanomaterial based sorbents

The zeta potential ({) of a nanomaterial based sorbent is commonly used to describe
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the charge developed on the surface of the nanoparticles when they interact with their
surroundings and is a very useful tool in the interpretation of their sorption behavior. The
development of positive or negative charge at the surface of the nanoparticle affects the
distribution of ions in the surrounding interfacial region, resulting in an increased
concentration of counter ions (ions of charge opposite to that of the particle) close to the
surface. Thus an electrical double layer exists round each particle [79,80]. The liquid layer
surrounding the particle exists as two parts; an inner region (Stern plane) where the ions are
strongly bound and an outer (diffuse) region where they are less firmly associated. Within the
diffuse layer there is a notional boundary inside which the ions and particles form a stable
entity. When a particle moves (e.g. due to gravity), ions within the boundary also move with
it. Those ions beyond the boundary stay with the bulk dispersant. The potential at this
boundary (surface of hydrodynamic shear) is the zeta potential ({). The pH of the solution in
which the nanomaterial is dispersed is one of the most important factors that affect its zeta
potential. A zeta potential value on its own without defining the solution conditions is
virtually a meaningless number. Generally, the zeta potential values change with change in
pH of the solution. Sometimes, at a particular pH, the zeta potential of a nanoparticle is zero.
This point is called as ‘isoelectric point’ (IEP) of the sample.

When nanoparticles are dispersed in the electrolyte of interest and an electric field is
applied across the electrolyte, the charged nanoparticles suspended in the electrolyte are
attracted towards the electrode of opposite charge due to electrostatic attraction. Viscous
forces acting on the particles tend to oppose this movement. When equilibrium is reached
between these two opposing forces, the particles move with constant velocity. The velocity is
dependent on the strength of electric field or voltage gradient, the dielectric constant of the

medium, the viscosity of the medium and the zeta potential. The velocity of a particle in a

53



unit electric field is referred to as its electrophoretic mobility. Zeta potential is related to the

electrophoretic mobility by the Henry equation:-

_2&cf(ka)
= —377

Uk

where Ug = electrophoretic mobility, { = zeta potential, € = dielectric constant, 1 = viscosity
and f(xa) = Henry’s function which depends on the ratio of the particle radius to electrical
double layer thickness. For aqueous electrolyte of moderate concentration, f(ka) is taken as
1.5, and this is referred to as the Smoluchowski approximation.

The zeta potential of a sample is measured by an instrument known as ‘Zetasizer’,
which uses a combination of laser Doppler velocimetry and phase analysis light scattering
(PALS) [81]. A laser is used to provide a light source to illuminate the particles within the
sample. This light source is split to provide an incident and reference beam. The incident
laser beam passes through the centre of the sample cell, and the scattered light is detected.
When an electric field is applied to the cell, any particles moving through the measurement
volume will cause the intensity of light detected to fluctuate with a frequency proportional to
the particle speed (electrophoretic mobility) and this information is passed to a digital signal
processor and then to a computer. The zetasizer has a software which produces a frequency
spectrum from which the electrophoretic mobility and hence zeta potential is calculated.
2.1.4.6 Inductively coupled plasma atomic emission spectroscopy (ICP-AES)

ICP-AES is a spectral method used to determine very precisely the presence of metal
analyte and the elemental concentration thereof. There are numerous reports on utilization of
this technique for analysis of nanoparticles [82-85]. ICP-AES analysis requires a sample to be
in solution. It works by the emission of photons from analytes that are brought to an excited
state by the use of high-energy plasma. The plasma source is induced when passing argon gas
through an alternating electric field that is created by an inductively couple coil. A peristaltic

pump delivers the sample into a nebulizer where it is atomized and introduced directly inside
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the plasma flame. When the analyte is excited, the electrons try to dissipate the induced
energy by moving to a ground state of lower energy and in doing this they emit the excess
energy in the form of light. The wavelength of light emitted depends on the energy gap
between the excited energy level and the ground state and is thus specific to the element. In
this way, the wavelength of light can be used to determine what elements are present by
detection of the light at specific wavelengths. In order to determine the concentration of
elements present, a calibration curve is developed using analyte solutions of known
concentrations, whereby the intensity of the signal changes as a function of the concentration
of the material that is present. When measuring the intensity from a sample of unknown
concentration, the intensity from this sample can be compared with the calibration curve to
determine the concentration of the analytes within the sample.
2.1.5 The present work

This chapter describes the synthesis and characterization of four nanomaterial based
sorbents, namely, polymer embedded nanocrystalline titania (TiP), mixed phase nano-
zirconia (nano-ZrQ,), tetragonal nano-zirconia (t-ZrO,) and nano-ceria-polyacrylonitrile
composite (CeO,-PAN) for use in the preparation of radionuclide generators.
2.2 Materials
2.2.1 Chemicals

Reagents such as hydrochloric acid, ammonium hydroxide, oxalic acid, cerium (III)
nitrate etc. were of analytical grade and were procured from S.D. Fine Chemicals, Mumbai,
India. Zirconyl chloride (ZrOCl,.8H,0), titanium tetrachloride and isopropyl alcohol (A.R.
grade) were obtained from E. Merck, Darmstadt, Germany. Polyacrylonitrile (PAN) beads

(+99.9%, A.R. grade) were procured from Aldrich, England.
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2.2.2 Instruments
X-ray diffraction

X-ray diffraction data were collected on the powder sample for the phase
identification and crystallite size estimation, using monochromatized Cu-Ka radiation on a
PANalytical X-ray diffractometer (X pert PRO). The instrument was operated at 40 kV and
30 mA. Silicon was used as an external standard for the correction due to instrumental line
broadening. The nano powder was ground and loaded in the groove of the perspex sample
holder. XRD pattern was recorded in the 20 range of 10-90° for 1 h with a scan step size of
0.02°.
Surface area measurement

The surface area and the pore size analysis were carried out by nitrogen adsorption
(BET) technique at 77 K using Quantachrome, Autosorb-1 analyzer (Quantachrome
Instruments, FL 33426 USA). The nanomaterial was first preheated in vacuum at 300° C for 1
h to activate the sample.
Transmission electron microscopy

TEM data were recorded using TEM, JEOL FX microscope (Jeol Ltd., Tokyo, Japan)
on the powder sample. The preparation of samples for TEM analysis involved sonication in
ethanol for 5 minutes and deposition on a carbon coated copper grid. The accelerating voltage
of the electron beam was 200 kV.
Zeta potential analysis

The zeta potential of the nanomaterials was measured using a zeta potential analyzer
(Zetasizer Nano ZS/ZEN3600, Malvern Instruments Ltd., UK). The preparation of samples
for zeta potential analysis involved dispersion of ~5 mg of the nanomaterial in 50 mL of de-

ionized water, followed by sonication for 5 min. The pH of the suspension was adjusted using
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HClO4 and NaOH solution, and a small volume of the suspension was injected into the
electrolytic cell. All measurements were carried out at 25 °C in triplicate.
ICP-AES analysis

The chemical analysis for the determination of trace levels of metal ion contaminants
in solution was done using ICP-AES (ICP-AES Model JY-238, Emission Horiba Group,
France). The calibration curve for the metal ions was obtained by using standard solutions
having known concentration of these ions.
2.3 Synthesis and characterization of TiP
2.3.1 Synthesis of TiP

Titanium tetrachloride was drop-wise added to isopropyl alcohol with vigorous
stirring. The ratio of the two reactants, titanium tetrachloride : isopropyl alcohol was
maintained at 2:1 (v/v). The viscosity of the reaction mixture increased gradually with time
and after 4-6 h, a semisolid mass was formed which was difficult to stir. The reaction
between isopropyl alcohol and titanium tetrachloride was very slow. The semisolid mass was
kept for 5 days to complete the reaction and subsequently dried under an infrared lamp at a
temperature of 80°-90° C for nearly 2 days to remove the generated HCI fumes and excess
unreacted isopropyl alcohol. The reaction time and the drying time were very important for
the preparation of the desired quality sorbent. With decrease in reaction time, the product
obtained was not homogeneous and crumbled into fine powder. The material obtained after
this initial stage of drying was water soluble. To render the water soluble precursor as an
insoluble sorbent, it was heated for 2 h at a temperature of 160 °C in a furnace. The solid mass
obtained was subjected to repeated washings with distilled water to remove traces of
remaining HCI and isopropyl alcohol. The residue was dried, ground in a porcelain mortar

and sieved using a sieve of 50-100 mesh (149 — 297 pum). After drying and sieving, the
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product obtained was granular and exhibited free flow characteristics for use in a column. It
was insoluble in water and most of the mineral acids and alkalis.
2.3.2 Chemical stability of TiP

The chemical stability of the TiP was assessed in several mineral acids and bases,
such as HCI, HNO3;, NaOH and NH4OH of concentration up to 5 N. A weighed amount of
TiP (1 g) was placed in 50 mL solvent of interest and kept for 24 h with continuous shaking
at room temperature. It was clear that only a negligible amount of sorbent dissolved even
after 24 h of shaking, as there was no turbidity in the solvent. Subsequently, it was filtered
and the level of Ti metal ions in the filtrate, as determined by ICP-AES analysis was <0.1
ppm. This characteristic shows that the sorbent can safely be used for generator preparation.
2.3.3 Structural characterization of TiP

The structural characteristics of TiP were investigated by various analytical
techniques like FTIR spectroscopy, BET surface area analysis, XRD and TEM.
2.3.3.1 FTIR spectroscopy

The FTIR spectrum of TiP is shown in Fig. 2.1. The sample as such showed a broad
absorption peak in the range 3600-3000 cm™, which was due to the sum of the contributions
of hydroxyl groups and water molecules. Absorption peak at 1614 cm” was due to the
bending mode of OH group attached to the matrix. The continuous absorption peak
appearing at <1000 cm™' was due to titanium-oxygen bonds [86].
2.3.3.2 BET surface area analysis

The surface area measurement by standard BET technique was carried out on the
prepared sample. The surface area of TiP was found to be 30 m* g, The surface area was
also measured after decomposing the polymer matrix and it was found to be 38 m’ g"'. The

increase in surface area might be due to the decomposition of the sorbent accompanied by
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evolution of gases, which makes the product more porous. The average pore size of the

powder was found to be ~4 A.
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Fig. 2.1: FTIR spectrum of TiP
2.3.3.3 XRD studies

The XRD pattern of TiP is shown in Fig. 2.2 and it matches well with the rutile
modification of TiO,. The average crystallite size of TiO, was calculated using Scherrer’s
formula and was found to be 5.2 + 0.6 nm (n=5).
2.3.3.4 TEM studies

The TEM micrograph of TiP is shown in Fig. 2.3 and it reveals the network of
polymer with dispersed titania phase. The crystallite size of TiP as observed from the TEM
micrograph ranged between 4-6 nm, which was in accordance with the result obtained from
XRD studies. Excess time exposure of the electron beam to the sample caused degradation of

the polymer. This led us to the inference that in TiP, TiO, nanoparticles are embedded in the

polymer matrix.
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Fig. 2.2: XRD pattern of TiP

Fig. 2.3: TEM micrograph of TiP
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2.3.4 Zeta potential of TiP at different pH environments
The variation of zeta potential of TiP with pH is illustrated in Fig. 2.4. The zeta

potential values are positive in the pH range 1-6 and have a maximum at ~pH 2.
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Fig 2.4: Variation in zeta potential of TiP with variation in pH of the medium

This indicates that in this pH range, coulombic attraction can readily take place, in
conjunction with specific chemical adsorption, between the sorbent and negatively charged
ions. On further increase in pH, the zeta potential of TiP decreases and passes through
isoelectric point (IEP) at pH between 6 and 7. Under alkaline conditions, the zeta potential of
TiP was negative. The material was synthesized in 10 different batches and the structural
characteristics and properties of the material remained unchanged in all the batches.
2.4 Synthesis and characterization of nano-ZrQO,
2.4.1 Synthesis of nano-Zr0,;

nano-ZrO, was synthesized by controlled hydrolysis of zirconium oxychloride in

isopropyl alcohol medium. Zirconium oxychloride was dissolved in 80% isopropyl alcohol
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and 20% ammonia solution in isopropyl alcohol medium was added drop-wise to it with
vigorous stirring. The stirring of the reaction mixture was essential in order to prevent
agglomeration and obtain nanocrystalline zirconia. The ammonia solution was added until
complete formation of the white precipitate. However, the pH of the reaction medium was
maintained at ~4 during the course of the reaction. The precipitate was subsequently refluxed
for 12 hours at ~96 °C, maintaining pH at ~4, to facilitate the stabilization of the nano-
zirconia particles. The precipitate obtained was washed with distilled water, dried at 100 C
and calcined at 600 'C for 2 h. The material produced was sieved to obtain particles of 50-100
mesh size (149 — 297 um). The product obtained was granular with adequate mechanical
strength for reliable fixed-bed column operation.

2.4.2 Chemical stability of nano-ZrQO;

The chemical stability of the nano-ZrO, was assessed in several mineral acids and
bases, such as HCI, HNO;, NaOH and NH4OH of concentration up to 5 N. A weighed
amount of nano-ZrO, (1 g) was placed in 50 mL solvent of interest and kept for 24 h with
continuous shaking at room temperature. It was clear that no appreciable amount of
dissolution took place and the sorbent was fairly stable in most of the dilute mineral acids and
alkalis. There was no turbidity when the sorbent was suspended in dilute mineral acids and
alkalis for 24 hours. Subsequently, it was filtered and the level of Zr metal ions in the filtrate,
as determined by ICP-AES was <0.1 ppm. This characteristic shows that the sorbent can
safely be used for generator preparation.

2.4.3 Structural characterization of nano-ZrQ,

In order to obtain information on the structure of nano-ZrQ,, it was subjected to FTIR
spectroscopy, BET surface area analysis, XRD and TEM.
2.4.3.1 FTIR spectroscopy

The FTIR spectrum of nano-ZrO, is shown in Fig. 2.5. The spectrum shows a broad
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absorption peak in the range 3600-3000 cm™, which can be attributed to the sum of the

contributions of hydroxyl groups and water molecules.
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Fig. 2.5: FTIR spectrum of nano-ZrQO,
The absorption band centred at around ~1614 cm™ can be attributed to the bending mode of
OH™ group attached to the matrix. The band at 490-501 cm™ is attributed to Zr-O-Zr bond
[87]. The presence of a small peak at ~2300 cm™ may be due to carbon dioxide trapped inside
the bulk structure of the nano oxide.

2.4.3.2 BET surface area analysis

The surface area measurement and the pore size distribution of the sorbent were
carried out by standard BET technique. The surface area of nano-ZrO, was found to be ~45
m” g'. The average pore size was determined to be ~4 A. It was observed that the pore sizes
were quite uniform.
2.4.3.3 XRD studies

The XRD pattern of nano-ZrO, is shown in Fig. 2.6. It shows that nanocrystalline
zirconia prepared by this method consists of two phases, of which the major crystalline phase

is monoclinic zirconia. The minor phase is tetragonal zirconia.
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m = monoclinic phase, t = tetragonal phase
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Fig. 2.6: XRD pattern of nano-ZrQO,
This tetragonal modification could be stabilized due to the excess surface energy possessed
by the nanosized material. The average crystallite size of nano-ZrO, as determined from the
XRD pattern using Scherrer’s formula was ~15 nm.
2.4.3.4 TEM studies

The TEM micrograph indicated that the nanocrystalline zirconia prepared was
crystalline and agglomerated (Fig. 2.7). It was also observed from the TEM that the particles
are quite uniform in size and shape. The average particle size of nano-ZrO, as determined by
TEM measurement was found to be in the range of 15-20 nm which was in accordance with
the results obtained from XRD studies.

2.4.4 Zeta potential of nano-Zr0,

The zeta potential of the sorbent was investigated at pH 1-8 and the results are shown
in Fig. 2.8. This study clearly shows that the surface charge of the sorbent varies at different
pH values. The surface charge of nano-ZrO, is positive at pH <4 and becomes increasingly
negative with rise in pH. The isoelectric point (IEP) of the sorbent surface was reached at pH

~4.5, in this particular ionic system.
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Fig. 2.7: TEM micrograph of nano-ZrQO,
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Fig. 2.8: Variation in zeta potential of nano-ZrQ, with variation in pH of the medium

Several batches of nano-ZrO, were synthesized and reproducible results were

obtained in all the batches.
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2.5 Synthesis and characterization of t-ZrQO,
2.5.1 Synthesis of t-ZrO;

t-ZrO, was synthesized by controlled hydrolysis of zirconyl chloride in ammonical
medium as per the procedure reported by Yin et al [88]. Zirconyl chloride solution (0.17 M)
was added drop-wise into a round bottom flask containing 2.5 M ammonia solution, with
careful control of pH (9-11) and with vigorous stirring. This order of addition of reagents is
important as formation of zirconia precipitate in alkaline environment helps in stabilization of
the precursor to t-ZrO, nanoparticles [89,90]. The vigorous stirring of the reaction mixture
prevents agglomeration of the precipitate and hence facilitates the formation of the
nanoparticles. The resultant hydrogel was washed with de-ionized water until free of chloride
ions. The hydrogel was then digested under reflux at 96 °C for 24 h in a 1 L round bottom
flask that contained aqueous solution of ammonia (pH ~12). The reflux digestion of the basic
solution in the glass vessel leads to stabilization of nanometer-sized tetragonal crystals [88].
Subsequently, the digested gel was washed extensively with de-ionized water. The washed
gel was dried at 100 °C overnight. The dried gel was calcined at 600 °C for 5 h and used for
structural studies. Further, it was ground in a porcelain mortar and sieved to get particles of
50-100 mesh (149 — 297 um). The product obtained was granular in texture with adequate
mechanical strength and exhibited free flowing characteristics in fixed-bed column operation.
2.5.2 Chemical stability of t-ZrO,

The chemical stability of the t-ZrO, was assessed in several mineral acids and bases,
such as HCI, HNO3;, NaOH and NH4OH of concentration up to 5 N. A weighed amount of t-
7ZrO; (1 g) was placed in 50 mL solvent of interest and kept for 24 h with continuous shaking
at room temperature. The solvent used was clear and no turbidity was observed in it even
after 24 h of shaking with t-ZrO, suspended in it. Subsequently, it was filtered and the level

of Zr metal ions in the filtrate as determined by ICP-AES analysis, was <0.1 ppm. This shows
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that t-ZrO; is insoluble in water, dilute mineral acids and alkalis and can safely be used as a
sorbent in a radionuclide generator.
2.5.3 Structural characterization of t-Zr0O,

The structural characterization of t-ZrO, was carried out by various analytical
techniques such as FTIR spectroscopy, BET surface area and pore size analysis, XRD and
TEM.
2.5.3.1 FTIR spectroscopy

The FTIR spectrum of t-ZrO; is shown in Fig. 2.9. The sample as such showed a
broad absorption peak in the range 3600-3000 cm™, which is due to the sum of the
contributions of hydroxyl groups and water molecules. Absorption peak at 1614 cm™ was due
to the bending mode of OH" group attached to the matrix. The bands at 1000 cm™, 490-501

cm’! are attributed to the Zr-O-Zr bond [87].
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Fig. 2.9: FTIR spectrum of t-ZrO,

2.5.3.2 BET surface area analysis
The surface area measurements and the pore size distribution of the sorbents were

carried out by standard BET technique. The surface area of t-ZrO, was found to be as high as
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~340 m? g"'. The average pore size of the material was determined to be ~4 A. It was
observed that pores sizes are uniform which facilitate permeation of liquid.
2.5.3.3 XRD studies

The XRD pattern of t-ZrO; is shown in Fig. 2.10. The results indicate that the nano-
zirconia prepared by this method, is present purely in tetragonal phase. The tetragonal phase
was perhaps stabilized due to the excess surface energy possessed by the nanosized material.

The average crystallite size of t-ZrO, determined by Scherrer's method was found to be ~7

nm.
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Fig. 2.10: XRD pattern of t-ZrO,
2.5.3.4 TEM studies

The TEM micrograph (Fig. 2.11) indicated that the t-ZrO, was highly agglomerated
and the particles are quite uniform in size and shape. The average crystallite size of t-ZrO; as
determined by the TEM measurements was found to be in the range of 6-10 nm, which was in

accordance with the results obtained from the XRD method. The nano-sized crystallites have
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high surface energy. It is an established observation that in order to stabilize themselves, the
nano-sized crystallites get agglomerated to form micron sized granules (comprising of large
number of primary particles). The agglomeration of the crystallites and the subsequent
crushing and sieving of the agglomerates renders free flowing granular particles of t-ZrO,

suitable for use in column operations.

Fig. 2.11: TEM micrograph of t-ZrO,

2.5.4 Zeta potential of t-ZrO,;

The zeta potential of t-ZrO, sorbent was determined at different pH environments.
The effect of pH on zeta potential of t-ZrO, in aqueous solution is shown in Fig. 2.12. It is
clearly evident from the figure that interaction of t-ZrO, particles with aqueous solutions
imparts a pH-dependent surface charge. The zeta potential value is positive in the pH range 1-
4. On further increase of pH, the zeta potential value passes through zero (isoelectric point)
and then it develops negative zeta potential. The IEP, as determined from the figure, occurs at
pH ~4.5. On further increase in pH, the zeta potential of the material was found to be

negative.
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Fig. 2.12: Variation in zeta potential of t-ZrQO, with variation in pH of the medium
Several batches of t-ZrO, were synthesized and the properties of the material
remained unchanged in all the batches.
2.6 Synthesis and characterization of CeO,-PAN
2.6.1 Synthesis of CeO,-PAN
For the synthesis of nanocrystalline ceria, indirect precipitation technique was
adopted in which cerium oxalate was precipitated by drop-wise addition of 1 N oxalic acid
solution to 0.6 N cerium (III) nitrate solution in iso-propyl alcohol - deionized water medium
(4:1 v/v). The precipitate was thoroughly washed with deionized water and dried under an
infrared (IR) lamp for 1 h. The residue obtained was directly introduced in the furnace at 500
°C and calcined for 30 min in static air. The cerium oxalate precipitate decomposed at 500 °C
to form nanocrystalline CeO,. The thermal decomposition of the oxalate material

accompanied by evolution of gases increased the porosity of the material.
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The material obtained consisted of fine powder and hence was not amenable for use
as a column matrix owing to low permeability to aqueous solutions. In order to use nano ceria
for column applications, a suitable binding agent was required, which would improve the
granulometric properties and flow characteristics of the sorbent material [91-93].
Polyacrlonitrile (PAN) was selected for this purpose due to its favorable features such as
strong adhesive force with inorganic materials, high hydrophilicity, excellent chemical
stability in acidic and radiation environments [91-94]. PAN has been shown to effectively
immobilize ion-exchange materials into granular forms, without altering the sorption
behavior of these materials [91-93]. The PAN granules obtained by dispersing PAN solution
in water are highly porous [91-93,95]. The pores of these granules are mainly (>99.9%)
composed of macropores (pore size >0.05 um) along with a minor portion (<0.1%) of
mesopores (pore size between 0.002 um and 0.05 um) [95]. When the ion-exchanger is
mixed with the PAN solution and dispersed in water, the resultant PAN granules obtained can
accommodate very high loadings of the ion-exchange material (up to 90% by weight) into the
PAN matrix [91-95]. These porous PAN granules exhibit numerous advantages over other
sorbents such as improved kinetics, enhanced sorption capacity owing to the increased
availability of the sorbent material, easy modification of physicochemical properties
(hydrophilicity, porosity, and mechanical strength) and simplified production [91-93]. The
granular material obtained from this method is suitable for column chromatographic
applications due to the presence of hard agglomerates and high surface area.

For the preparation of the nano ceria-PAN composite, a weighed amount (1 g) of
PAN was dissolved in 25 mL of 10 M HNO; with mild heating (~70° C) and continuous
stirring, till a viscous solution was obtained. An equal amount (1 g) of calcined cerium oxide
(in 1:1 mass ratio) was added to the PAN solution with vigorous stirring to obtain

homogeneous suspension of the composite. The homogeneous suspension thus formed was
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poured into a water bath containing 1 L of deionized water, resulting in the formation of a
lump. The lump obtained was washed several times with deionized water and dried for 12 h
at 70° C in a furnace. The dried lump was crushed mechanically and sieved to obtain the
particles of 50-100 mesh size (149 — 297 um).
2.6.2 Chemical stability of CeO,-PAN

The chemical stability of CeO,-PAN was assessed in mineral acids such as HCI,
HNOj and H,SO4 up to concentration of 5 M. The dried material (1 g) was immersed in 50
mL solution in a stoppered conical flask for 24 h at room temperature, under continuous
shaking using a wrist action shaking machine. Subsequently the solution was filtered and the
level of Ce ions in the filtrate was determined by ICP-AES. Negligible amount of Ce ions
(<0.1 ppm) were detected in the filtrate and therefore CeO,-PAN was stable in these
solutions.
2.6.3 Structural characterization of CeO,-PAN
2.6.3.1 FTIR spectroscopy

The FTIR spectrum of CeO,-PAN is shown in Fig. 2.13. The sample showed a broad
absorption peak in the range 3600-3000 cm™, which was due to the sum of the contributions
of hydroxyl groups and adsorbed water molecules. The sharp absorption peak at 2237 cm™
was due to CN stretching [96]. Absorption peak at 1624 cm™ was due to the bending mode of
OH’ group attached to the matrix. The peak at 1449 cm™ was due to the bending mode of the
CH, group in the polymer matrix [96]. The intense peak at 1381 cm™ was assigned to the
bending mode of NO, group. The peaks observed at 1038 cm™ and 800 cm™ were attributed
due to the combination of stretching and bending modes of C-CN bonds [96]. The absorption
peak at 735 cm™ was due to the bending mode of NOs group [96,97]. The absorption peak at

580 cm™ (shown in inset) was attributed to Ce-O bond [98]. The small crystallite size of
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CeO; nanoparticles results in shortening of the bond length of Ce-O bond and therefore the

absorption peak was observed at such high energy or low wavenumber [98].
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Fig. 2.13: FTIR spectrum of CeO,-PAN
2.6.3.2 BET surface area analysis

The surface area measurements and the pore size distribution of CeO,-PAN were
carried out by standard BET technique. The surface area of CeO,-PAN was found to be ~72
m? g'. The average pore size was determined to be ~3.6 A. It was observed that pores sizes
are uniform which facilitate permeation of liquid.

2.6.3.3 XRD studies

The XRD pattern of CeO; is shown in Fig. 2.14 and it reveals that the material is
nanocrystalline. The average crystallite size of CeOa,, as calculated using Scherrer’s equation,

was ~10 nm. The XRD pattern of nano ceria remained unchanged on binding with PAN.

73



(111)

(220)

(311)

Intensity (a.u)

T T T T T T T
20 40 60 80

20 (degrees)

Fig. 2.14: XRD pattern of nano-CeQO,
2.6.3.4 TEM studies
The TEM micrograph indicated that CeO,-PAN was nanocrystalline and highly
agglomerated (Fig. 2.15). The average crystallite size of nanocrystalline ceria as determined
from the TEM micrograph was found to be in the range of 8-10 nm which was in good
agreement with the results obtained from XRD.

2.6.4 Zeta potential of CeO,-PAN

The zeta potentials of nano ceria and CeO,-PAN were determined at different pH
environments and the results are illustrated in Fig. 2.16. It is clear from the figure that the
surface-charge of these nanomaterials varies with variation in pH. The zeta potentials of both
nano ceria as well nano ceria coated with PAN (CeO,-PAN) were positive up to pH ~6 and
became increasingly negative with further increase in pH. The isoelectric point (IEP) of these
nanomaterials in this particular ionic system was reached at pH between 6 and 7. On further

increase in pH, the zeta potential of these materials became increasingly negative.
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Fig. 2.15: TEM micrograph of CeO,-PAN
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Fig. 2.16: Variation in zeta potential of (a) nano-CeQO; and (b) CeO,-PAN with variation

in pH of the medium
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It can be seen from the figure that the zeta potential of nano ceria, under acidic conditions,
did not change significantly on coating with PAN. Therefore, it could be concluded that the
sorption characteristics of nano ceria remained unaltered on preparation of the composite
sorbent (CeO,-PAN).
2.7 Conclusions

Potential pathways to rationally synthesize nanomaterial based sorbents for use as
column matrices in radionuclide generators have been established. The materials synthesized
were nanocrystalline and possessed appreciably high chemical stability and surface area.
Owing to their granular strength and free flow characteristics, the materials are suitable for
column operations. The efficacy of these sorbent materials for the development of
radionuclide generators are described in the subsequent chapters. It is envisioned that
nanomaterials can become critical components of radionuclide generators in the near future
and shall open up many new opportunities in synthesis and application of novel nanomaterial

based sorbents.
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CHAPTER 3

DEVELOPMENT OF *Mo/™T¢
GENERATORS

“A scientific truth does not triumph by convincing its opponents and making them
see the light, but rather because its opponents eventually die and a new generation
grows up that is familiar with it."

MAX PLANCK
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3.1 Introduction
3.1.1. Technetium-99m (**"Tc): The work-horse of Nuclear Medicine

99m,

The important role that ~""Tc has played in shaping the field of diagnostic Nuclear

Medicine has been clearly established and remains undisputed, till date [12,25,41,43,99]. The

early realization by the Brookhaven group that ™

Tc possess ideal nuclear decay
characteristics for organ imaging set forth a chain of events that ensured the widespread
acceptance of nuclear techniques in medical diagnosis [11]. Inspite of the greatly increased

99mTe still remains the ‘work-horse’ of

availability of other radioisotopes in the present times,
diagnostic Nuclear Medicine and is used in approximately 20-25 million procedures annually,
comprising ~80% of all diagnostic Nuclear Medicine procedures worldwide [12]. In fact, it
would not be an exaggeration to state that Nuclear Medicine, to a large extent, owes its

%MTc. This preferred use of *”™Tc radiopharmaceuticals reflects

emergence and existence to
the ideal nuclear properties of the radioisotope. PMTc emits a 140 keV y-ray with 89%
abundance [15], which is nearly optimal for imaging with commercial gamma cameras. The
absence of particulate emission allows the injection of activities of more than 1.11 GBq (30
mCi) with low radiation exposure to the patient. The 6 h half-life of Pmre allows for
centralized preparation of radiopharmaceuticals in radiopharmacies, distribution to hospitals,
administration time for accumulation in the target tissue, and collection of the image while
still ensuring minimal radiation dose to the patient. Additionally, the chemistry of technetium
is amenable for the preparation of a wide variety of radiopharmaceuticals.
3.1.2 Availability of **"Tc from Mo

The preeminence of PMTec as a medically useful radioisotope is directly attributable to
the conception and development of the “’Mo/”™Tc generators in the late 1950s
[11,12,25,41,43,99]. Without this development, the ready availability of the short-lived 99mre

f 99my

(t, = 6 h) would not have become a reality. The availability o Tc from its relatively long-
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lived parent Molybdenum-99 (99M0, ty, = 66 h) enables this radionuclide to be used at places

far away from the site of production. The simplified decay scheme of *’Mo is shown in Fig.

3.1.
»
Mo ty, = 66 h
Qg = 1.37 MeV P 37.599)
= 1. ¢
’ ”-T( {(l'." =0|I)
P (12.5%)
IT (+99%)
Y PTe (=21~ 105y)

Qp = 0.292 MeW (100%0)

PRu (stable)

Fig. 3.1: Simplified decay scheme of *Mo (energy levels not drawn to scale)

The medical benefits of *™Tc are dependent on a reliable and continuous supply
chain of *’Mo. More than 90% of the world’s supply of **Mo is derived from the fission of
highly enriched uranium (HEU) at the 5 nuclear reactors, namely, NRU at Chalk River in
Canada, HFR at Petten in Netherlands, BR-2 at Fleurus in Belgium, OSIRIS at Saclay in
France and SAFARI-1 at Pelindaba in South Africa [100,101]. Most of these reactors are
aged (42-51 y), nearing the time of their decommissioning and need extensive routine
maintenance [100,102]. This is a deep concern for a reliable and consistent supply of the
most important medical radioisotope, *°Mo [100-105]. Moreover, nuclear non-proliferation
and security concerns have led to advanced discussions around the world about restricting
and eventually abolishing the use of HEU, both as reactor fuel as well as targets for
producing fission products such as *Mo [100-105]. Thus, the global production of fission

*Mo is inadequate to meet the demand of this radioisotope, and therefore adversely affects
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patient services in many countries. This not only highlights the fragile nature of fission **Mo
supplies but also raises concerns over its dependency [106].

Owing to the unavailability of the production technology and the non-proliferation
concerns [100], it is not possible for most of the countries in the world to produce fission
“Mo to meet their own internal needs. The separation and purification of fission *Mo,
involves an elaborate and complex processing technology which is expensive and results in
huge quantities of radioactive wastes. Alternative options for long term production of Mo
include processing of the liquid fuel in aqueous homogeneous reactors (AHR) [107], charged
particle acceleration in high-power accelerators and photo fission of 2381 [108], all of which
are still in the conceptual stage. Although such approaches hold promise, considerable
research and huge resources are required to develop, test and deploy the technology. The
economics of these routes still remains debatable, and these approaches are not likely to
materialize in the near future. In view of the complex problems, the most successful solution
rarely involves uncertain investments. A more prudent approach to shoring up the tenuous
supply chain of Mo would be to reduce reliance on fission-produced Mo and
implementing the use of (n,y)’’Mo. This alternative approach needs to be emphasized as a
back-up measure and to supplement 99mpe accessibility to meet the continually growing

#™T¢ in Nuclear Medicine. However, the specific activity of (n,y) Mo (~300-

demand for
1000 mCi g'l) produced by irradiation of natural Mo target is much lower than that of fission
*Mo (~10* Ci g™) [109].
3.1.3 Separation of *"Tc from Mo

Over the past 50 years, several versions [40-44,48,50,110-115] of the P'Mo/”*™Tc
generator have been developed, the most common being the original alumina based
chromatographic generator system. The ease of operation, high elution efficiency, high

f 99my

radionuclidic purity and radioactive concentration of = Tc eluate are the attractive features of
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these generator systems. The capacity of alumina for taking up molybdate ions is limited (2-
20 mg Mo g of alumina) [42] necessitating the use of %Mo of the highest specific activity
available, generally possible only in *Mo produced through fission route. However, the key
challenge in the use of this technique is the current global shortage of fission *Mo,
attributable to the reasons discussed above.

In order to minimize the dependence on the fission produced 99Mo, several alternative
approaches like ‘batch’ solvent extraction and dry distillation of PmTe from (n,y)ggMoOg
target were reported for accessing PMTe from (n,y)99M0 [40,42,48,50,111]. The need for
strict adherence to the operational protocol, good laboratory practices from both
pharmaceutical and radiological safety angles and the requirement for well-trained, skilled
operator are the major limitations of these techniques. The need for a simple user-friendly
column based generator that uses (n,y)’’Mo, prompted researchers to explore the ‘gel
generator’ route [44,51,52]. However, the developments over the last two decades have
shown that it has inherent disadvantages which limit its wide applicability. Attempts to
develop systems with primary alumina column generator containing (n,y)’’Mo, in tandem
with a device to concentrate large volume of eluate to an acceptable small volume of <5 mL
[116,117], have also been tried with limited success. There has also been widespread interest
in the development of Mo/ Tc generators from (n,y)ggMo using alternate sorbents having
higher sorption capacity compared to alumina [118-120]. Masakazu et al. [120] developed a
Mo/ Tc generator using polymeric zirconium compound (PZC) which showed high
sorption capacity for Mo (~200 mg Mo g'). However, the slow kinetics of sorption and
appreciably high Mo breakthrough [120] are the significant drawbacks that limit its
applicability in a clinical context. The commonly available options for the preparation of

%Mo/”™Tc generators and their advantages and limitations are summarized in Table 3.1.
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Table 3.1: The commonly available options for the preparation of *’Mo/”™Tc

generators
Method Mo source Efficiency of Advantages Limitations
separation
of ™T¢
Chromatography  (n,f)”’Mo 80-85% Simple, portable, Global shortage of
(alumina) high radioactive fission *’Mo,
concentration and complex Mo
high purity of **™Tc production
technology
Chromatography (n,y)99Mo 80-85% Simple, portable, Low radioactive
(alumina) high purity of 99mre concentration of
Solvent (n,y)”’Mo >80% Low specific activity Complex and
extraction Mo can be used, cumbersome
(MEK) high radioactive process, possible
concentration of **™Tc fire hazard
Sublimation (n,y)”’Mo <50% Low specific activity Complex and

Mo can be used,
high radioactive
concentration and
high radionuclidic

purity of *"Tc

cumbersome
process, low

separation yield

Continued in the next page
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Method mjMo source

Efficiency of
separation

of ¥™T¢

Advantages

Limitations

Gel based (n,y)"Mo

Chromatography (n,y)99Mo
(PZC)

>70%

>70%

Simple to operate

Simple to operate

Low radioactive

concentration of
99mre. complicated
gel production

method

Slow kinetics of
Mo sorption,

%Mo breakthrough

3.1.4 The present work

This chapter describes the development of two novel approaches for the development

of ®Mo/”™Tc generator using (n,y)”’Mo. In the first approach the feasibility of

electrochemical separation of **"Tc from Mo by controlled application of electrode

potential is demonstrated. In the second approach two kinds of *’Mo/**™Tc generators were

developed using two nanomaterial based sorbents (TiP and t-ZrO;). The overall process

concept, scientific basis and the development of *’Mo/**™Tc generators using these novel

approaches have been described and the suitability of these approaches for availing **™Tc for

regular use, in terms of yield and purity of *™Tc has been evaluated.
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3.2 The electrochemical **Mo/**™T¢ generator

A mixture of metal ions having adequate difference in their formal potential values in
an electrolytic medium can be mutually separated by selective electrodeposition of one metal
on an electrode surface under the influence of controlled applied potential [121-127]. The
separation of long-lived %Tc from nuclear waste by electrodeposition from its aqueous acidic
solutions has been reported [128,129]. Details on the electrodeposition methods employed for
the isolation of milligram amounts of %Tc from neutron irradiated Mo metal, using a copper
cathode was described in 1960 [130]. But, this procedure is unsuitable for the preparation of
Mo/ Tc generators as the deposited Tc appeared to be metallic, firmly bound to the
substrate and difficult to leach out from the cathode surface. An alternative electrochemical
pathway, based on use of an alkaline electrolyte solution to deposit PmT¢ as a loose adhesion
on an inert metal cathode from a mixture of “°Mo and 99mTc, would be ideal for
radiopharmaceutical application and hence investigated. The feasibility of the method, both

in terms of yield and the purity of the **™

Tc for preparation of radiopharmaceuticals, has been
demonstrated and evaluated.
3.2.1 Materials

*Mo produced by (n,y) route with a specific activity of 12.9 GBq (350 mCi) g as
sodium (*’Mo) molybdate was available in the Radiopharmaceuticals Division, BARC.
Reagents such as hydrochloric acid, oxalic acid, ammonium hydroxide, etc. were of
analytical grade and were procured from S.D. Fine Chemicals, Mumbai. Acidic Al,O3 for
column chromatography was obtained from Fluka, Germany. Standard cold kits for the
preparation of 99mTe labeled Dimercaptosuccinic acid (DMSA) and Ethylene dicysteine (EC)

were obtained from the BRIT, India. Platinum metal wires of high purity were procured from

M/s Hindustan Platinum Ltd, Mumbai, India. Paper chromatography strips were obtained
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from M/s. Whatman, UK. Flexible silica gel plates (coating thickness 0.25 mm) were from
J.T. Baker Chemical Company, USA.

A HPGe detector (Canberra Eurisys, France) coupled to a multichannel analyzer was
used for analysis of *™Tc in the presence of “Mo. A D.C. power supply with 100 V
compliance, a maximum current of 2 A, 1.2 nA current resolution and >10"® Ohms input
impedance was used for electrochemical studies. The chemical analysis for the trace level of
AI’* ions was done using Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-
ES JY-238, Emission Horiba Group, France).
3.2.2 Electrochemical separation of »mre from Mo
3.2.2.1 Principle of separation of *"Tc from a mixture of Mo and **"Tc

f 2"Tc from a mixture of *’Mo and **™Tc¢ is based on the selective

The separation o
electrodeposition of 9mTc on a platinum electrode. This is attributed to the difference in
standard electrode potential of MoO42' and TcOy 1ons in alkaline media. The electrochemical
reactions involved and their standard reduction potentials are as follows [131]:

MoO,* + 4H,0 + 6e — Mo + 8OH Eo=-1.05V

TcO,” + 4H™+3e — TcO, + 2H,O  Eg=+0.738 V
9mTc can be selectively electrodeposited by careful control of the applied potential. The
electrodeposition of long-lived *Tc (t,, = 2.2 x 10° y) has been well reported in the literature
[128-130]. However, Mo metal can never be electrodeposited from its aqueous solution
[132]. This is because of the low hydrogen overvoltage and the high discharge overpotential
of the MoO,* ions in aqueous medium [132]. At present, Mo coatings are electrodeposited
almost exclusively from their molten salts [132]. Owing to these properties, M7 could be
electrochemically separated from *Mo, in aqueous medium. Since P9mTe s continuously

produced in the electrolyte as a result of the radioactive decay of *Mo, repeated

electrodeposition is a feasible means to avail *™Tc from the same electrolyte solution.
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3.2.2.2 The electrochemical set-up

A schematic diagram of the electrochemical cell is shown in Fig. 3.2 and is briefly
described as follows. The electrochemical cell consisted of a quartz vial (24 x 40 mm, 20 mm
ID) and a teflon cap with a small hole (~2.5 mm) for venting off any gases. The electrodes
used were made of high purity platinum wires (60 mm length, 1.5 mm diameter), which were
fitted on the mouth of the glass vial, parallel to each other, 5 mm apart and connected to the
power supply. In the electrochemical cell, platinum was used as the electrode material as it is
inert and hence suitable for repeated effective removal of the deposited PmTe without
addition of chemical impurities. The electrolysis was carried out in a single ‘electrolysis cell’,
in order to reduce the radiation exposure and to maintain the inventory of *Mo. In order to
minimize the radiation exposure to the operating personnel, the whole system was housed in
a 100 mm lead container.
3.2.2.3 Optimization of parameters for the electrochemical separation of **"Tc from *’Mo

A number of factors were observed to have marked effect on the selective deposition
of *™Tc, both in terms of yield and quality. In order to obtain consistent deposition of 9mre
with minimal contamination of *’Mo, thorough optimization of electrolysis parameters was
found to be essential and hence pursued. 37 MBq (1 mCi) of PMo/”™Tc was used for the

f *"Tc from Mo was tried in

optimization experiments. The electrolytic separation o
different electrolytes over a period of 1 week. The electrodeposition yield of **™Tc and the
percentage of *’Mo impurity associated in the deposits were monitored in each case. Various

parameters such as the nature of the electrolyte, pH of the electrolyte, applied potential and

electrodeposition time were optimized to obtain the maximum yield of me,
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Fig. 3.2: Schematic diagram of the electrochemical Mo/ T¢ generator (a) Assembly of electrochemical set-up (b)

Electrochemical cell in a lead shielded container (c) Storage of Mo/”*™Te¢ solution
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3.2.2.3.1 Choice of the electrolyte

Since the target MoOs can be dissolved either in acidic or alkaline medium, it was
important to initially assess the electrodeposition of **™Tc in various electrolyte media, for
deciding the medium to be used in the further optimization process. The results are

f *™T¢ in nitric acid medium was not pursued

summarized in Table 3.2. Electrodeposition o
owing to the consumption of cell current by the nitrate ions [129].

Table 3.2: Performance of electrochemical separation of *™Tc in different media

Medium Time of e Mo Performance over a
electrodeposition deposition impurity period of 1 week
(min) yield (%) (%)
0.1 M HC1 150 >90% 2.9% Consistent
0.1 M H,SO4 90 >90% 2.3% Consistent
0.1 M oxalic 20 >99% 51%  Low »™Tc yield after first
acid separation
0.5 M NaOH 60 >93% 0.1% Consistent
(n=23)

Although the electrodeposition of *™Tc was feasible in other mineral acids such as HCI and
H,SO,, they seemed unsuitable for this purpose as the deposited **"Tc was associated with
significant amounts of *’Mo impurity and longer deposition time was needed to achieve
satisfactory yields. Hence, further investigations in these media were discontinued. Use of
oxalic acid solution was tried since it is reported that oxalate ions favor electrodeposition of
Re from ReO, solution [133]. The electrochemical behavior of Re and Tc ions are expected
to be similar. However, this approach was unsuccessful as this resulted in significant amount
of *Mo deposition along with " Tc. Among the electrolytic media studied, the most suitable
medium for separation of PmTe from PMo was found to be NaOH solution, wherein “Mo

exists as sodium molybdate. **"Tc could be selectively electrodeposited with >92% yield and
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the level of *Mo impurity present in it was only ~0.1%. However, in order to further
optimize the extent of alkalinity to be used, the effect of pH of the electrolyte in the alkaline
range was studied.
3.2.2.3.2 Effect of the pH of the electrolyte

The pH of the electrolytic solution was varied from neutral (pH 7) to an alkalinity of 1
N NaOH (pH 14) to gauge if the role of alkalinity is crucial in determining the efficiency of
99m

Tc electrodeposition. The results are summarized in Table 3.3.

Table 3.3: Effect of pH on the electrodeposition yield of Pmre

pH of the electrolyte Yield of ”™Tc (%) Associated > Mo impurity
in ™Tc (%)

7 59£5 51

8 6213 3.1+0.5

9 6712 1.310.2

10 7213 0.810.1

11 7912 0.6£0.1

12 88+1 0.1520.08

13 92+1 <0.1

14 9312 <0.1

(n = 3, ‘£ indicates standard deviation)
In pH range 7-12, the yield of *™Tc gradually increased from a low value with increase in pH
and reached a maximum at pH 13, remaining almost the same till pH 14. Further, it was
observed that, if the electrodeposition was carried out at pH <13, the electrodeposition yield
of ™Tc¢ from the same feed solution decreased significantly after the first electrolysis and
some fine black particles were observed in the electrolyte. The black particles were probably
reduced molybdenum oxide species in which *™Tc got trapped and hence could not be

electrodeposited. From these studies, it could be inferred that pH <13 was not suitable for
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electrochemical separation of *™Tc from *’Mo and hence it was essential to adjust the pH of
the electrolytic solution to ~13-14 prior to every electrolysis step. It was decided to keep the
pH at 13 in further optimization experiments, in order to handle the alkali at the minimum
concentration possible.
3.2.2.3.3 Effect of the applied potential

The effect of applied potential on electrodeposition of "Te from 0.1 N NaOH
solution at room temperature is shown in Table 3.4.

Table 3.4: Effect of applied potential on the electrodeposition yield of *™T¢

Potential Current e deposition yield
(V) (mA) (%)

1 10 4+1

2 40 11+2
3 140 2944
4 250 40£3
5 500 9412
6 750 >99
7 900 >99

(n = 3, ‘£ indicates standard deviation)

The percentage of *”™Tc deposited increased with increasing potential and approached
the maximum value at ~5 V, and therefore this potential was adapted in all subsequent
experiments. At a potential higher than 5 V, although the electrodeposition yield of *™Tc
increased marginally, black particles were observed in the electrolyte solution and the yield
of *™Tc decreased drastically on subsequent electrolysis when the same *’Mo feed solution

was used, after allowing time for in-growth of **™Tc.
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3.2.2.3.4 Effect of the time of electrodeposition

The effect of time on the electrodeposition yield of #"Tc is shown in Fig. 3.3. As
seen from the figure, the **"Tc deposition yield increases with time, reaching a maximum
value at ~45 min. Hence, electrolysis was carried out for 45 min in all subsequent
experiments.

3.2.2.4 Effect of Mo concentration on the separation efficiency

Several experiments were carried out to evaluate the efficiency of the method to
separate 99mpe using range of *Mo solutions of different specific activity. The simulated
*Mo solutions of different specific activities were prepared by dissolving non-radioactive

sodium molybdate in 100 mL of 0.5 N NaOH.

100 o—" e

80

60

40 -

20

Electrodeposition yield of P"Te (%)

0 T T T T T T T
0 10 20 30 40 50 60 70 80

Time of electrodeposition (min)

Fig. 3.3: Effect of time on the electrodeposition yield of *™T¢
The resulting solutions were each spiked with 185 MBq (5 mCi) of *’Mo. The electrolysis
was carried out under the optimized conditions and the deposition yield and radionuclidic

purity of 9™Tc was monitored. The results (Table 3.5) demonstrate that the efficiency of
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separation and purity of PmTe s independent of the specific activity of Mo used. The

f ™Tc from *’Mo of specific activity as low as

process could be used for the separation o
1.85 GBq (50 mCi) g'. The level of Mo impurity present in P9mTe was always ~0.1% and

could easily be removed by a purification step using a column of alumina.

Table 3.5: Effect of specific activity of Mo on the selective electrodeposition of **™Tc¢

Specific activity of Mo Yield of ”™Tc (%) Mo impurity in > " Tec
(GBqg") (%)
18.5 92+1 0.0910.01
14.8 9312 0.08%0.03
11.1 9313 0.121+0.02
7.4 91+1 0.18%0.04
3.7 90+1 0.14%0.02
1.85 9413 0.11£0.06

(n = 3, ‘£ indicates standard deviation)

For electrodeposition of **™Tc¢ from its aqueous solution, the applied potential must be
set to a value more cathodic than the redox half-cell potential of Tc. In order to achieve
quantitative deposition of *™Tc within a reasonable period of time, a potential much higher
than the standard reduction potential (E,) was required for depositing **"Tc. The evolution of
hydrogen gas at that high potential facilitates a non-adherent deposit of *™Tc on the electrode
surface. The deposited *™Tc is expected to be a mixture of Tc(0) and oxide/hydroxide of
Tc(IV) [134], which could be easily detached from the -electrode surface for
radiopharmaceutical applications. The **™Tc deposit was electrochemically dissolved into
saline solution in **™TcO, form, by application of reverse potential.

3.2.3 Process demonstration: Development of Mo/ Tc generator
After optimization of electrodeposition parameters, further experiments were carried

out using 9.25 GBq (250 mCi) of ®Mo activity as 5 mL of Na,”’MoO, solution. The
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electrochemical cell (Fig. 3.2) was placed in a lead shielded assembly. In order to examine
the efficiency of the electrochemical separation, the process demonstration run was
performed over 5 batches. Prior to every electrolysis, the alkalinity of the electrolyte solution
was checked and adjusted to pH ~13 by adding 0.5 N NaOH solution if required. Electrolysis
was performed by applying a constant potential of 5 V (current 450 mA, current density 328
mA cm™), for 50 min. After the electrolysis, the electrodes were moved up from the cell
along with the lead cap while maintaining the potential and turned off after removal. An
identical lead cap with acrylic lining but without electrodes was placed on the quartz cell for
radiation shielding (Fig. 3.2). The electrodeposited M7 could be brought into saline (0.9%
NaCl) solution by placing the electrode in a narrow (1 mL) glass vial (0.5 cm diameter)
containing 500 UL of saline solution. A new Pt electrode was also dipped in the solution and
the polarity of the cathode was reversed. A high voltage (10 V) was applied for ~20 s and
both the electrodes were taken out from the solution after switching off the current. The
PO, solution obtained above was passed through a small column (10 mm X 2 mm)
containing 200 mg of alumina, preconditioned with normal 0.9% saline to remove any traces
of Mo that might be present. The yield of **™Tc after the first electrolysis step was 96+3%.
However, it was associated with trace amounts of *’Mo contamination (~0.1%), which could
be removed by passing the solution through the alumina column. The trace level of Mo was

retained by the alumina column and the bulk of the oom

Tc activity that eluted out was a
colorless solution at pH ~7. The *’Mo level in this solution was <0.001%. The purification
step reduced the overall yield of 99mpe by about 3-5%. The performance of a typical batch is
illustrated in Table 3.6. The overall performance of the *’Mo/”™Tc generator remained

nearly consistent over a period of 10 days, which is normally the shelf-life of a *’Mo/*™Tc

generator, with marginal tendency to dip towards the end of the life.

93



Table 3.6: Performance of the electrochemical *’Mo/”™Tc generator in a typical batch

S.No. Activity Time of Theoretical Activity of e Overall
of Mo growth activity of obtained (GBq) efficiency of
Pmre the generator
(GBq) (h) After After
(GBq) first step  purification (%)
1 9.25 24 5.84 5.46 5.28 90.4
2 7.19 24 4.54 4.34 4.16 91.6
3 5.58 24 3.52 3.24 3.16 89.8
4 4.34 24 2.73 2.62 2.51 91.9
5 3.37 24 2.12 1.99 1.90 89.6
6 2.62 24 1.65 1.59 1.50 90.9
7 2.04 48 1.08 0.92 0.88 81.5
8 1.23 24 0.78 0.72 0.69 88.4
9 0.96 24 0.61 0.55 0.52 85.2

3.2.4 Maintenance of the *’Mo feed solution and the electrodes after each electrolysis

The inventory of Mo was carefully maintained during the shelf-life of the
PMo/*™Tc generator. During the course of electrolysis, the pH of the Na,”’MoO, solution
decreased slightly. It was essential to maintain the pH of the electrolyte at ~13, after the end
of electrolysis. If the pH of the solution was not maintained at ~13, black particles were
observed in the electrolyte and the electrodeposition yield of *’™Tc decreased substantially in
the subsequent electrolysis. Therefore, 1 mL of 0.5 N NaOH solution was added to the Mo
electrolyte solution, after every electrolysis.

After each batch of electrolysis, in order to make the electrodes ready for subsequent
experiments, they were washed with 3 M HNOs; and subjected to electrolytic cleaning by

applying a positive potential of 10 V for 15 min. The platinum electrodes were then washed
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with water followed by washing with acetone. The cleaning of the electrodes was essential in
order to get reproducible results. It was observed that if the platinum cathodes were not

cleaned after 2-3 batches, the electrodeposition yield of 99m

Tc was very low (<40%) from the
subsequent batches. This was probably due to the passivation of the platinum plates during
electrolysis. The washing of the electrodes with nitric acid solution removed the trace level of
metal ions deposited on the surface of the electrode. Further, the electrolytic cleaning of the
electrodes removed all the ions which could not be removed by dissolution in acid. Moreover,
it also removed the adsorbed hydrogen gas and thus activated the electrodes.

3.2.5 Quality control of *™Tc¢

3.2.5.1 Radionuclidic purity

99my

In order to utilize "~ "Tc availed from the generator for medical applications, the

presence of radionuclidic impurities in the form of the parent radioisotope (*’Mo) must be

PmTe eluate

within the prescribed limits of <107 % [135]. The level of *Mo impurity in the
was studied by several means. In order to rapidly estimate the Mo impurity in 99mre
immediately after its separation, a lead container of 4 mm wall thickness was used, wherein
the 140 keV photon of 99me got nearly completely cut off (the half-value thickness for 99mre
is 0.3 mm of lead and 4 mm thick lead would attenuate the radiation flux by a factor of
~10000) and the level of *Mo impurity could be determined as per the reported procedure
[136]. The rapid analysis of 99mre by lead shielding method revealed that the amount of Mo

impurity present in it was <0.1% [136]. The *™

Tc activity was allowed to decay for 1 day,
during which its activity was measured using a Nal (T1) detector. The decay profile of 99mre
is shown in Fig. 3.4. The half life of **™Tc derived from this data was 6.1 + 0.3 h (n =5),

which agrees well with the literature value of 6.02 h.
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Fig. 3.4: Decay profile of *™Tc¢
99mT¢ eluted from the generator was examined in a HPGe detector to see the presence of any
Y-rays peaks corresponding to *’Mo. The y-spectrum of **™Tc as illustrated in Fig. 3.5, did not
show the presence of such peaks, thereby confirming the absence of *’Mo in the eluted **™Tc.
The analysis of the decayed samples of *™Tc by y-spectroscopic technique revealed that the
level of Mo present in the eluate was <107 % in all the batches of 99mTc, which was well
within the stipulated limits [135].
3.2.5.2 Radiochemical purity

The radiochemical purity of #mTc0, was determined by paper chromatographic
technique. 5 UL of the activity was applied on a paper chromatographic strip (Whatman 12
cm X1 cm) at 1.5 cm from the lower end. The strip was developed in 0.9% NaCl solution.

After the chromatography, the paper strip was dried, and cut into 1 cm pieces and counted in

a Nal(Tl) counter. The paper chromatographic pattern (Fig. 3.6) of *™Tc in 0.9% NaCl
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solution reveals that >99% of *™Tc was present as 99mTCO4', which was well above the

prescribed limits of 295% as per the Pharmacopoeias [135].
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Fig. 3.5: Gamma spectrum of *™Tc

3.2.5.3 Chemical purity

In order to determine the presence of AI** ions contaminating the **™Tc product, the
#™Te samples were allowed to decay for 20 days. The trace levels of AI’* ion contamination
in the decayed samples were determined by ICP-AES. The limit for A1°* in *™Tc obtained
from alumina column generator is stipulated to be 20 pg of Al mL" (20 ppm) [135]. ICP-
AES analysis of the decayed samples of 9mTc solutions indicated less than <0.1 ppm of N
ions, which was far below the permissible level.
3.2.6. Labeling efficacy of *™Tc

In order to examine the suitability of P™TcO4 obtained from the generators, for
radiolabeling studies, it was complexed with commonly available ligands like DMSA and EC

using standard kits.
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Fig. 3.6: Paper chromatography pattern of #MTe in 0.9% NaCl solution
The paper chromatography patterns for 9MTc-EC and *™Tc-DMSA are shown in Fig. 3.7. In
TLC using acetone as solvent, the complexes remained at the point of application. Under
identical conditions, 99mTcO4' moved towards the solvent front. However, if reduced

hydrolyzed technetium (**™

TcO,) is present, it will also remain at the origin and hence an
additional quality control procedure was essential to estimate the radiochemical impurity of
reduced hydrolyzed technetium in the complex. In paper chromatography, using 50%
acetonitrile in water as eluting solvent for PMTc-EC and 0.9% NaCl solution for **Tec-
DMSA, both free *™TcO, as well as the complexes migrated towards the solvent front,
whereas reduced hydrolyzed technetium remained at the origin. By combining the results of
both the paper chromatography patterns, the complexation yield was estimated to be >98% in

f 99my

both the cases. These results justify the suitability o Tc obtained from the generator for

preparation of radiopharmaceuticals.
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Fig. 3.7: Paper chromatographic patterns of *"Tc-DMSA and **™Tc-EC complexes
developed in (a) acetone and (b) 50% acetonitrile in water (v/v) for Pmre EC and 0.9%

NaCl solution for *™Tc-DMSA
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3.2.7 Advantages of the electrochemical *’Mo/”™Tc generator

The major advantage of this technique is that there is no restriction on the specific
activity of “Mo that can be used. Even while using medium to low specific activity
(n,y)ggMo, 9™T¢ can be obtained with acceptable radioactive concentration and purity for

f ™Tc was comparable to that obtained from the standard

clinical applications. The purity o
alumina column generators containing fission *’Mo. The same electrodes were used for
repeated separations during 1 year time period without any sign of physical or chemical
deterioration. Further, the separation process involves simple electrochemistry and is
therefore, amenable for automation. The adaptation of this technique extends the shelf-life
life of a ’Mo/**™Tc generator to a considerable extent and is therefore economical. The
prospects of using the electrochemical *’Mo/*”™Tc generator system in a centralized
radiopharmacy appear promising. The proposed route could be one of the prospective options
to avail ”™Tc without using fission *’Mo and thus might contribute to the regional needs.
3.2.8 Conclusions

The potential utility of electrochemical method for the preparation of *’Mo/”™Tc
generator using (n,y) °°Mo was demonstrated. The electrodeposition process is simple, highly
efficient and could be carried out at room temperature. It uses relatively inexpensive
equipments, and the deposited **™Tc could be easily recovered with >90% yield and high
radionuclidic and radiochemical purity. The compatibility of the product in the preparation of
P™Tc labeled formulations was evaluated and found to be satisfactory. In this separation
technique, there is no restriction on specific activity of *’Mo that could be used and no
requirement for post-elution concentration of **™Tc. In order to demonstrate the
accomplishments, additional work is being conducted in the Radiopharmaceuticals Division,

BARC to test the system at higher level of activity. This new generator allows for a non-

fission based method of producing and recovering **"Tc. Though, this alternative strategy
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may not be enough to fill the shortage of fission %Mo, it can serve as an option for accessing
%MTc particularly in countries with medium flux research reactors for radioisotope

production.
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3.3 The ®”Mo/”™Tc generators using nanomaterials as sorbents

The conventional inorganic sorbents like alumina have low sorption capacity due to
the limited number of active sites and relatively low accessible surface area. Owing to the
low specific activity of Mo produced by (n,y) method, chromatographic generators prepared
using such sorbents would require much larger size columns, which in turn would necessitate

larger shields. ™

Tc availed from these generators have very low radioactive concentration
and hence unsuitable for radiopharmaceutical applications. Moreover, distribution of such
bulky generators to hospital sites is not a feasible or economical proposition. Hence, such
sorbents cannot be used for the preparation of **Mo/**™Tc generators utilizing low specific
activity (n,y)ggMo. One of the effective approaches to increase their accessible surface area
and active sites is to nanoengineer the bulk particles. The surface atoms of nanoparticulate
metal oxides are unsaturated, exhibit intrinsic surface reactivity and can be used in the
chromatographic separation of metal ions [69,70,137,138]. In this section, the feasibility of
using nanomaterials as potential new generation sorbents for the preparation of Mo/ Tc
generator has been evaluated. Two novel *Mo/*™Tc generators were developed using
polymer embedded nanocrystalline titania (TiP) and tetragonal nano-zirconia (t-ZrO,) as the
sorbents. TiP and t-ZrO, were selected for this purpose mainly because of the effectiveness of
hydrous titania and zirconia as ion-exchangers for the separation of metal ions [70,137,138].
The effectiveness of these sorbents in the development of Mo/ Tc generator and

suitability of *™

Tc for radiopharmaceutical applications was demonstrated and is detailed
here.
3.3.1 Materials

Reagents such as hydrochloric acid, ammonium hydroxide, isopropyl alcohol etc.

were of analytical grade and were procured from S.D. Fine Chemicals, Mumbai, India.

ZrOCl,.8H,0 (99.9%) and TiCly (99.9%) was obtained from E. Merck, Darmstadt, Germany.
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Dimercaptosuccinic acid (DMSA) and Ethylene Dicysteine (EC) kits were obtained from the
Board of Radiation and Isotope Technology, Navi Mumbai, India. Paper chromatography
strips  were purchased from Whatman International Limited, Maidstone, England.
Molybdenum-99 (specific activity 11.1-18.5 GBq (300-500 mCi g'l) as Sodium (99M0)
Molybdate was available in the Radiopharmaceuticals Division, BARC. For the
determination of the distribution ratio of **Mo in t-ZrO, lower specific activity *"Mo (~11.1
GBq g'l) was used while for the preparation of the Mo/ Tc generator, freshly produced
*Mo of higher specific activity (~18.5 GBq g'') was used.

Gamma activity of PMTe was assayed using a Nal (Tl) scintillation counter (100-160
keV). HPGe detector coupled with a multichannel analyzer (MCA) (Canberra Eurisys,
France) with a 1.5 keV resolution at 1333 keV and range from 1.8 keV to 2 MeV was used
for the analysis of Mo in the presence of *™Tc and also for quantitative estimation. The
radioisotope levels were determined by quantification of the photo peaks corresponding to
#"Tc [140 keV (88.97%)] and Mo [181 keV (6%) and 740 keV (12.2%)].

3.3.2 Separation of **™T¢ from *’Mo
3.3.2.1 Synthesis of TiP and t-ZrO;

The synthesis of TiP and t-ZrO, sorbents was carried out as per the procedure
described in Chapter 2. Owing to the simple and reliable synthesis procedure using
commercially available chemicals, large scale preparation of these materials could be
achieved in the laboratory. The salient features of the adapted synthesis procedures were (i)
nano-sized oxides (<10 nm) could be prepared at low temperatures, (ii) the products were
homogeneous and had high surface area, (iii) the particles were porous and exhibited
excellent flow characteristics. An important property of these materials is their extremely low
solubility in dilute mineral acids and alkalis, which is crucial for chromatographic

applications. The materials are capable of preserving its physicochemical and sorption
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properties over long use. Subsequent investigations were directed towards the selection of the
optimal experimental conditions necessary to separate 9™ Te from **Mo.
3.3.2.2 Determination of distribution ratios (K,) of *Mo0O/ and **"TcO ions

The distribution ratios (K4) of 99MOO4'2 and 99mTcO4' ions at different pH were
evaluated in order to predict the experimental conditions necessary for the optimal loading of
“Mo as well as efficient elution of **Tc. Distribution ratios of MOO42' and TcOy4 ions for
both the sorbents were determined at different pH, using %Mo and *™Tc radiotracers. For

99mre. pure ome

estimation of K, values for 99Mo, Mo/’ T¢ mixture was used, while for
was used. In each experiment, 200 mg of sorbent was suspended in 20 mL solution
containing the radioactive metal ions, in a 50 mL stoppered conical flask. The flasks were
shaken in a wrist arm mechanical shaker for 1 h at 25 °C and then filtered. The activities of
the solution before and after equilibration were measured in a HPGe counter using an
appropriate y-ray peak (140 keV for 9mTc and 181 keV for *’Mo). The distribution ratios

were calculated using the following expression:

_ (Ai—Aeq)V
Aeq m

Kyq
where, A; is the initial total radioactivity of 1 mL the solution, A is the unadsorbed activity
in 1 mL of the solution at equilibrium, V is the solution volume (mL) and m is the mass (g) of
the sorbent. The distribution ratio (Ky) results for 99M0042' and 99mTcO4' ions in TiP and t-
71O, at different pH conditions are summarized in Table 3.7 and Table 3.8, respectively. It is
apparent from the respective tables that in both the sorbents, the Ky values for M0042' and
TcOy4 ions attained the maximum value at ~pH 3 and hence this medium is suitable for
sorption of *“Mo. For both the sorbents, in 0.9% NaCl solution, the high Ky values for Mo

clearly indicate that it can be efficiently retained by the sorbent, while the low Ky values for

9™Tc indicate that it shall not be retained and hence eluted out easily.
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Table 3.7: Distribution ratios (Kg) of >’Mo00,* and **™TcO, ions in TiP

Medium Kgq
(D EM0042' EmTcO[

1 14645 3+1
2 188+4 14+2
3 489+12 41+6
4 36245 33+2
5 22546 3.2+0.9
6 7442 0.3£0.1
7 1444 0.2+0.1
8 11£2 0.5+0.1

0.9% NaCl 2167 0.3+0.2

n =3, ‘t’ indicates standard deviation

In order to get a better insight about the sorption behavior of polymolybdate anions on
TiP and t-ZrO,, it was felt necessary to compare the K4 values of Mo and *™Tc ions with
the zeta potential of the sorbents determined at various pH values. The effect of pH on zeta
potential of TiP and t-ZrO, in aqueous solution were shown in Fig. 2.4 and Fig. 2.12,
respectively. It is clearly evident from the figures that interaction of TiP and t-ZrO, particles
with aqueous solutions imparts a pH-dependent charge on surface of the nanomaterials. In
case of TiP, the zeta potential values were positive in the pH range 1-6, whereas in the case of
t-ZrO,, the values were positive in the pH range 1-4. On further increase in pH of the
solution, the zeta potential of the sorbents became zero (isoelectric point, IEP) and then the
sorbents developed negative zeta potentials. It could be inferred that the pH value of the *’Mo
feed solution must be less than the pH corresponding to the IEP of the sorbents (pH value of

~6.5 for TiP and ~4.5 for t-ZrO,), under which condition the sorbents possess positive
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charges, facilitating the sorption of anionic polymolybdate species. These observations were
in agreement with the Ky values, in case of both the sorbents.

Table 3.8: Distribution ratios (Kg) of **Mo00,* and *™TcOy ions in t-ZrO,

Medium Kgq
(Pt "MoO* PMTcOy

1 12947 3+2
2 295+18 1443
3 611+£22 35+1
4 560+17 29+4
5 52549 2.7+0.8
6 17448 0.3+0.1
7 3442 0.1+0.1
8 10£1 0.6+0.2

0.9% NaCl 27045 0.2+0.1

n = 3, ‘+" indicates standard deviation

The dependence of zeta potential of the nanomaterials on the pH of the external
solution, helps in investigating the sorption mechanism. In aqueous systems, TiP and t-ZrO,
particles are hydrated, and =M-OH (M = Ti or Zr) groups cover their surface completely.
These amphoteric hydroxyl groups on the surface of the nanomaterials can undergo reaction
with either H" or OH™ and develop positive or negative charges on the surface depending on

the pH [139]. In weakly acidic solution, molybdate polymerizes as follows [140]:

7MoO; + 8 H" = Mo, 0%, +4H,0

There is a strong attractive interaction between the positively charged TiP and t-ZrO,

surfaces and the negatively charged species from the liquid solution. The mechanism of Mo
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uptake therefore may be considered to take place in two steps. The first one may be the
exchange of polymolybdate anions for hydroxyl ions on the surfaces of the particles.
Subsequently, it may form a stable complex of the type [MMo6O24]* (M = Ti or Zr), similar
to that reported with alumina [141]. The decay of Mo to **™Tc is not accompanied by any
serious disruption of chemical bonds. As these polymolybdate ions start transforming into
pertechnetate ion, which has only -1 charge, the binding would get weaker. Moreover, saline
solution used for elution of *™Tc has pH ~7 and in case of both the sorbents the zeta potential
values are negative at that pH. Owing to electrostatic repulsion, el (SO gets easily eluted
with normal 0.9% saline. However, in order to predict the exact mechanism of Mo uptake,
further studies are warranted which is beyond the scope of this work.
3.3.2.3 Determination of the time of equilibration

The time durations required for the complete sorption of the Mo onto TiP and t-ZrO,
sorbents were studied by following the distribution ratio (Kq) at different time intervals. The
Kq4 values (mean of three experiments) were taken as an indication of the progress of the
sorption process. The distribution ratio (Ky4) of 99M0042' ions in 0.001 M HNOs solution was
determined at different time intervals (5-60 min), as described above. The time when Ky
remained unchanged, was taken as the indication of the attainment of equilibrium. For TiP,
the plot of Ky versus time is shown in Fig. 3.8. As inferred from the curve, a contact period
35 minutes was maintained for all equilibrium experiments. In case of t-ZrO,, it was observed
that the K4 values remained almost constant (~600) after all the time intervals, which
indicated that the equilibrium was reached within 5 minutes.
3.3.2.4 Determination of sorption capacity of TiP and t-ZrO;
3.3.2.4.1 Static sorption capacity

The static sorption capacity of the respective sorbents for Mo ions was determined by

batch equilibration method. 0.5 g aliquots of accurately weighed sorbent were taken in a
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stoppered conical flask and equilibrated with 50 mL of sodium molybdate solution (10 mg of

Mo mL™) spiked with ~3.7 MBq (100 pCi) of *’Mo for 30 min at room temperature.

500

400

300

200

100 +

0 T T T T T
0 10 20 30 40 50

Time (min)

Fig. 3.8: Variation in K4 values of 99M0042' ions with time using TiP as sorbent
At the end, the contents were filtered through a Whatman filter paper (No. 542). The
activities of *’Mo in the solution before and after absorption were estimated by using HPGe
detector coupled to a multichannel analyzer, by measuring the counts at 181 keV peak
corresponding to Mo in 1 mL aliquots. All measurements were carried out at 25° C in
triplicate. The sorption capacity was calculated using the following expression:

(Ao-Ae)V.Co
Aom

Capacity =
where A, and A, represented the radioactivity of Mo in 1 mL of supernatant solution before
and after sorption, respectively, C, was the total Mo content (10 mg) in 1 mL of solution

before sorption, V was the volume of solution and m was the mass (g) of the sorbent. The

values of the static sorption capacities were 108+6 mg Mo g™ for TiP and 250+10 mg Mo g’
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for t-ZrO, (n = 10) These results clearly illustrate the superiority of these materials over
alumina which has a sorption capacity of only 2-20 mg Mo g [42].
3.3.2.4.2 Dynamic sorption capacity

In order to estimate the Mo sorption capacity under dynamic conditions, two
borosilicate glass columns of dimension 15 cm (I) X 0.4 cm (i.d.) with sintered disc (Go) at
the bottom were packed with 0.5 g of the respective sorbents. Each column was conditioned
with 0.001 M HNO; solution. Subsequently, sodium molybdate solution (10 mg Mo mL™),
spiked with Mo tracer [370 kBq (10 uCi)] was allowed to pass through each column at a
flow rate of 0.25 mL min™. 0.5 mL of the above solution was kept as reference. The effluent
was collected in fractions of 0.5 mL aliquots. The radioactivity of *’Mo in the reference and
effluent fractions were determined by measuring the 181 keV 7y-ray peak of %Mo in a HPGe
detector. The ratio of the count rate ‘C’ of each 0.5 mL effluent to the count rate ‘C,” of 0.5
mL of the original feed Mo solution was taken as the parameter to follow the sorption pattern.
Under dynamic conditions, the sorption behavior of TiP and t-ZrO, for Mo are depicted in
Fig. 3.9 and Fig. 3.10, respectively. It can be noted from the figures that the breakthrough
capacity in case of TiP is ~75 mg Mo g, while in case of t-ZrO, is ~80 mg Mo g’ In case of
both the sorbents, the value of the breakthrough capacity is much higher than that of alumina
(~2-20 mg Mo g of alumina) [42]. In both the sorbents, it was seen that the sorption capacity
under dynamic conditions was much less than that under equilibrium (static) conditions. This
might be attributed to mass transfer limitations, such as incomplete external film diffusion
and/or intra-particle transfer and slow kinetics of sorption.

However, the protocol for preparing chromatographic column using sorbent matrix
preloaded with Mo under static conditions is not recommended owing to difficulties in
handling of radioactive material. This will not only cause associated radioactive

contamination problem but also increase the radiation exposure to the personnel involved.
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Furthermore, even if the column is prepared, the operating performance thereof is likely to
deteriorate. Therefore, post loading of **Mo activity protocol was followed despite the lower

sorption capacity that could be achieved.

1.0 Amount of sorbent used = 500 mg

C/C

0.0 I I I I T T
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Fig. 3.9 Breakthrough profile of MoO4” ions on passing Mo (10 mg Mo mL™) solution
through a 500 mg TiP column at a flow rate of 0.25 mL min™

3.3.2.4.3 Practical sorption capacity

In order to determine the maximum sorption capacity of TiP and t-ZrO, sorbents,
under final practical conditions, two borosilicate glass columns of dimension 30 cm (1) x 0.4
cm (i.d.) with sintered disc (Go) the bottom were packed with 1 g of the respective sorbents.
After the columns were conditioned with 0.001 M HNO;, 20 mL of sodium molybdate
solution (10 mg Mo mL"', pH 3), spiked with ®Mo tracer (370 kBq) was added into the
columns and allowed to stand under static conditions for 1 h. 1 mL of the above solution was

kept as reference.
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Fig. 3.10 Breakthrough profile of MoO4* ions on passing Mo (10 mg Mo mL™) solution
through a 500 mg t-ZrO, column at a flow rate of 0.25 mL min™
Subsequently, the solution was allowed to pass through each column at a flow rate of 0.25
mL min™. The columns were then washed with 50 mL of 0.9% NaCl solution. For each
column, the effluents were pooled together and the activity was determined. The sorption
capacity was determined by comparing the *Mo activity in the effluent with that added into
the column (influent). Under these conditions the sorption capacities of TiP and t-ZrO, were

determined to be 88+4 mg Mo g™ and 155+12 mg Mo g’ (n = 10), respectively.
3.3.3 Development of #Mo/”™Tc generators

The separation processes could be demonstrated by developing two *°Mo/”*™Tc¢
generators using TiP and t-ZrO, as the sorbent matrices. For the preparation of each
generator, a borosilicate glass column of dimension 12 cm (I) X 0.8 cm (i.d.) with sintered

disc (Gop) at the bottom was packed with 4 g of the respective sorbent in a lead shield. A
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schematic diagram of the Mo/ Tc generator system is shown in Fig. 3.11. All the
operations were carried out in the closed cycle system using connecting tubes.

Vent —=

0.9% NaCl
solution

9m . .
Tc collection vial

Stop cock

99Mo sorbed on
t-Zr0, or TiP

I\

=— 25 mm Lead shielding

G0 glass frit

Fig. 3.11: Schematic diagram of ®Mo/”™T¢ generator system
Input/output connections were made with standard teflon tubings of 1 mm inner diameter and
connectors. The generator column, connectors and connection tubings were integrated within
a small portable lead shielded unit throughout experimental use for radioprotection purpose.
Only the elution vial and output vial were accessible externally. A disposable 0.22 pum
membrane filter was attached to the generator column output by teflon tubing. The generator
column was preconditioned with 0.001 N nitric acid solution and then Na299MoO4 (specific
activity 17.8 GBq g™') solution maintained at pH 3 was added into the column and allowed to
stand under static conditions for 1 h. Subsequently, the **Mo solution was passed through the
column at a flow rate of 0.25 mL min™', by applying suction using a peristaltic pump. Since
the practical sorption capacity of TiP is less than that of t-ZrO,, 3.74 GBq (100 mCi) of Mo
was passed through TiP column while 9.25 GBq (250 mCi) of *’Mo was passed through t-

71O, column. The respective columns were then washed with 100 mL of 0.9% NaCl solution.
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In case of both the sorbents, >99% of “Mo was retained in the respective columns and on
washing with 0.9% NaCl solution, <0.3% of “Mo came out. The generators were eluted on
every working day with 4 mL of 0.9% NacCl solution for 10 days.
3.3.4 Elution profile of the ®Mo/”*™Tc generators

In order to optimize the minimum volume of eluent required for elution of 9MT¢ with
maximum Yyield, the elution profile of the generators were studied. The generators were
eluted with 0.9% NaCl solution at a flow rate of 1 mL min™'. The eluate was collected in a
series of 1 mL aliquots and the activity of each fraction was measured. The elution profiles of
the TiP and t-ZrO, based *Mo/*"™Tc generators are illustrated in Fig. 3.12 and Fig. 3.13. All
runs were performed at room temperature. It can be seen from the figures that in both the

cases, >80% of *™

TcOy4 available in the generator was eluted within the first 3-4 mL volume
of 0.9% NaCl solution. Thus, **™Tc could be eluted from these generators with appreciably
high radioactive concentration.
3.3.5 Quality control of *™T¢

The suitability of 9mTc obtained from TiP and t-ZrQO, based *Mo/”™Tc generators
were determined by adopting the quality control procedures described for the electrochemical
Mo/ Tc generator (Section 3.2.3). The levels of Mo impurity, as determined by the y-ray
spectrometry of the decayed **™Tc samples, were <10™%. The radiochemical purity of **™Tc
as *"TcO, was >99%. The level of Ti and Zr ions in the *™Tc eluate was determined by
ICP-AES analysis of the decayed **"Tc samples and was found to be <0.1 ppm. The level of

radionuclidic, radiochemical and chemical impurities in 9mTe obtained from both the

generators were well within the acceptable limits prescribed in the Pharmacopoeias [135].
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Fig. 3.12: Elution profile of the TiP based Mo/ Tc generator
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Fig. 3.13: Elution profile of the t-ZrO, based *’Mo/”’™Tc generator
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3.3.6 Labeling efficacy of *™Tc

In order to examine the suitability of 9om

TcO4 obtained from the generators for
radiolabeling studies, it was complexed with DMSA and EC, as per the procedure described
earlier (Section 3.2.4). The complexation yield of *™Tc-EC and *™Tc-DMSA was always
>98%, demonstrating the suitability of **™Tc obtained from the TiP and t-ZrO, based
generators for biomedical applications.
3.3.7 Elution performance of the ®Mo/”*™Tc generators over a period of 10 days

The TiP and t-ZrO, based *’Mo/”*™Tc generators were eluted on every working day
over a period of 10 days. Table 3.9 and Table 3.10 summarize the results of operation of the

TiP and t-ZrO, based *’Mo/”*™Tc generators over a period of 10 days.

Table 3.9: Elution performance of the TiP based *’Mo/”™Tc generator

Elution Mo PMTe  Expected e Pme Mo
no. activity growth Pmpe recovered recovered impurity
GBq period  activity GBq (mCi) (%) in:;“)Tc
(mCi) (h) GBq
(mCi)
1 3.7 (100.0) 24 2.5(68.8) 2.2(58.7) 85 8x10*
2 2.9 (77.7) 24 20(53.4) 1.7(47.1) 88 3%x10*
3 2.2 (60.4) 24 1.5@415) 1.3(36.3) 87 1x10*
4 1.7 (46.9) 24 1.2(322) 1.0(28.1) 87 2x 10"
5 1.3 (36.4) 24 092500 0.8(2L.7) 87 1x10*
6 1.0 (28.3) 24 0.7(19.5) 0.6 (16.2) 83 2x 10"
7 0.8 (21.9) 48 0.5(12.7)  0.4(10.9) 86 6x10*
8 0.5(13.2) 24 0.3(9.1) 0.3 (7.7) 85 1x10*

9 0.4 (10.2) 24 0.26 (7.0) 0.2(5.9) 84 3x10*
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Table 3.10: Elution performance of the t-ZrQO, based “Mo/”™Te generator

Elution Mo Pme Expected e e Mo
no. activity growth Pmpe recovered recovered impurity
GBq period activity (%) in *™T¢
(mCi) (h) GBq (mCi)
(mCi)
1 9.3 (250.1) 24 5.8(157.2) 5.3(143.0) 91 3x10*
2 7.2 (194.3) 24 4.5(122.7) 4.2 (112.9) 92 2% 10™
3 5.5 (150.1) 24 3.5094.7) 3.1(84.3) 89 5% 10™
4 4.3 (116.6) 24 2.7(73.6) 2.4(66.24) 90 1x10*
5 3.3 (90.6) 24 2.1(57.2) 1.8(49.7) 87 4% 10
6 2.6 (70.4) 24 1.6 (44.5) 1.4 (39.1) 88 3%x10™
7 1.6 (44.5) 48 0.9(23.6) 0.7 (19.3) 82 7% 10™
8 1.0 (26.8) 24 0.6(16.9) 0.5(14.2) 84 2% 10™
9 0.8 (20.8) 24 0.5(13.2) 04(11.2) 85 3% 10™

It can be seen from the tables that for both the generators, the elution yield of **™Tc
was always >85%. The level of *’Mo impurity in **"Tc was always <10~%. The performance

of the generators remained consistent over the period of 10 days, which is the normally

expected shelf-life of a *’Mo/”’™Tc generator.

3.3.8 Recovery of enriched Mo from the spent generator columns and their

regeneration

Although the generators developed based on the nanomaterials could use the Mo
obtained by (n,}) route using natural Mo, irradiation of enriched **Mo would greatly enhance
the maximum activity that can be loaded, because natural Mo has only ~24% of **Mo. If
expensive enriched *®Mo target are irradiated for the preparation of a clinical scale

%Mo/”™Tc generator, this process would be economically more viable if the **Mo adsorbed
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on the TiP and t-ZrO, matrices could be recovered and reused in many cycles of operation.
Moreover, since TiP and t-ZrO, are not available commercially, it is also desirable to
regenerate the used generator columns after the expiry of their shelf-lives. Therefore,
attempts were made to remove the absorbed *’Mo from the generator column after expiry of
the shelf-life of the generator. The spent generator columns were washed with saline, and the
Mo was desorbed with 5 M NaOH solution containing H,O, (15 mL of 5 M NaOH solution +
1 mL of 30% H,0,). The flow rate of the eluent was ~1 mL min”'. The eluates were collected
in a series of 1 mL aliquots throughout the elution, and each sample was then subjected to -
ray spectrometry. The elution behavior of Mo from the TiP and t-ZrO, columns is illustrated

in Fig. 3.14 and Fig. 3.15, respectively.
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Fig. 3.14: Recovery of Mo from the used TiP column by passing NaOH-H,0O; mixture at
a flow rate of 0.5 mL min™
It can be readily seen from the figures that both in case of TiP as well as t-ZrO,

columns, the recovery of Mo were quite fast and the adsorbed Mo could be eluted out in the
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first 3-4 mL of the eluent. Subsequently, all the eluate fractions were mixed together and the
total activity of %Mo eluted was determined. By passing 5 M NaOH solution, >95% of Mo
was desorbed from both the columns. Each column was further washed with deionized water
and then conditioned with nitric acid solution at pH 3. Mo activity was re-loaded in the

d 99m;

respective column an Tc could be eluted out under the same conditions as mentioned

earlier.
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Fig. 3.15: Recovery of Mo from the used t-ZrQO, column by passing NaOH-H,O,
mixture at a flow rate of 0.5 mL min™
The mechanism of desorption of Mo from the spent TiP and t-ZrO, columns could be
explained as follows. The zeta-potential of the sorbents is negative under alkaline conditions.
As the pH of the external solution rises, depolymerisation of polymolybdate anionic species
sorbed in the column takes place and they exist as MoO4> under alkaline conditions. Owing
to electrostatic repulsion, the negatively charged MoO4> ions get desorbed from the column

by passing NaOH solution.
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3.3.9 Advantages of the TiP and t-ZrQO, based PMo/”™Tc generators

The major advantages of the nanomaterial based sorbents are the high sorption
capacity, excellent selectivity and appreciable radiation and chemical stability. The procedure
for the synthesis of these sorbents is simple and economical and can be easily scaled up.
Medium specific activity (n,y)’’Mo indigenously produced in the Dhruva reactor of our
institution could be utilized for the preparation of the *’Mo/**™Tc generators. This approach
retains the simplicity of the alumina based chromatographic **Mo/”’™Tc generators and is
therefore amenable for automation. Unlike the other non-conventional *’Mo/”™Tc generators,
these nanomaterial based column chromatographic *’Mo/””™T¢ generators are expected to be
more acceptable to the hospital radiopharmacies, as the adaptation of this approach would not
require the radiopharmacies to change their operating strategies or increase their personnel
resources.
3.3.10 Conclusions

The present study amply demonstrates that TiP and t-ZrO, are potential sorbent
materials for the preparation of clinical grade *’Mo/*™Tc generators of moderate strength,
using medium specific activity (n,y)’’Mo. *™Tc could be availed from the generators with
>85% yields and high radionuclidic, radiochemical and chemical purity and appreciably high
radioactive concentration. The compatibility of the product in the preparation of 99me
labeled formulations was evaluated and found to be satisfactory. The sorbents are stable to
radiation and the **Mo/”™Tc generators demonstrate satisfactory performance for >10 days,
which is normally the shelf-life of Mo/ Tc generators. The present concept would provide
unequivocal support to the Nuclear Medicine industry, especially in developing countries like
India, which currently do not have the technology/facility to produce high specific activity

“Mo.
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CHAPTER 4

DEVELOPMENT OF *Ge/*®*Ga
GENERATORS

“The important thing in science is not so much to obtain new facts as to discover

new ways of thinking about them.”

WILLIAM LAWRENCE BRAGG
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4.1 Introduction
4.1.1 Gallium-68 (**Ga): An excellent radioisotope for Positron Emission Tomography
%Ga is an excellent positron emitting radioisotope suitable for clinical positron
emission tomography (PET) applications in Nuclear Medicine [19,142]. It emits positrons
with 89% positron branching accompanied by 1,077 keV photon emission of low (3.22%)
abundance [15]. The relatively short half-life of %Ga (t, = 67.71 min) permits PET
application with suitable %%Ga radiotracers, while maintaining an acceptable radiation dose to
the patient. Moreover, the half-life of %Ga matches the pharmacokinetics of many peptides
and other small molecules due to rapid diffusion, localization at the target and fast blood
clearance [143].The efficacies of %8Ga-based tracers are comparable to that of BF_based
agents and have stimulated researchers to investigate the potential of %Ga based PET
imaging agents [19,142,144]. Apart from being a PET radionuclide that enables imaging with

better resolution, %Ga®* has more amenable chemistry attributes for labeling than
versatile SPECT radionuclide as well as 18F, the most widely used PET radionuclide.
Numerous **Ga based radiopharmaceuticals have been found useful in clinical studies
[19,145-153]. ®®Ga’®" is stable and forms complexes with the cyclic ligand DOTA with high
affinity and is thus suitable for preparation of high specific activity %¥Ga-labeled peptides or
other biomolecules conjugated to DOTA [19,145]. ®*Ga-labelling of DOTA-coupled peptides
can be performed in a very short time, allowing excellent imaging of neuroendocrine and
neuroectodermal tumors [19,143,145]. Particularly, DOTA-TOC (DOTA—D—Phel—Tyr3 -
octreotide) labeled with ®*Ga have shown high binding affinity for human somatostatin
receptors and possess excellent tumor imaging capabilities [152,153].

4.1.2 Availability of ®*Ga from *Ge/**Ga generator

The **Ge/**Ga generator system is an excellent source to avail ready-to-use %%Ga for

clinical positron emission tomography (PET) applications, allowing PET imaging at facilities
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without an on-site cyclotron [19,142,154]. The cyclotron independent availability of %Ga
from a ®*Ge/*®Ga generator at a reasonable cost makes it an attractive and realistic option for
countries with limited or no cyclotron facilities. The relatively long-lived **Ge (t,, 270.95 d,
electron capture (EC) 100%) produces short-lived %Ga (t, 67.71 min), which subsequently
decays to stable %87n [15,19]. The simplified decay scheme of %Ge is illustrated in Fig. 4.1.

58Ge (t,, = 270.9 d)

8Ga (t,, = 67.7 min)

1.2% B+
1.79% EC

87.94% B+
8.70% EC

v (1077 keV)

587n (stable)

Fig. 4.1: Simplified decay scheme of BGe (energy levels not drawn to scale)

The long half-life of the parent radionuclide ®*Ge ensures the cost-effective availability of
%Ga within the PET facility for long periods of time. The parent radioisotope, ®*Ge can be
produced in a small cyclotron through various reactions, such as, “Ga (p,2n), “Ga (d,3n),
%7n (a,2n) etc. involving varied targets and charged particles [19,155]. The processes
amenable for the production of %8Ge are listed in Table 4.1. It can be seen from the table that
though the yield of the ®Ga (p,2n) reaction using Ga,Os film is almost comparable to that of
Ge (p,xn) reaction, higher energy protons are required for the latter reaction. The Ge (p,xn)
reaction is not preferred because the specific activity of ®*Ge produced is significantly lower
than that from *Ga (p,2n) reaction. Moreover, radioarsenic isotopes are also formed in the
Ge (p,xn) processes. The yields for the “Ga (d,3n), Zn (o,xn) and 7n (0,2n) reactions are

much smaller than for ®Ga (p,2n) and Ge (p,xn) reactions.
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Table 4.1: The relevant nuclear reactions yielding BGe

Nuclear Target form Projectile Yield Reference
reaction . 1
Chemical Physical Thickness Energy Current (nCipA™ h™)
(MeV)

%Ga (p,2n) "t GayNi disk 3 mm 19.5-0 9.2 [156]
%Ga (p,2n) " Ga,0s film - 55-13 45 [157]
%Ga (p,2n) Ga solid - 22 15 [158]
"Ge (p,xn) Ge foil 107 mgem?  64-28 48 [159]
“Ga (d,3n) Ga,0; disk 0.5 mm 30 1.7 [160]
"7n (0,xn) Zn foil 13 mg cm™ 40-20 1 [161]
%67n (a,2n) Zn film - 40-20 1-2 [162]

‘nat.’ indicates natural target
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Therefore, out of these, the “Ga (p,2n) reaction is most suitable for routine production of
carrier free ®*Ge using a compact medical cyclotron [19,155], owing to the energetics of the
reaction as well as the purity of the product that can be obtained.

Though the %%Ge/*®Ga radionuclide generators have been the object of development
and investigation for almost 50 years [19,154], their proper and relevant clinical use has
started only recently [144,163,164], due to lack of proper sorbents, as one of the reasons.
Undoubtedly, the major impetus for the development of %Ge/*Ga generator stems from the
recognized potential of PET technique and **Ga-based radiopharmaceuticals, which demand
instant, in-house availability of 8Ga suitable for clinical use [165-167]. Several 8Ge/®Ga
generator systems have been proposed over the past 50 years in an attempt to provide a
reliable source of the positron-emitter %Ga, that can readily be converted into
radiopharmaceuticals for PET [19,155,168-182]. Of these systems, the column
chromatographic ®*Ge/®Ga generator has emerged as an effective, efficient, and the most
popular generator system, owing to its simplicity and convenience to use in a hospital
radiopharmacy.

In the early attempts towards the preparation of column chromatographic %Ge/®Ga
generators, inorganic oxides such as Al,O3 or ZrO, were used as sorbent materials [19,168].
For the preparation of these generators, carrier-free ®*Ge was absorbed onto the column and
%Ga could be eluted with EDTA solution. The elution yields of such generators were
appreciably high (~70-80%). Since these early generator systems provided %%Ga in a chelated
form, destruction of the EDTA complex was necessary, which rendered the preparation of the
radiopharmaceutical tedious, time-consuming, and with a reduced overall yield. Thus, further
development was focused on generator systems yielding %Ga® in its hydrated ionic form.
Though there are several reports on the preparation of %Ge/*Ga generators using metal

oxides or hydroxides (like Al,O3, Fe(OH)3, SiO,, Sb,Os, SnO, and TiO,) as sorbents [19,168-
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178], from which %8Ga could be eluted in an ionic form, their clinical use failed because of
the presence of these metal oxides or the corresponding metal ions in the %Ga eluate
[19,168]. A very low breakthrough of the column packing material and the parent
radioisotope were reported for a CeO, based %Ge/Ga generator [177]. However, this
approach was not taken further as the yield of %%Ga from the CeO, based generator was low
(~56%) [177]. Alternatively, a macroporous styrene-divinylbenzene copolymer with N-
methylglucamine groups was used as the sorbent matrix for the preparation of %Ge/®Ga
generator. %%Ga was eluted from this generator with the low affinity chelator, sodium citrate,
in good yields (~80%), and the %Ge breakthrough was <0.0004% [181,182]. Another
complementary approach was the use of a pyrogallol-formaldehyde resin with high affinity
for Ge (IV), where %Ga was obtained as *®*GaCly using 5.5 M HCI as eluent [173]. The
[®GaCl,] complex was then adsorbed on a small anion exchange column to remove low
levels of ®*Ge breakthrough (<1 ppm). Elution with small volume of water resulted in the
decomposition of the chloro complexes, and concentrated solutions of %Ga® in 0.5 M HCI
were finally obtained. However, the performance of both these organic sorbents for the
preparation of %Ge/*Ga generator has been demonstrated only with tracer level of activity
(~370 kBq of 68Ge/68Ga) [173,181,182]. Therefore, further investigations on the radiation
stability and performance of the organic sorbents at higher level of activity are needed before
clinical applications are undertaken.

Nowadays, the most commonly available commercial %Ge/*Ga generator systems are
based on ‘modified’ TiO, or SnO, sorbents [19,167,183], from which ionic %Ga®* can be
availed in 0.1-1 N HCl medium. The major limitation of these commercially available
generators is that the %%Ga obtained from the primary column is not optimally suited for the
routine synthesis of %%Ga-labeled radiopharmaceuticals [19,167,183]. The %¥Ga-eluates from

. . 68 .
most of the commercial generators have low specific volume of "Ga and may contain
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different trace elements owing to the solubility of metal oxide sorbent. The presence of these
competing metal ions in the eluate is a major obstacle in the complexation chemistry of %Ga
[19,166,167,183] and therefore necessitates the inclusion of multiple post-elution processing
steps [19,165-167,184,185]. Moreover, there is a drastic decrease in the elution yield of 8Ga
and increase in the **Ge breakthrough with passage of time or increasing number of elutions
[19,166].

In view of the above described drawbacks, development of alternate sorbents with
high sorption capacity and selectivity for ®*Ge along with appreciable radiation resistance and
chemical stability in acidic medium, is of considerable importance and deserves a serious
consideration. Use of such sorbents would not only facilitate the elution of ®*Ga with high
radioactive concentration and avoid the need of additional concentration step, but also render
%Ga of acceptable radionuclidic and chemical purity.

4.1.3 The present work

The availability of a reliable, simple-to-handle 8Ge/*Ga generator would facilitate
more research on new diagnostic radiopharmaceuticals with %Ga. In this chapter, the
attention is focused on exploring the potential of nanomaterials as promising sorbents for the
preparation of ®*Ge/**Ga generators. The potential of nanomaterial based sorbents in the
preparation of clinically useful *Mo/**™Tc generators was described in the earlier chapter. It
is expected that use of such materials can minimize the number of steps involved in obtaining
clinical grade %Ga from *®Ge. Several favorable characteristics, such as high surface area,
availability of reactive surface sites and pore structure make nanoparticles excellent sorbent
for generator preparation. This chapter describes the development of two novel *Ge/**Ga
generators using tetragonal nano-zirconia (t-ZrO;) and nano-ceria-polyacrylonitrile
composite (CeO,-PAN) as the sorbent matrices. The feasibility of each of these methods, in

terms performance of the generators with respect to %¥Ga-elution yield, low %Ge
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breakthrough, high radioactive concentration of the %%Ga solution and adequate purity of the
%%Ga for preparation of radiopharmaceuticals, has been demonstrated and evaluated.
4.2 Materials

Reagents such as hydrochloric acid, ammonium hydroxide, etc. were of analytical
grade and were procured from S.D. Fine Chemicals, India. High performance liquid
chromatography (HPLC) grade water and zirconyl chloride (ZrOCl,.8H,0, +99.9%) were
purchased from E. Merck, Germany. Cerium (III) nitrate (+99.9%) was obtained from BDH,
India. Analytical grade (+99.999%) GeO, was procured from Aldrich, England. DOTA-
TATE (DOTA—D—Phel—Tyr3 -octreotate, DOTA=1,4,7,10-tetraazacyclo dodecane-1,4,7,10-
tetraacetic acid) was obtained from Pi Chem, Austria. Paper chromatography (PC) strips (3
MM, 20 mm width) were purchased from Whatman International Limited, England. ®*Ge in
HCI medium was obtained from Atom Hightech Company Limited, China, through an IAEA
coordinated research project.

HPGe detector coupled with a multichannel analyzer (MCA) (Canberra Eurisys,
France) with a 1.5 keV resolution at 1333 keV and range from 1.8 keV to 2 MeV was used
for analysis of %Ga. The efficiency of this instrument was estimated using a standard 2By
source. Gamma activity of %Ga was routinely assayed using a Nal (T1) scintillation counter
(400-600 keV). The chemical analysis for the determination of trace level of metal
contaminations was done using Inductively Coupled Plasma-Atomic Emission Spectroscopy
(ICP-ES JY-238, Emission Horiba Group, France). The UV-Visible spectrometry of the %Ga
samples were carried out using JASCO V-530, UV/Vis Spectrophotometer. The
complexation yields of %Ga labeled compounds were studied using HPLC technique. The
HPLC instrument (JASCO PU 1580, Japan) was equipped with a Nal (T1) detector as well as

a UV-Visible spectrometer.
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4.3 Separation of Ga from *Ge
4.3.1 Synthesis of t-ZrO, and CeO,-PAN composite

The synthesis of t-ZrO, and CeO,-PAN was carried out as per the procedure
described in Chapter 2. Owing to the simple and reliable synthesis procedure using
commercially available chemicals, large scale preparation of these sorbents could be achieved
in the laboratory. It was therefore considered worthy to establish the suitability of these
materials for the preparation of %Ge/®Ga generators. The materials synthesized were porous
with sufficiently large surface area and hence, could be used as a solid phase support in
column chromatography operation. The materials demonstrated high resistance toward
chemical attack and precluded the presence of Zr and Ce ion impurities in the eluate that
could possibly interfere in complexation chemistry of Ga® ions. Subsequent investigations
were directed towards optimization of experimental conditions necessary for the effective
separation of %¥Ga from “*Ge.
4.3.2 Determination of the distribution ratios (K;) of the ®*Ge and **Ga ions

In order to explore the potential of t-ZrO, and CeO,-PAN for the separation of 8Ga
from 68Ge, distribution ratios (Ky) of Ge and Ga ions were determined at different
concentrations of HCI solutions. The Kq values of the Ge and Ga ions were determined by
batch equilibration method. A stoppered conical flask containing 200 mg of the respective
sorbents, immersed in 20 mL of HCI solution spiked with 37 kBq of the ®*Ge/**Ga
radiotracer, was shaken for 1 h at room temperature (25 0). Subsequently, the supernatant
solution was filtered through Whatman filter paper (No. 50). Since ®*Ge decays solely by
electron capture to ®*Ga, the activity of ®*Ge could not be directly estimated by y-ray
spectrometry. For determination of the activity of ®®Ge, the filtrate was allowed to decay for
24 h, so that all the ®*Ga activity would decay except the amount which grows from and is in

equilibrium with the ®*Ge. This *®Ga activity would correspond to the ®*Ge activity and hence
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measured in a well type Nal (T1) counter using appropriate window settings (400-600 keV).
On the other hand, for quantification of 68Ga, it was measured immediately after filtration.
The Ky values were calculated by using the following expression:

_ ArAV
Aeqm

K4
where, A;is the initial total radioactivity of 1 mL the solution, A4 is the unadsorbed activity
in 1 mL of the solution at equilibrium, V is the solution volume (mL) and m is the mass (g) of
the adsorbent. All equilibration experiments were carried out in triplicate. The results
obtained with t-ZrO, and CeO,-PAN are summarized in Table 4.2 and Table 4.3

respectively.

Table 4.2: Distribution ratios (Ky) of ®*Ge and ®Ga ions in t-ZrO,

Conc. of HCI Kq
(M) “Ge “Ga
0.001 12598 £ 120 8+2
0.01 12743 + 88 0.10+0.05
0.05 6645 * 46 0.2+£0.1
0.1 6333 £ 52 0.10 £ 0.06
0.5 2131 £ 100 0.5%0.1
1 1204 + 84 0.7£0.2
2 93150 0.6£0.1
3 907 £ 53 04£0.2
4 614 =45 04£0.1
5 412 + 61 0.6%£0.2

(n = 3, ‘+ indicates standard deviation)
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Table 4.3: Distribution ratios (K4) of ®*Ge and ®Ga ions in CeQ,-PAN

Conc. of HCI Kgq
(M) *Ge *Ga
0.001 5233+ 144 113£8
0.01 5152+ 119 0.12 £ 0.07
0.05 4766 + 68 02£0.1
0.1 3033 £ 162 03%0.1
0.5 2109+ 113 0.5+0.2
1 1654 £ 121 0.6+0.2
2 1636 £ 111 0.7+0.1
3 837+ 56 0.6+0.3
4 414 + 59 0.7+0.2
5 342+ 77 0.7+0.1

(n = 3, ‘+ indicates standard deviation)

It can be seen from the tables that for both the sorbents, under all examined
concentrations, Ge ions had significantly high K4 values compared to Ga ions. Further, it can
be noticed that the K4 values for Ge ions decreased gradually with increase in concentration
of HCI. On the other hand, %Ga** ions had distinctly lower K4 values under acidic conditions
and could thus be effectively separated from *®*Ge. Owing to the very high Kq values of Ge
ions in 0.01 M HCI and very low K4 values of Ga’* under the same conditions, it was decided
to use 0.01 M HCI solution for elution of Ga™". Quantitative retention of %Ge was achieved
and ®®*Ga could be easily eluted out using 0.01 M HCl solution.

Nano zirconia and nano ceria particles can be considered to consist of discrete metal
oxide clusters covered by surface hydroxyl groups. The interaction of nanosized metal oxide

particles with aqueous solutions results in the hydroxylation of surface sites and this imparts a
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pH-dependent surface charge which is primarily responsible for the uptake of metal ions.
This phenomenon was studied by determination of the zeta potential of these materials at
different pH environments. The zeta potential of t-ZrO, (Fig. 2.12) was positive up to pH 4,
while in case of CeO,-PAN (Fig. 2.16), the zeta potential values were positive up to pH 6. On
further increase in pH, the zeta potential of these nanomaterials became zero (IEP) and
subsequently became increasingly negative with further rise in pH. In dilute acid solutions
(pH 2-3), the principal germanium compounds probably are [GeO(OH);], [GeO,(OH),]* and
[[Ge(OH)4]8(OH)3]3' which are negatively charged [186,187]. The strong affinity of the
sorbents for ®*Ge ions at pH ~2 is probably due to the electrostatic attraction of negatively
charged germanium ions for the positively charged surface of the t-ZrO, and CeO,-PAN. In
the same medium, Ga exists as Ga’* ions and hence a nearly complete elution could be
achieved due to electrostatic repulsion of the positively charged Ga™ jon from the positively

charged surface of the nanomaterials.

However, on increasing the acidity of the solution, the Ky values of Ga ions increased,
slightly. This might be due to the tendency of formation of negatively charged [GaCly]
complex at higher acidity which is probably retained on the positively charged surface of the
nanomaterials. Therefore, 0.01 N HCI solution was chosen for elution of %Ga in all
subsequent experiments.

4.3.3 Determination of the time of equilibration

In order to study the time dependence of sorption of %Ge onto t-ZrO, and CeO,-PAN,
the K4 of %Ge ions was determined in 0.01 M HCI as a function of time. The attainment of
equilibrium was indicated by the constant K4 value after a certain period of time and the
results for t-ZrO, and CeO,-PAN are shown in Fig. 4.2 and Fig. 4.3, respectively. It could be

inferred from the figures that the equilibrium was attained within 50-60 minutes, when t-ZrO,

131



was used as the sorbent and within 25-30 minutes when CeO,-PAN was used. Therefore, this

contact period was maintained in all subsequent batch equilibration experiments.
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Fig. 4.2: Variation in K4 values of 8Ge ions with time using t-ZrQ, as sorbent
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Fig. 4.3: Variation in K4 values of %8Ge ions with time using CeO,-PAN as sorbent
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4.3.4 Determination of the sorption capacity of t-ZrO; and CeO,-PAN

The sorption capacity of the sorbents were evaluated both under static as well as
dynamic conditions. The solution of non-radioactive Ge(IV) was prepared by dissolving
GeO; in 0.1 N sodium hydroxide. The concentration and the initial pH of the Ge solution
were adjusted with 0.1 N HCI. HPGe detector coupled with a multichannel analyzer was used
for analysis of %%Ga and **Ge and also for their quantitative determination.
4.3.4.1 Static sorption capacity

The static sorption capacities of t-ZrO, and CeO,-PAN for Ge ions were determined
by batch equilibration method. An accurately weighed amount of sorbent (~200 mg) was
taken in a stoppered glass conical flask and equilibrated with 20 mL of the Ge solution (5 mg
of Ge mL™") spiked with ~370 kBq (10 pCi) of ®*Ge, for 1 h at pH 2. Subsequently, the
contents were filtered and the filtrate was allowed to decay for 24 h. The activity of the
decayed ®®Ge solution was measured using a Nal(Tl) detector and compared with that of the
standard ®*Ge solution. The sorption capacity was calculated using the following expression:

(Ao-Ae)V.Co
Aom

Capacity =
where A, and A, represented the radioactivity of %Ge in 1 mL of supernatant solution before
and after sorption, respectively, C, was the total Ge content (5 mg) in 1 mL of solution before
sorption, V was the volume of solution and m was the mass (g) of the sorbent. The batch
equilibration studies indicated that the static sorption capacities of t-ZrO, and CeO,-PAN
were 135+ 10 mg Ge g and 40 + 5 mg g, respectively, in 0.01 M HCl solution (n = 10).
4.3.4.2 Determination of breakthrough pattern and dynamic sorption capacity

In order to evaluate the sorption capacity of the nanomaterials for Ge under dynamic
conditions, a borosilicate glass column of dimension 8 cm X 0.6 cm (i.d.) with a sintered disc

(Gp) at the bottom was packed with a known amount of the respective sorbent. After the

column was conditioned with 0.01 M HCI, Ge solution (5 mg Ge mL'l), spiked with
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%%Ge/*®Ga radiotracer, was allowed to pass through the column at a flow-rate of ~0.25 mL
min™'. 1 mL of this solution was kept as reference. The effluent was collected in fractions of 1
mL aliquots and allowed to decay for 1 day. The %Ge activity in the reference (C,) and
effluent fractions (C) were determined by measuring the 511 keV y-ray peak in a HPGe
detector. The ratio of the count rate ‘C’ of each 1 mL effluent fraction to the count rate ‘C,’
of 1 mL of the original feed Ge solution was taken as the parameter to follow the sorption
pattern. The breakthrough curves developed for t-ZrO, and CeO,-PAN are illustrated in Fig.
4.4 and Fig. 4.5, respectively. It can be seen from Fig. 4.4 that for t-ZrO,, the breakthrough
point was reached after (76£3) mg of Ge (n=10), was quantitatively retained by 1 g of the

sorbent in the column.
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Fig. 4.4: Breakthrough profile of Ge ions on passing Ge (5 mg Ge mL™) solution

through a 500 mg t-ZrO, column at a flow rate of 0.25 mL min™
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Fig. 4.5 shows that the breakthrough capacity of CeO,-PAN was (20+2) mg of Ge per g of
the sorbent (n = 10). These results reflect that even a small column containing 200 mg of t-

ZrO; or CeO,-PAN is adequate for the preparation of a 37 GBq (1 Ci) %Ge/*Ga generator.
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Fig. 4.5: Breakthrough profile of Ge ions on passing Ge (5 mg Ge mL™) solution
through a 1 g CeO,-PAN column at a flow rate of 0.25 mL min”

It must be mentioned here that the concentration of Ge ions (5 mg Ge mL™) used in
these experiments, are far higher than the ‘real’ generator situation. However, it still serves
the purpose and provides information on the sorption capacities of both the sorbent materials
for Ge ions, which are appreciably high. This concentration of Ge ions was chosen to indicate
the excellent capacity of the sorbent, much more than adequate to adsorb Ge ions expected to
be present in a clinical scale ®*Ge/*®Ga generator. Since ®*Ge is available in no-carrier added
form, the amount of Ge present in 37 GBq (1 Ci) of %Ge solution is only 0.14 mg. On
passing Ge solutions, containing 0.14 mg of Ge (equivalent to 37 GBq of ®*Ge) through two
columns, each containing only 200 mg of t-ZrO, or CeO,-PAN, it was found that Ge ions

were quantitatively taken up by the respective sorbents.
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4.4 Development of BGe/®Ga generators

The separation processes could be demonstrated by developing two 740 MBq (20
mCi) 8Ge/®Ga generators using t-ZrO, and CeO,-PAN as sorbent matrices, respectively. For
the preparation of each generator, a borosilicate glass column of dimension 8 cm X 0.6 cm
(i.d.) with a sintered disc (Gy) at the bottom was packed with 1 g of the respective sorbent and
kept in a lead shielded container. It was pre-conditioned with 0.01 M HCI solution. A
schematic diagram of the ®*Ge/*®Ga generator system is shown in Fig. 4.6. All the operations
were carried out in the closed cyclic system using connecting tubes. Input/output connections
were made with standard teflon tubings of 1 mm inner diameter and connectors. The
generator column, connectors and connection tubings were integrated within a small portable
lead shielded unit throughout experimental use for radioprotection purpose. Only the elution
vial and output vial were accessible externally. A disposable 0.22 wm membrane filter was

attached to the generator column output by teflon tubing.

Vent —=

0.01 M HCI

68
Ga collection vial

Stop cock

/@ 0.22 um membrane filter

68
Ge sorbed on't - ZrO,
or CeO, - PAN

«— 25 mm Lead shielding

G, glass frit

Fig. 4.6: Schematic diagram of the BGe/®Ga generator system
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The **Ge/**Ga solution containing 740 MBq (20 mCi) of %Ge at pH 2 was percolated into
each column maintaining a flow rate of 0.25 mL min!. In case of both t-ZrO, as well as
CeO,-PAN based generators, about 740 MBq (20 mCi) of ®*Ge activity at pH 2, were
quantitatively retained by the sorbents. The **Ge-loaded generator columns were then washed
with 100 mL of 0.01 M HCI solution. On washing with 0.01 N HCI solution, only <0.5% of
%Ge came out, from each generator column.
4.5 Choice of the eluent for the elution of ®*Ga from the ®*Ge/**Ga generators

For the success of a **Ge/®*Ga generator in clinical PET, it is essential to obtain 8Ga
in an uncomplexed chemical form, maximize the elution yield of 68Ga, minimize the *®Ge
breakthrough and keep the elution volume to a minimum. These requirements place severe
constraints on the eluent that can be used, and the choice is rather limited. Gallium exists
exclusively in +3 oxidation state in aqueous acidic solutions. It hydrolyzes nearly completely
at neutral pH [188,189] and readily forms highly insoluble amorphous Ga(OH)s, while Ga
ions at hydrochloric acid concentrations >5.5 M form the negatively charged [GaCly]™
complex [185]. In view of these limitations, it was decided to work under acidic conditions
and use 0.01 M HCI as eluent, based on effectiveness of this solution in desorbing 8Ga’t
from the sorbents while maintaining the level of %Ge impurity in the eluate to a permissible
level. The decay of %Ge to ®*Ga is not accompanied by any serious disruption of chemical
bonds. As these ®Ge ions start transforming into ®*Ga ions, which do not form negative
complexes at 0.01 M HCI, they are not retained by the sorbent matrices and hence an easy
displacement of ®*Ga™ ions is expected.
4.6 Elution profiles of BGe/®Ga generators

In order to optimize the minimum volume of eluent required for the elution of ®*Ga
with maximum yield and radioactive concentration, the elution profiles of the generators

were studied by collecting the %Ga eluates as 0.5 mL aliquots, and the activity of each
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fraction was determined by measuring the 511 keV 7y-ray peak in a HPGe detector. The %Ga-

elution profiles of t-ZrO, and CeO,-PAN based generators are illustrated in Fig. 4.7 and Fig.

4.8, respectively.
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Fig. 4.7: Elution profile of the t-ZrO, based **Ge/**Ga generator
It can be seen from the figures that the elution profiles of both the generators are quite sharp
in nature. In the case of t-ZrO, based generator, <2% of the %8Ga was eluted in the first 1 mL
fraction and >90% of the **Ga activity was eluted in the subsequent 2 mL of eluate.
Therefore, for the regular elutions of the t-ZrO, based generator, the first 1 mL fraction
containing negligible amount of %%Ga was discarded and the majority of %%Ga was available in
2 mL of 0.01 N HCI solution with appreciable radioactive concentration. Similarly, in the
case of the CeO,-PAN based 8Ge/®Ga generator, <3% of the %Ga was eluted in the first 1.5
mL fractions and >90% of the ®*Ga activity was obtained in the subsequent 2 mL of eluent.
Therefore, for the regular elutions of the CeO,-PAN based generator, the first 1.5 mL fraction

containing negligible amount of ®*Ga was discarded and the majority of ®®*Ga in the
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subsequent in 2 mL of 0.01 N HCl solution was used for the preparation of

radiopharmaceuticals.
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Fig. 4.8: Elution profile of the CeO,-PAN based BGe/®Ga generator

4.7 Quality control of **Ga eluate
4.7.1 Radionuclidic purity

In order to utilize ®®*Ga obtained from **Ge/**Ga generators for clinical applications,
special attention is necessary to ensure that the level of ®*Ge radionuclidic impurity present in
%Ga is always below the permissible limit. This is important since, with the passage of time,
even trace amounts of the long-lived %Ge impurity would reach appreciable proportions as a
radionuclidic impurity. When small quantities (MBg/mCi levels) of radiopharmaceuticals
labeled with short-lived ®*Ga are administered to patients for diagnostic purposes, even
fractional percentages of the long-lived parent (®*Ge), if present, will add to the radiation dose
to the patients and are therefore undesirable. The radionuclidic purity of the *®Ga eluted from

both the generators was assessed by measuring the half-life of ®*Ga and by y-ray spectrometry
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of the decayed %Ga samples using a calibrated HPGe detector coupled to a multi-channel
analyzer.
4.7.1.1 Decay pattern of **Ga

The decay pattern of %Ga was monitored by following the half-life of %Ga using a
Nal (T1) counter (window 400-600 keV). The decay was followed for nearly 6 h (~6 half-
lives of ®*Ga). The decay profile of a typical %Ga sample is shown in Fig. 4.9. The absence of
any deviation at the lower end of the straight line decay curve confirmed that the %Ga
samples were pure and contained negligible quantities of long-lived %%Ge. The results were
almost similar in case of both the generators. The half-life of ®*Ga as calculated using the
decay profile was (66.7 = 0.5) min (n =5) which was close to the 67.71 min half-life reported

for ®Ga.
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Fig 4.9: Decay profile of ®*Ga
4.7.1.2 ¥ray spectrometry

Since ®*Ge decays solely by electron capture to ®*Ga, the amount of ®*Ge contamin-
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ation in ®*Ga eluate could not be directly estimated by y-ray spectrometry. The %Ge
contamination level in ®®*Ga was quantified by allowing the separated %Ga samples to decay
for 24 h and then measuring the 511 keV y-ray peak, corresponding to emission from %Ga
daughter. This in turn corresponds to the level of ®*Ge contaminant, which exists in secular
equilibrium with ®®Ga. The amount of ®*Ge impurities in ®®Ga eluates from both the
generators were always <20 Bq (<10°% of the total ®*Ga activity) in all the elutions over the
period of 1 year.

The radionuclidic purities of %Ga obtained from the t-ZrO, and CeO,-PAN based
generators were comparable to that obtained from commercial generators [19,166,167].
However, it must be noted that the eluate (**Ga) from commercial generators were subjected
to multiple purification steps [2,166,167,183] to obtain clinical grade 68Ga, whereas, the
%Ge/*®Ga generators described here provided ®®Ga of similar purity in a single step. This
proved that ®*Ga was availed from the nanomaterials based generators with high radionuclidic
purity and was hence suitable for radiopharmaceutical applications.

4.7.2 Chemical purity

The *®*Ga eluted from the generators might be associated with other metal ions (like
Zr, Ce, Cu, Pb, Co, Cr, Cd, Ni, Fe, Mn and Zn ions) as chemical impurities [19,167]. The
presence of Zr and Ce ions in the ®*Ga eluates could be a possibility due to dissolution of t-
7ZrO, and CeO,-PAN in HCI medium, respectively. The other metal ion impurities like Cu,
Pb, Co, Cr, Cd, Ni, Fe, Mn ions could be introduced through the raw materials used and are
noted to be occasionally present in the ®*Ge solution [19,167]. Additionally, ®®*Ge may contain
significant amounts of Zn ions as a decay product of ®®Ga. [19,167]. These metal ions might
be eluted along with ®*Ga in HCI medium. The presence of these chemical impurities in **Ga
might interfere in the complexation of ®*Ga with various ligands and biomolecules. Thus it is

necessary to estimate the concentrations of these metal ions in the ®*Ga as a quality assurance
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step. In order to determine the presence of chemical impurities in the %Ga eluate, the ®*Ga
samples were allowed to decay for 7 days. The trace levels of the metal ion contamination in
the decayed samples were determined by ICP-AES analysis. The calibration curves for these
ions were obtained by using standard solutions having known concentration of these ions.

The level of Zr ions in the ®Ga eluate from the t-ZrO, based 8Ge/Ga generator, as
analyzed by ICP-AES analysis, was found to be as low as (0.05+£0.01) ppm [(0.05£0.01) pg
mL™"] (n =5). Similarly, in the %8Ga eluate from the CeO,-PAN based *®Ge/**Ga generator, the
level of Ce ions was (0.08 = 0.03) ppm [(0.08+0.03) ug mL'l] (n =5) The level of Zr and Ce
ions impurity in the %%Ga eluates were analyzed by random selection of %Ga samples over a
period of 1 year. It was found that the level of Zr and Ce ions in the ®*Ga eluates from the
respective generators was consistently low over this prolonged period of time. It is clear from
the result that both t-ZrO, and CeO,-PAN are stable to both radiation as well as chemical
degradation on repeated elution over a prolonged period of 1 year and do not lead to the
dissolution of the column matrices, unlike the conventional sorbents [19,166,167].

In the %®Ga eluted from both the generators, Pb and Cr ions were below the detectable
limits of the ICP-AES system used and the amounts of Co, Cu, Cd, Ni, Fe ions etc. were <5
ng mL'. Owing to the unavailability of instrumental facility to analyze radioactive samples,
elemental analysis of Zn in the freshly eluted %Ga samples could not be carried out. The
presence of Zn ions below appreciable amounts which could interfere in the complexation
chemistry of %Ga could be indirectly tested by investigating the labeling efficacy of %Ga,
described in the next section.

It was also essential to scrutinize the ®*Ga eluate from the CeO,-PAN based **Ge/**Ga
generator for the presence of organic residues, possibly due to the radiolytic degradation of
the polyacrylonitrile matrix. Trace amounts organic residue from the polyacrylonitrile

binding matrix was assayed by UV-Visible spectrometry using the decayed %Ga samples. It
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is reported that PAN shows weak absorption at An,x of 278 nm in the UV-Visible spectra,
which corresponds to the n—7t* transition of nitrile-groups [190]. From the UV-Visible spectra
of the decayed %Ga samples it could be inferred that PAN residue was not present in the %Ga
eluate as no absorption was observed at this wavelength.
4.8 Labeling efficacy of BGa

In order to evaluate the suitability of %%Ga for biomedical applications, it was used for
the preparation of %Ga-DOTA-TATE. This is also an indirect test to ascertain the chemical
purity, as high chemical purity is essential to achieve a good complexation yield of the
radiolabeled agent. For radiolabeling of DOTA-TATE with %Ga, 20 uL of DOTA-TATE
solution (1 pg uL™) in HPLC grade water was mixed with 980 pL of 0.01 M ammonium
acetate buffer (pH ~5) and 1 mL of %Ga eluate (~296 MBq, 8 mCi in 0.01 N HCI medium)
was added to it. The pH of the resulting mixture was found to be ~4-4.5, and was carefully
adjusted to ~4 (if required) by addition of 0.1 N HCI. The resulting mixture was incubated at
90 °C for 15 min. The extent of complexation achieved was determined by paper
chromatography (PC) using 50% acetonitrile in water (v/v) as the eluting solvent as well as
by high performance liquid chromatography (HPLC). HPLC was carried out using a dual-
pump HPLC unit with a C-18 reversed phase HiQ-Sil (5 um, 25 X 0.46 cm) column. The
elution was monitored by measuring the 511 keV 7y-ray of %Ga using Nal (Tl) detector
(window 400-600 keV). The mobile phase consisted of water (A) and acetonitrile (B)
mixtures with 0.1% trifluoroacetic acid and the following gradient elution technique was
adopted for the separation: 0-4 min 95% A, 4-15 min 95% to 5% A, 15-20 min 5% A, 20-25
min 5% A to 95% A, 25-30 min 95% A. The flow rate was maintained at 1 mL min’'. The
paper chromatography (PC) patterns of the ®*Ga-DOTA-TATE and uncomplexed **Ga’" as

68GaCl3 are shown in Fig. 4.10.
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From the PC pattern, it can be seen that ®Ga-DOTA-TATE moved towards the
solvent front (R = 0.8-0.9) (Fig 4.10a), while under identical conditions unlabeled **Ga**
remained at the point of application (R¢ = 0) (Fig. 4.10b). Further, it was observed that as low
as 20 ug of DOTA-TATE (13.9 nmol) was sufficient for labeling ~296 MBq (8 mCi) of %Ga
with >99% complexation yield. The complexation yield of %Ga-DOTA-TATE was validated

by HPLC studies. A typical HPLC pattern of ®*Ga-DOTA-TATE is shown in Fig. 4.11.
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Fig. 4.11: HPLC pattern of ®*Ga-DOTA-TATE

The specific activity of %Ga-DOTA-TATE was ~21.3 MBq nmol” and it was
obtained with >99% radiochemical purity. The high radiochemical purity of ®*Ga-DOTA-
TATE was comparable to that of 68Ga—DOTA—peptides prepared by the reported methods,
adopting multiple purification steps [19,166,167,185]. The present findings amply suggest
that traces of Zn ions, if present, in the eluate do not interfere significantly in the
complexation chemistry of %Ga. The small volume of the ®*Ga eluate from the t-ZrO, and
Ce0,-PAN based **Ge/®®Ga generators, with appropriate radioactive concentration and the
availability of %%Ga* ions in an uncomplexed and highly pure form, facilitate the direct use of
%Ga for labeling of biomolecules without the inclusion of post-elution processing procedures.
4.9 Elution performance of the generators over a period of 1 year

The **Ge/*®Ga generators were eluted on every working day over a period of 1 year.
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Over this period of time, the generators were eluted for more than 260 times. The

performance of the t-ZrO, and CeO,-PAN based generators with respect to the radiochemical

yield of %Ga and the **Ge breakthrough is illustrated in Fig. 4.12 and Fig. 4.13, respectively.

The figures show that for the both the generators, the radiochemical yield of ®*Ga was always

>80% and the level of ®*Ge impurity present in %%Ga was <10°% over this period of 1 year.
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Fig. 4.12: Performance of the t-ZrQO, based BGe/®Ga generator over a period of 1y,

data points shown at 10 d intervals

A major advantage of the t-ZrO, and CeO,-PAN based 8Ge/Ga generators is the

consistency in their performance which is far superior to that of the widely used SnO, and

TiO, based **Ge/®*Ga generators, which have been reported to show degrading performance

on repeated elution, over a prolonged period of time [19,166,170]. It is reported by Asti et al

[166], that the amount of 8Ge breakthrough increased with time (~15% increase per month),

ranging from 1.1x1072% to 2.6x1072% of the ®®Ga activity within the 7 months of evaluation.
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Moreover, the elution yields of ®*Ga from these generators decreased from 82% to 69% on

repeated elution (100 times) over the period of 7 months [166].
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Fig. 4.13: Performance of the CeO,-PAN based BGe/®Ga generator over a period of 1y,
data points shown at 10 d intervals

Though the consistency of the elution yield (>80%) and purity of %Ga are good
indications of the radiation stability of the sorbents, the effect of radiation on the performance
of t-ZrO, and CeO,-PAN loaded with clinically useful amount of 8Ge (~1.85 GBq or 50
mCi) is yet to be demonstrated. However, it is well reported that nanocrystalline metal oxides
exhibit enhanced radiation stability compared to the bulk materials [68]. For both the
generators, the sorbent matrices were stable to radiation, over a prolonged period of time, and
did not lead to bleeding of Zr or Ce ions in the ®Ga eluate, unlike the commercially available
TiO, or SnO, based 8Ge/®Ga generators [19,166,167,183]. However, this needs to be

ascertained by preparing generators of much higher activity.
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4.10 Simulated study for the separation of Ga from a Ge carrier-added solution,
equivalent to ~3.7 GBq (100 mCi) of ®*Ge

The performance of t-ZrO, and CeO,-PAN as column matrices for 8Ge/®Ga
generators of higher level of activity, was investigated by using inactive Ge carrier-added
solution simulated to represent ~3.7 GBq (100 mCi) of ®®*Ge. The simulated solution was
prepared by dissolving 21 pug of GeO, (equivalent to 3.7 GBq of no-carrier-added %Ge) in 0.1
M NaOH. The resultant solution was evaporated to dryness and then reconstituted with 0.01
M HCI solution. The above solution was spiked with an equilibrium mixture of *®*Ge/**Ga
containing 185 MBq (5 mCi) of %Ge. The pH of the solution was adjusted to ~2 by adding 1
N HCI. The mixture was loaded in a borosilicate glass column [8 cm X 0.6 cm (i.d.)]
containing 1 g of the respective sorbent, adopting the procedure outlined above. ®*Ga was
eluted with 3 mL of 0.01 N HCI solution under the same conditions as in the previous studies.
The efficiency of ®®Ga elution and the ®*Ge breakthrough were determined, for the generators
developed using t-ZrO, and CeO,-PAN sorbents. For both the sorbent materials, the recovery
of ®®*Ga from Ge/Ga mixture simulated to represent 3.7 GBq (100 mCi) of ®*Ge, was as good
when lower amounts of ®Ge were used. The overall yields of °®*Ga in the simulated
experiments were always >80% and the ®*Ge breakthrough was <10°%. It must be mentioned
here that although the simulated experiments gives a fair idea about the sorption capacity and
separation efficacy of both the sorbents at higher level of activity, the effect of radiation dose
over a prolonged period of time on the performance of the material is yet to be demonstrated.
4.11 Advantages of t-ZrO; and CeO,-PAN based BGe/®Ga generators

The present study clearly suggests that both t-ZrO, and CeO,-PAN are very effective
sorbents for the preparation of ®*Ge/**Ga generator for clinical applications. The major
benefits in the use of these nanomaterial based sorbents in the preparation of **Ge/*®Ga

generators are: (1) high capacity of the sorbents owing to small size and high specific surface
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area (2) rapid packing due to the high density of the sorbents that settles in a few minutes, (3)
rigidity which allows the use of high flow rates, (4) enhanced chromatographic efficiency due
to large surface to volume ratio and (5) negligible %Ge bleeding due to the stable chemical
link of the ®*Ge species to the matrix and (6) chemical and radiation stability of the sorbent
matrices (7) direct usability of the %%Ga eluate for the preparation of radiopharmaceuticals.

Several modifications can be incorporated in these new generator systems developed
and reported here. This includes scaling up to higher activity level (up to 3.7 GBq, 100 mCi),
use of extremely high purity reagents to avoid metal ion contamination, elution of %%Ga under
sterile conditions and automation of the entire process. It is my goal to carry out all these
developments in near future to improve this generator into an easily adaptable system for
hospital radiopharmacies.
4.12 Conclusions

In the present study, a rapid, simple, reliable and chemically efficient chromatography
method has been established using t-ZrO, and CeO,-PAN as sorbent matrices, to avail 8Ga
with acceptable radioactive concentration, yield and purity from %Ge. The efficacy of these
new generation sorbent materials could be demonstrated by developing two 740 MBq (20
mCi) *®Ge/**Ga generators, which are still giving consistently good performance after
repeated elutions over a period of 1 year. %%Ga could be regularly eluted from the generator
with acceptable radioactive concentration with substantially high yield and purity. The
efficacy of %Ga for the preparation of radiopharmaceuticals for PET imaging could be
confirmed by radiolabeling DOTA-TATE with very high complexation yield. The results
presented here are promising and the generator systems are amenable for automation. These
generators may be very useful for countries where commercial sources of PET radioisotopes

are not readily available or too expensive.
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CHAPTER 5

DEVELOPMENT OF *'Sr/°'Y
GENERATOR

“The significant problems we face cannot be solved at the same level of thinking we

were when we created them.”

ALBERT EINSTEIN

150



5.1 Introduction
5.1.1 Yttrium-90 (°°Y) - an important therapeutic radionuclide

Y is a therapeutic radioisotope of enormous interest and radiopharmaceuticals based
on Y are widely used for radiolabeling various targeting molecules for the treatment of
cancer as well as in radiation synoviorthesis [191-200]. The broad interest in the use of Y in
therapeutic Nuclear Medicine is due to its suitable nuclear characteristics [15] (t, = 64.1 h,
B max 228 MeV, no y-emission) and favorable chemistry. Particulate-based
radiopharmaceuticals used for treatment of liver carcinoma as well as radiosynoviorthesis can
be prepared by using Ny produced by neutron activation of Y in a nuclear reactor [201-
203]. 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 strontium-89 (**Sr) could
be present owing to the (n,p) reaction. Moreover, (n,y)90Y produced in a reactor, is of low
specific activity due to the small neutron absorption cross-section (0.001 b) of %Y [15]. No-
carrier-added (NCA) Y of near theoretical specific activity is required for the preparation of
labeled antibodies and peptides used for targeted therapy [203].
5.1.2 Availability of NCA *°Y from *’Sr

A radionuclide generator system based on the secular equilibrium of strontium-90
*°Sr) decaying to %Y is a convenient method for the production of high specific activity Ny
[59,204]. The simplified decay scheme of %Sr is shown in Fig. 5.1. There is an unlimited
potential for availing NCA *°Y, as *’Sr is one of the major fission products and the annual
world production of *Sr in the nuclear reactors amounts to several hundred megacuries
[205]. Currently, spent reactor fuel is reprocessed in 5—6 countries, and these countries have
the capability to develop the process chemistry required for large-scale isolation of %St from

fission product waste.
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08y (t, 28.78Y)

B (E, . 0.546 MeV)

BY (t, 2.674d)

B (Epnax 2.28 MeV)

N7y (stable)

Fig. 5.1: Simplified decay scheme of "Sr (energy levels not drawn to scale)
There is an industrial level facility for recovery of *°Sr (and other fission products) at Mayak,
Russia [206]. A facility for the recovery of 55500 GBq (1500 Ci) of pure *°Sr was set up at
the Pacific Northwest National Laboratory, Washington, DC, USA, and the process
chemistry used in that plant is documented [205]. At the Bhabha Atomic Research Centre,
separation of *°Sr from the high level PUREX waste usable for *’Sr/*°Y generator has been
developed [207]. *°St/*°Y is one of the typical examples of a secular equilibrium with a very
long-lived parent (t,, 28.8 y) and a short-lived daughter (t,, 64.1 h). By adapting suitable
separation techniques, a few thousand Curies of usable high purity *°Y can be isolated from a
37 GBq (1 Ci) stock of *°Sr.
5.1.3 Separation of °°Y from *’Sr

Owing to the long half-life of *°Sr, the technology required for fabrication of *°Sr/**Y
generators is considerably different from that used for other generators such as the
PMo/”™Tc and "*W/'"®Re generator systems [203]. The *’Sr cannot be left in the column
matrix any longer than necessary, because of denaturation of the sorbent resulting from
energy deposition of the high energy p~ particles from decay of the *°Sr and *°Y [203]. This
often results in the lowering of *°Y yield and breakthrough of *’Sr in the eluate [203]. The

availability of *°Y with very low levels of *’Sr contamination is essential for therapeutic

152



applications, as %Sr localizes in the skeleton and, owing to its long half-life, has a very low
maximum permissible body burden of 74 kBq (2 nCi) [208].

During the last two decades, several separation technologies have been developed for
the separation of Y from *°Sr [59,204,209-221]. Most of the current separation techniques
involve multiple steps such as solvent extraction, ion exchange or extraction chromatography
either alone or in combination. A number of internationally valid patents have also been
issued [222-225]. Bray et al. [222], used ‘purified’ HEDP to remove the Y into the organic
layer, followed by several steps of scrubbing, stripping, purification by ion exchange
chromatography etc. The method was further modified using 2S¢ specific resins and a fresh
patent was taken in 2006 [223]. This reported method is cumbersome, needing the
manipulation of large quantities of *°Sr activity in small volumes in several steps. The
method described in the above patents also use a large amount of reagents such as acids, ion
exchangers etc. thereby giving the possibility of introduction of metallic as well as organic
impurities. The generation of radioactive waste is also very high in this technique. In the
patent by Horwitz et al. [224], precipitation of %S¢ and separation of the crystalline
P9S(NO3), by centrifugation followed by filtering is done to remove the bulk quantity of 2gr.
This is followed by purification of 0y by ion-specific resin. This procedure results in the
production of high active gy waste, both, solid and liquid as well as the loss of g,
Moreover, the process is cumbersome and Y availed might be associated with %S¢ impurity.
The patent by Betenekoy et al. [225] describes a method for purification of %S, followed by
extraction of Y by ion exchange. This method based on ion exchange using thermoxide type
of adsorbents could possibly be used as an industrial scale process, but is not expected to be
superior to the other reported methods.

Though a large number of separation technologies have been developed, none of them

are amenable for regular use in a hospital radiopharmacy. The feasibility of installation of a
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251/Y generator system for operation in a Nuclear Medicine department is still an
unrealistic proposition. Currently, Y s separated by industrial manufacturers and supplied
as a radiochemical in inorganic form to the radiopharmacies. The cost of Y s high (US

$15-20 per mCi of *°Y as compared to <$1 per mCi of "'

I, a widely used well established
therapeutic radioisotope) and the availability is limited due to the transportation logistics
[226]. Hence, the benefits of targeted therapy using Ny radiopharmaceuticals are currently
available only to a small number of patients in a few developed countries [203].

The development of a 205/"Y generator that can be operated in a central pharmacy
could increase the availability of %Y. In smaller countries, such generators could also be
located in national radiopharmaceutical production centers. However, for developing such a
generator, the possibility of unacceptable levels of %S¢ breakthrough and the lack of proper
analytical methods for estimation of Sr in the eluted 90Y, are some of the issues which need
to be resolved. Also, the production of long-lived wastes that require careful handling and
storage is encountered with the use of such generators. In addition, the security of St in
nuclear pharmacies and the potential hazards in case of its misuse in public domain have to
be also kept in perspective. Since PSr is a highly toxic radionuclide, it is very essential that
the *°Sr inventory is strictly maintained. *’Sr should be handled in a well-established,
controlled laboratory by trained personnel with strict inventory maintenance.

5.1.4 The present work

Reischl et al. [126] had demonstrated the separation of pure 80y, a PET radionuclide,
from milligram quantities of irradiated **Sr by a simple electrochemical method. Later, Yoo
et al. reported the use of the above electrochemical separation technique for the preparation
of ®°Y for patient specific dosimetry studies prior to the administration of *°Y based
radiopharmaceuticals [127]. Both the experiments used milligram amounts (50-150 mg) of

enriched *°Sr and the researchers were able to isolate pure %Y in usable quantities (>100

154



mCi). The method used by them was simple, with minimum processing steps, low waste
generation, recovery of unused %St enriched target and above all, the radionuclidic purity of
the resultant *°Y was acceptable for clinical work. The system developed by them is
amenable for automation and can be operated in a Nuclear Medicine department based PET
radiochemistry laboratory. The electrochemical method as a procedure for separating *°Y>*
from *°Sr** was reported, as early as 1957-58 by Lange et al. [227] and by Hamaguchi et al
[228]. However, it was never utilized for the separation of clinical grade %Y from *°Sr. This
chapter describes the use of the electrochemical separation system for the development of a
2S1/”°Y generator. The feasibility of the method, both in terms of yield and the purity of the
Y for preparation of radiopharmaceuticals, has been demonstrated and evaluated, in the
studies reported here.

5.2 Materials

%Sr in equilibrium with *°Y in 2 M HNO; was available in the Radiopharmaceuticals
Division of the Bhabha Atomic Research Centre. 85+89Sr(N03)2 is a regular product of the
Radiopharmaceuticals Division, BARC for commercial supply. Nitric acid, ammonium
hydroxide, acetone, ethyl alcohol and other reagents and chemicals were of analytical grade
and were procured from S.D. Fine Chemicals, Mumbai, India. Platinum metal plates of high
purity (+99.9%, provided with material testing certificate) were procured from M/s Hindustan
Platinum, Mumbai, India. Paper chromatography strips were purchased from M/s Whatman,
Kent, UK.

Gamma activity of 858951 was assayed using a Nal (TI) scintillation counter (500—700
keV). Y and *Sr activities when present in MBq (mCi) levels were measured in an
ionization chamber. A Nal (Tl) scintillation counter was used in most counting experiments
to measure the Bremmstrahlung radiations (50500 keV) of *°Y and *°Sr when present in kBq

(uCi) levels. A liquid scintillation counter (Model: Tricarb 2100TR, Packard Instrument,
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Minnesota, USA) was used for the final measurement of Bq levels of *°Sr activity in *°Y. A
HPGe multichannel analyzer, coaxial photon detector system (ORTEC, Oakridge, TN, USA)
with a 0.5 keV resolution and 1.8 keV to 2 MeV range was used for identification of 854893y,
in the presence of *°Y. The chemical analysis for the determination of trace levels of metal
contaminations, were carried out using Inductively Coupled Plasma-Atomic Emission
Spectroscopy (ICP-ES JY-238, Emission Horiba Group, France). A potentiostat unit with 100
V compliance, a maximum current of 2 A with 1.2 nA current resolution, >10" Q input
impedance, <5 pF capacitance and 10 pHz to 1 MHz built-in analyzer for impedance, was
used in the electrochemical studies, for maintaining the potential between the electrodes. The
apparatus for the electrochemical studies was prepared based on the reports of Reischl et al.
[126] and Yoo et al. [127].
5.3 The electrochemical separation of Y from *’Sr
5.3.1 Principle of separation of Y from a mixture of Sr and Y
The separation of Y from a mixture of Sr and Y is based on the selective

electrodeposition of Y on a platinum electrode. This is attributed to the difference in standard
electrode potential of Sr** and Y' ions in acidic media. The electrochemical reactions
involved and their standard reduction potentials are as follows [131]:

Sr™* +2e —Sr E°=-2.89V

Y*+3e—>Y E°=-227V
Though there is a very small difference in the standard electrode potentials of Sr** and Y**
jons, Y** can be selectively electrodeposited on the cathode by controlled application of
applied potential. When the electrolysis is carried out in aqueous medium using platinum
electrodes, two possible background processes are also involved [229].
At cathode (negative electrode):

2H" + 2e — H, (gas)
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At anode (positive electrode):

2H,0 — O5 (gas) + 4H" + 4e
The hydrogen overpotential on platinum is practically negligible. When platinum electrodes
are used, hydrogen is evolved at essentially the theoretical limit (E° =0 V).

For the electrodeposition of Y, the potential applied is far more negative than the
threshold requirement of potential for the evolution of hydrogen gas at the platinum cathode.
Consequently, brisk hydrogen gas evolution takes place at the platinum cathode and the pH
of the electrolyte becomes alkaline near the vicinity of the cathode, due to the deficiency of
H* ions [229,230]. Owing to the electrostatic attraction, both Sr** and Y** ions, which are
positively charged, migrate towards the negatively charged cathode. At the surface of the
electrode these metal ions react with water in alkaline environment to form their respective
hydroxides. The separation of carrier-free *°Y activity from an alkaline *’Sr-solution was
suggested in the classic text book by Friedlander et al. [231]. The difference in the solubility
product of Y(OH); (1x107%) and Sr(OH), (3.2x10*) [232] allows selective deposition of Y
on the surface of the cathode. The Sr(OH), which is practically soluble in water goes to the
bulk of the electrolyte, where the pH remains essentially acidic. The electrochemical
deposition of yttrium has been extensively studied [230,233,234] in both aqueous as well as
non-aqueous media. It is reported that yttrium is electrodeposited as a mixture of its oxide
and hydroxides on the surface of metallic electrode when aqueous electrolytes are used [230].
The use of organic electrolytes for the electrochemical separation of *°Y from *’Sr was
avoided, as the radiolytic damage to the electrolyte may be a deterrent to the efficiency of the
separation. Moreover, the radiolytic products may contaminate the °°Y and render it
unsuitable for radiolabeling molecules for use in radiopharmaceuticals.

5.3.2 The electrochemical set-up

A schematic diagram of the electrochemical cell is shown in Fig. 5.2. For electrolysis,
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the anode and cathode used were high purity platinum plates and a saturated calomel
electrode (SCE) was used as the reference electrode. The electrochemical cell consisted of an

open end quartz cylinder of 50 mL capacity fitted with an acrylic cap.
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Fig 5.2: Schematic diagram of the electrochemical Sr/”'Y generator
The electrodes were fabricated by spot welding platinum plates of size 75 (1)x10 (b)x0.5 mm
(thickness) to a platinum rod. The electrodes were fitted 5 mm apart on the acrylic cap,
which, along with the electrodes, fitted on the mouth of the quartz cylinder. The acrylic cap
was used to vertically raise and lower the electrodes. The platinum electrodes were adjusted
parallel to each other and then connected to the power supply using small screws which were
embedded into the acrylic cap and touched the rod. A provision for passing gas through an
acrylic tube, which dipped into the electrolysis solution, was given. A small outlet (~2.5 mm)

was provided in the acrylic cap for venting the gases.
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5.3.3 Optimization of the parameters of electrolysis for the separation of *’Y from *’Sr
5.3.3.1 Effect of the applied potential

Initially, to optimize the voltage to be applied for selective deposition of Y, the
effect of applied potential on deposition was studied by measuring the percentage deposition
of *Y as a function of voltage when electrochemical deposition was performed at pH 2.5-3.0
at room temperature. The effects of applied potential on Ny deposition are summarized in
Table 5.1.

Table 5.1: Effect of applied potential on electrodeposition of *’Y from *’Sr solution

Applied potential (V) (w.r.t. SCE) Electrodeposition yield of Ny (%)
-1.0 442
-1.5 5343
-2.0 80+3
-2.5 97+2
-3.0 >99

n=3, ‘+’ indicates standard deviation

The results confirm the need for carrying out the electrodeposition experiment at -2.5 V with
respect to SCE. The percentage of *°Y deposited was observed to increase with increasing
potential and attained maximum value at -2.5 V. Although the yield of *°Y was >99% at -3.0
V, there was a possibility of co-deposition of *°Sr at this voltage. Since the aim of the
experiment was preferential separation of Y from Sr, the potential applied in subsequent
experiments were maintained at -2.5 V with respect to SCE.
5.3.3.2 Effect of pH of the electrolyte

The pH of the electrolyte is critical for successful electrochemical deposition. Reischl
et al. [126] had reported near-complete deposition (97+2%) of *°Y at pH 2.5-3.0, and the

same was adapted for these experiments. However, in order to examine if there are pH
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changes during electrolysis and also to ensure that this pH range is the most optimum, one set
of experiments were carried out to estimate the Ny deposition as a function of pH. As
expected, in these experiments, Ny deposition was best in the range of pH 2-3 (Fig. 5.3),

confirming the reports by Reischl et al. [126].
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Fig. 5.3: Electrodeposition yield of Y studied as a function of pH of the electrolyte
Although the pH of the electrolysis solution tends to increase slowly during electrolysis, the
reduction in electrodeposition yield of *°Y was not very significant, due to this shift in pH.
Hence, there was no need to adjust the pH during electrochemical deposition. In all further
experiments, electrolysis was carried out at pH 2.5-3.0 at a potential of —2.5 V with respect
to SCE.

5.3.3.3 Effect of the time of electrodeposition

After optimization of the applied potential and pH of the electrolyte, experiments

were carried out to estimate the minimum time required for quantitative electrodeposition of
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Y at the optimum pH and potential. The electrodeposition yield of Y as a function of time is

illustrated in Fig. 5.4, which shows the need to run the electrodeposition for at least 90 min.
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Fig. 5.4: Effect of time on the electrodeposition yield of Ny

5.3.3.4 Bubbling of argon gas during the course of electrolysis

Bubbling of an inert gas through the solution before and during electrolysis was
essential to vent the gases produced during electrolysis as well as to keep the solution in
dynamic form. It was observed that when electrodeposition was carried out without purging
gas, the yield of Y decreased drastically to <60%. This might be due to presence of
dissolved oxygen in the electrolyte which interferes in the electroreduction of %Y. The use of
nitrogen, helium and argon as inert gases, for the above purpose were evaluated and the
results are summarized in Table 5.2. It is clear from the Table, that out of the three gases,
helium and argon were found to be more suitable, than nitrogen. Argon gas was chosen for
purging in all subsequent electrodeposition experiments, owing to ease of availability of this

gas in our laboratory.
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Table 5.2: Choice of gas purged during the course of electrodeposition of Ny

Gas purged Electrodeposition yield of Ny (%)
Nitrogen 62+3
Helium 96+ 2
Argon 97 %1

n=3, ‘+’ indicates standard deviation

5.4 Process Demonstration: Development of ) Vit generator

The method described by Reischl et al. [126] and Yoo et al. [127] was adapted for the
separation of *’Y from radioactive *°Sr in equilibrium with *°Y, containing zirconium-90
(*°Zr), the non-radioactive daughter product of *°Y with a vital modification. This
modification was carried out to avoid any co-deposition of *’Sr along with *°Y. It was
observed that when the method proposed by Yoo et al. was followed, in which electrolysis
was performed galvanostatically, the *’Sr contamination in *°Y was much more than the
acceptable limit. So the electrolysis was carried out potentiostatically by applying a definite
potential (—2.5 V with respect to SCE), at which only selective electrodeposition of *°Y took
place and the amount of *°Sr co-deposited was well below the specified limits [208]. The
electrochemical separation process involved two electrolysis cycles — the first cycle for
separation and the second cycle for purification of *’Y. The process adopted is described
below.
Step 1: First electrolysis: The separation step

%St was obtained as *°Sr(NOs), in 2 M HNOs. 1.85 GBq (50 mCi) of this solution
was placed in a 50 mL beaker and 37 MBq (1 mCi) of 854898 as Sr(NOs3), was added as tracer
to track the deposition of Sr in the electrode. The *°Sr/°Y equilibrium solution was
evaporated to dryness and dissolved in 30 mL of 0.001 M HNOs, which resulted in a clear

solution. This *’Sr solution was then transferred to the quartz electrochemical cell. The pH of
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the electrolyte was adjusted to 2.5-3.0, if necessary, by drop-wise addition of 3% ammonium
hydroxide. The electrolysis cell was then covered with the acrylic cap together with the two
platinum electrodes. The electrodes were adjusted to be fully immersed in solution facing
each other. Argon gas was gently bubbled through the solution for 10—15 min prior to
applying current and the electrolysis was performed potentiostatically at —2.5 V with respect
to SCE for 90 min. The electrodeposition yield after initial electrolysis was in the range of
97-98%. Removal of the electrodes from the electrolytic cell under voltage was
recommended in previous work, the need for which was confirmed by these experiments.
When the electrodes were removed after switching off the power supply, it was observed that
the majority of the deposited ?Y dissolved back into the electrolyte solution. This is not
unexpected since *°Y in hydroxide form is in extremely small quantities (ng-pg levels) and is
thinly spread over the electrode surface which would be quickly dissolved by the acidic
electrolyte solution in the absence of the potential. During the first electrolysis, the current
initially applied was 200 mV which reduced to 100 mV at the end of the first electrolysis
indicating the sharp decline in transport of ions, which in turn could be interpreted as the
completion of Y** ion transport to the cathode.
Step 2: Second electrolysis: The purification step

At the end of initial electrolysis, the acrylic cap along with the electrodes was
removed from the cell while maintaining the voltage. After switching off the current, the
cathode plate was removed from the acrylic cell and washed with 10 mL of acetone in order
to remove any free *°Sr adsorbed on the surface of the electrode. After washing, the electrode
was fitted to another acrylic cap into which a cylindrical platinum electrode of dimension 2.5
(9)x75(1)x0.5 mm (thickness) was attached. A fresh quartz cell was filled with 50 mL of
0.003 M nitric acid, the pH of which was confirmed to be in the range 2.5-3 and carefully

adjusted, if necessary. The acrylic cap containing the electrodes was fitted to the quartz cell,
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and Argon gas was bubbled through the solution for 10—15 min. The cylindrical electrode
was connected as the cathode, and the original platinum plate containing %Y was connected
as the anode. Electrolysis was performed for 45 min at a constant potential of —2.5 V and 100
mA current, while Argon gas was continuously bubbled through the solution. During this
process, %Y was leached from the platinum plate and was deposited onto the cylindrical
platinum electrode. At the end of electrolysis, the acrylic cap was removed from the solution
while maintaining the voltage. During the second electrolysis, the 100 mA current applied
decreased by 20-30 mA by the end of the run. The cylindrical platinum electrode with the
deposited *°Y was washed with 10 mL of acetone, followed by leaching of *°Y with 500 pL
of acetate buffer at pH 4.75 into a separate glass tube. Rinsing the cylindrical platinum
cathode with acetone removed whatever trace levels of *’Sr loosely bound on the surface of
the electrode. This step removed ~2% of the deposited Py activity also. Most of the Ny
activity (>95%) could be leached with 500 pL. of 0.2 M acetate buffer at pH 4.75. The
deposited %Y could be reconstituted in acetate, chloride or nitrate form. The use of 0.2 M
acetate buffer at pH 4.75 was preferred, as the solution could be directly used for
radiolabeling of biomolecules such as proteins and peptides. In the method proposed by
Reischl et al. and Yoo et al., %Y was dissolved using 0.5—-1.0 N HCI or 0.3-0.6 N HNO; and
2.8 M HNOs/EtOH (3:1) [126,127], which would need further processing before
radiolabeling the biomolecules. By appropriately adjusting the volume of the solution used
for final dissolution, it was possible to obtain Y at very high radioactivity concentrations.
The time required for a complete run was about 3—4 h. The overall yield of Y achieved was
>90%.

Over a period of 2 years, the above experiments were repeated several times with 1.85
GBq (50 mCi) of g, using the same feed solution in order to ascertain the consistency in

the performance of the generator. The pH of the solution was checked and adjusted, if
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needed, prior to each run. Table 5.3 shows the results obtained in 10 typical batches. The
performance of the 05r/Y generator was consistently good in all the batches, over the
period of 2 years.

Table 5.3: Performance of the electrochemical *’Sr/’’Y generator

Batch No. “Srinthe Y growth Expected 'Y Ny Ny
electrolyte period activity recovered recovered
GBq (mCi) (Days) GBq (mCi) GBq (mCi) (%)
(Calculated) (Calculated)
1 1.850 (50.00) 15 1.81(48.93) 1.68 (45.51) 92.9
2 1.848 (49.95) 09 1.67 (45.09) 1.57 (42.50) 94.3
3 1.847 (49.92) 33 1.84 (49.80) 1.68 (45.61) 91.6
4 1.843 (49.81) 16 1.81(48.97) 1.69 (45.71) 93.4
5 1.841 (49.76) 13 1.77 (48.01)  1.68 (45.60) 95.1
6 1.840 (49.72) 20 1.83(49.37) 1.71 (46.10) 93.3
7 1.837(49.65) 95 1.83 (49.33)  1.66 (44.98) 91.2
8 1.825 (49.34) 62 1.82(49.13)  1.65 (44.56) 90.7
9 1.818 (49.13) 30 1.81(49.01) 1.64 (44.32) 90.4
10 1.814 (49.03) 16 1.78 (48.20)  1.64 (44.34) 92.0

5.5 Maintenance of the *’Sr feed solution and the electrodes after each typical batch
After each batch, in order to make the electrodes ready for subsequent experiments,
they were washed with 3 M HNOs;. The platinum cathodes used in the above experiments
were electrochemically cleaned by placing them in a 100 mL glass beaker containing 50 mL
of 0.1 N HNO:s solution. A new Cu electrode was also dipped in the solution and the polarity

of the Pt cathode was reversed. A high voltage (10 V) was applied for 15 min and both the
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electrodes were taken out from the solution after switching off the current. The platinum
electrodes were then washed with water followed by washing with acetone.

The feed solution in the first electrolytic cell was also preserved since it retains most
of the *°Sr activity loaded in the cell. This solution was then allowed to stand for growth of
%Y. The activity of the electrolyte in the second cell was monitored, since it was expected to
contain traces of *°Sr and °Y. It was then carefully transferred into a waste container. The
acetone solutions obtained from washing the electrodes were also pooled and added to this
solution, which was the only radioactive waste generated in this process. The total liquid
waste generated in one typical operation contained only ~1 MBq (27 uCi) of %Sr. This
essentially proves that the use of the electrochemical technique is also very advantageous
from waste management point of view as it generates very small amount of radioactive waste
in each typical batch.

5.6 Quality control of *’Y
5.6.1 Radionuclidic purity of *°Y

The extremely high toxicity of *°Sr, limits its levels in the *°Y used and also
necessitates its absolute quantification before administering the *°Y radiopharmaceutical to
the patient. 2057, being analogous to Ca”™, gets accumulated in the bone. Owing to the bone
seeking nature and the very long life of 28.8 y, the maximum permissible body burden
(MPBB) for %Sr is as low as 74 kBq (2 uCi). This translates to limits of PSr to 74 kBq in 37
GBq of *°Y, assuming that a patient may be administered with a maximum of 37 GBq of *°Y
in his entire life time. This necessitates that *°Y should be carefully analyzed to ensure that
the levels of *°Sr are well below the limits of 74 kBq per 37 GBq of *°Y. Generally,
radionuclidic purity estimation is performed by 7y-spectrometry since many radionuclides

. .. . . - .. 188 188
used in Nuclear Medicine have y-emission along with B° emission, such as W and “"Re

[203]. However, in the case of the *°St/*’Y pair, both the parent and daughter are pure B
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emitters and no ‘y-emissions are available to permit y-analysis. Additionally, -spectra of
these two radioisotopes overlap to certain extent [59]. So in the case of *°Sr/™Y, " counting
has to be done after separating them unambiguously.

Several methods have been described in literature for determination of *Sr
contamination in the *°Y availed from *°Sr/”°Y generators [57-59,231,235,236]. For instance,
a classical method available in literature describes the separation of %Sr and *°Y under
alkaline conditions on a filter paper [231]. However, the utility of this method for quantifying
very low amounts of %Sr in *°Y is not yet proven and needs to be fully validated before it can
be used. Some authors have recently described a non-destructive assay method for
determination of *°Y and *Sr [235]. This method is used to quantify *°Y based on counting of
a very small fraction (34x107% of positron branching taking place in Ny using a HPGe
detector for several hours. However, this method would be impractical for regular use in a
production laboratory or a radiopharmacy, wherein it is essential that the radiopharmaceutical
is prepared and dispatched in a span of a few hours. These authors have also mentioned that
this procedure requires sophisticated equipment which would be difficult to find in a
radiopharmacy setup.

In this case, the purity of Y was estimated by measurement of the half-life of Y as
well as by estimation of *’Sr levels. *’Sr levels were estimated either by measuring ****Sr
activity used as tracers, using HPGe-based gamma ray spectroscopy and paper
electrophoresis or by counting the 2S¢ present in the sample after allowing the Y to decay
for a very long period (~11.5 half lives of *°Y). The extraction paper chromatography (EPC)
technique recently reported by Pandey et al., allows estimation of the ppm levels of 25y
present in %Y [57]. The results were further validated by the inductively coupled plasma
atomic emission spectroscopy (ICP-AES) analysis of the decayed Ny samples. The technical

details of these techniques and the results obtained are described below.
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5.6.1.1 Decay pattern of *°Y

The decay pattern of %Y was monitored by following the half-life of Ny using a
liquid scintillation counter. The decay was followed for nearly 700 h (~11.5 half-lives of 0y)
and is illustrated in Fig. 5.5.The decay pattern conformed to the reported 64.1 h half-life of
%Y. The absence of any deviation at the lower end of the straight line decay curve confirmed

that the *°Y fraction is pure and contains negligible quantities of 2gr.

CPM (log scale)
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Fig. 5.5: Decay profile of °"Y

5.6.1.2 Paper electrophoresis

The level of *°Sr in *°Y was also estimated by paper electrophoresis technique [236].
%Y in acetate form was applied at the centre of a Whatmann chromatographic paper (35 x 1
cm). Paper electrophoresis was carried out using 0.15 g L' sodium citrate in 0.03 M sodium
chloride solution as the electrolyte. A potential of 500 V was applied for 2 h. At the end of

electrolysis, the paper was dried, cut into 1 cm segments and counted in Nal (T1) scintillation
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counter. In the paper electrophoresis, %St and Y were expected to move towards the
cathode and anode, respectively [236]. While Y moved towards the anode as expected, the

studies did not show any detectable quantities of *°Sr in the cathodic region (Fig. 5.6).
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Fig. 5.6: Paper electrophoresis pattern of Ny
5.6.1.3 ¥ray spectrometry
In the initial experiments carried with 051/ spiked with 85+89$r, the *°Y isolated
was checked in an HPGe detector coupled to a MCA to evaluate the photon peaks due to the
y-rays corresponding to ****’Sr gamma activity. The spectrum did not show the presence of
any of the peaks of *’Sr, thereby indirectly confirming the absence of *’Sr in the recovered
90y

5.6.1.4 Extraction Paper Chromatography

The trace level of *°Sr impurity present in *°Y was detected and estimated by the

novel, user friendly Extraction Paper Chromatographic (EPC) technique reported by Pandey

169



et al [57]. The procedure is based on the selective retention of *°Y by 2-ethyl hexyl-2-ethyl

hexyl phosphonic acid, a chelate impregnated at the point of application of the paper

chromatography strip (Whatman 12x1 cm). A 5 pL acetate test solution containing 0.185

MBq (5 uCi) of *°Y was applied on the paper which was developed in 0.9% NaCl solution.

The paper strip was dried, cut into 1 cm segments, placed in scintillation vials which

contained 10 mL of cocktail and counted by liquid scintillation counter. The %S¢ activity

present at the solvent front was then compared to the total applied activity to obtain the

Y solution isolated by this novel method is

90

radionuclidic impurity levels. EPC pattern of the

given in Fig. 5.7.
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Fig 5.7

Estimation of the amount of *’Sr by this method, in several batches gave the value as

30.2+15.2 kBq (817#411 nCi) of *°Sr per 37 GBq (1 Ci) of *°Y, corresponding to

(0.817+0.411 ppm) of *°Sr which is well within acceptable limits.
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5.6.1.5 ICP-AES analysis of the decayed *’Y samples

The level of *°Sr impurity in *°Y obtained from the generator could be further
validated by ICP-AES analysis of the Ny samples. The Ny samples were allowed to decay
for 2 months before subjecting them to ICP-AES analysis. The calibration curve for Sr ions
was obtained by using standard solutions having known concentrations of these ions. The
concentration of *°Sr ions in decayed *’Y samples were found to be <0.01 ppm, in 10
different batches.
5.6.2 Chemical purity of *°Y

It is reported that the %Sr solution may be associated with chemical impurities like
Cu®*, Fe’* and Zn** ions and also may contain significant amount of ZrO** ions as a decay
product of *°Y [215]. These metal ions may co-exist with *°Y during its separation from *’Sr
and could affect the complexation chemistry of *’°Y. The possibility of such metal ion
impurities can be avoided by the use of high purity chemicals. The level of Zr ions builds up
in the *°Sr solution with time and is a continuous process. However, it is expected that the
ZrO* jons may be removed by electrodeposition along with Y in the first few electrolysis
and *°Y availed from subsequent electrolysis will have negligible levels of these ions. This is
attributed to the standard electrode potentials of ZrO*" ions.

ZrO* +2H" +4e - Zr + H,0 E°=-1.5V[131]

The reduction of ZrO*" is favored compared to that of Y3t ions, whose standard reduction
potential is -2.37 V. Consequently, when the *°Sr solution is left unused for a long time (>2
months), it might be necessary to carry out one electrolysis in which *°Zr is quantitatively co-
deposited along with Y. The *°Y obtained from this electrolysis could be discarded and the
%Y obtained from the subsequent electrolysis contained negligible amount of Zr ion
impurity.

The trace levels of the metal ion contamination in the decayed *°Y samples were
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determined by ICP-AES analysis. The calibration curves for these ions were obtained by
using standard solutions having known concentration of these ions. In the Ny samples, Cu*
and Zn®* ions were not detected. The level of Fe'* impurities present was found to be
(0.23+0.05) ppm and that of Zr ions was <0.01 ppm. It is clear from these results that Ny
obtained from this generator is adequately free from metal ion impurities and is suitable for
the preparation of radiopharmaceuticals. Further, the interference of trace amount of Fe and
Zr ions in the complexation chemistry of Y could be indirectly tested by investigating the
labeling efficacy of *°Y.
5.7 Labeling efficacy of *°Y

The suitability of Y for biomedical applications was evaluated by labeling a peptide
(DOTA-TATE) with the radionuclide. This is also an indirect test to ascertain the chemical
purity, as high chemical purity is essential to achieve a good complexation yield of the
radiolabeled agent. In brief, 25 pL of DOTA-TATE solution (1 pg uL™) in HPLC grade
water was mixed with 475 pL of *°Y solution (~370 MBq in acetate buffer). The pH of the
resulting mixture was found to be ~5. The mixture was incubated at 95 °C for 30 min. The
extent of complexation achieved was determined by paper chromatography (PC) using 50%
acetonitrile in water as the eluting solvent. The paper chromatographic patterns of unlabeled
%0Y3* (in the form of *°Y(CH3COO)3) and that of *’Y-DOTA-TATE are shown in Fig. 5.8. It
can be seen from the Figure that Y_DOTA-TATE moved towards the solvent front R¢=
0.8-0.9) (Fig. 5.8a) while under identical conditions unlabeled *°Y** remained at the point of
application (R¢ = 0) (Fig. 5.8 b). It was observed that as low as 25 ug of DOTA-TATE (17.4
nmol) was sufficient for labeling ~370 MBq (10 mCi) of *°Y with >99% complexation yield.
The present findings amply suggest that traces of Zr and Fe ions present in the *°Y do not

interfere significantly in the complexation chemistry of °Y.
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Fig. 5.8: Paper chromatographic patterns of (a) ?Y(CH3COO0); and (b) *°Y-DOTA-

TATE in 50% acetonitrile in water (v/v)
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5.8 Simulated study for recovery of Y from Sr carrier-added *’Sr solution, equivalent
to 37 GBq (1 Ci) of *Sr

The effects of macroscopic amounts of strontium on the electrochemical separation of
Y was investigated by conducting the experiments by using a Sr/Y mixture prepared with
inactive Sr and Y carrier and spiking it with *°Sr and *’Y. A solution simulated to represent
equilibrium mixture of 37 GBq each of *°Sr and *°Y was prepared by dissolving 22.5 mg of
anhydrous strontium carbonate and 2.32 pg of yttrium oxide in 2 M HNOs;. To this an
equilibrium mixture of *°Sr/*’Y containing 3.7 MBq (100 uCi) of *°Sr as well as 3.7 MBq
(100 puCi) of 85489Gr was added. *°Y was then separated by electrolysis as per the method
outlined above. The activity content of the recovered Y was measured to see the
electrochemical deposition yield. The recovery of *°Y when the feed was simulated to
represent 37 GBq (1 Ci) of %St was also found to be as good as at lower strengths of %Sr. On

85+89Gr was observed in the HPGe

analysis of the Ny product, no peak corresponding to
detector confirming the purity of the product. Yields of 97-98% of Ny deposition were
observed after the initial electrolysis step as well as the second electrolysis step. The higher
yield after the second step observed in this case is perhaps due to the larger amounts of Y
deposited on the electrode, wherein the loss during the acetone washing step is expected to be
a smaller percentage of the total Y deposited.
5.9 Advantages of the electrochemical *’Sr/*’Y generator

The electrochemical method offers several advantages, for use in a radionuclide
generator system. The use of the same %Sr feed solution for electrolysis without further
modification, except pH adjustment, is a prime significant advantage. A 251/Y generator of
37 GBq (1 Ci) *°Sr capacity, can yield 16.6-18.5 GBq (450-500 mCi) of *°Y twice a week,

with insignificant loss of %S¢ activity except by natural decay. Supplementing the activity by

adding about 10% (3.7 GBq or 100 mCi) of %Sr once in every 4-5 years will be adequate to
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keep the Ny supply constant. The entire separation procedure employs simple
electrochemistry and is amenable for automation. The electrodes used are reusable after
proper cleaning. Minimal amounts of chemicals are used for the whole process, and hence
there is very little possibility of additional introduction of metal contamination. Y s
obtained in acetate buffer medium (pH 5) with appreciably high radioactive concentration
and is directly suitable for radiolabeling biomolecules without any further chemical
modifications. The waste generated is expected to contain only trace levels of %Sr. The waste
generated can be monitored, classified and disposed as per regulatory requirements, and there
is almost no solid waste coming out of the entire process.

Several modifications can be incorporated into this new method developed during the
course of this work. These include scaling up, improving the electrolysis setup, use of
extremely high purity reagents to avoid metal ion contamination, removal of accumulated Zr
from the *°Sr feed solution before its first use, incorporating a final step of *’Y purification
with “Sr-specific resin (if needed) and automation of the entire process. The method
developed, if set up in a central radiopharmacy, will significantly reduce the cost of targeted
therapy. The method could find further applications such as recovery of %St from waste
solution and its purification for making it as a radiopharmaceutical raw material. Suitable
modification of the electrochemical parameters needs to be developed depending on the
specific application.

5.10 Conclusions

An electrochemical separation procedure has been successfully demonstrated for
separation of *°Y from *°Sr, in high radiochemical yield and purity. The method has practical
application and can be further developed to suit a well-established/regulated central
radiopharmacy. The operational cost of such a generator will be reasonable for availing a

long term supply of *°Y suitable for therapeutic applications. The method developed is
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superior to all the techniques thus far described in the literature and used by the commercial
manufacturers for making %Y 1t is believed that this electrochemical generator technology
can be perfected and it has the potential to be widely used resulting in substantial benefit to
the patients. Unlike other radionuclide generators used in the Nuclear Medicine departments,
a Sr/’Y generator will not need frequent replacement, since very little of the radioactivity
of *°Sr is lost by decay. A 10% supplementation of the %S¢ source every 4-5 years will
ensure near constant output from the generator. This 05/"Y generator has been named as
“9%y_Kamadhenu”, based on the mythical cow “Kamadhenu”, which yields unlimited supply

of milk.
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CHAPTER 6

DEVELOPMENT OF *3W/!%Re
GENERATORS

“A scientist in his laboratory is not a mere technician; he is also a child confronting

natural phenomena that impress him as though they were fairy tales”

MARIE CURIE
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6.1 Introduction
6.1.1 Rhenium-188 ("**Re): An important therapeutic radioisotope

'88Re is an attractive therapeutic radionuclide due to its reasonable half life (t,, = 16.9
h), high-energy beta radiation (Egnax = 2.118 MeV), low abundance (15.8%) of 155 keV
photons and convenient availability from '"**W/'®*Re generator with high specific activity
[15,237]. The low energy (155 keV) gamma emission enables imaging for monitoring in-vivo
localization and dosimetric calculations [237,238]. The chemistry of Re is similar to Tc,
which is an additional advantage for working with molecules that have shown promising
results as *’"Tc-radiopharmaceuticals. '**Re can be conveniently attached to antibodies,
peptides and other molecules such as lipiodol and DMSA [239]. Currently, '**Re is used for
various medical applications including radioimmunotherapy, radionuclide synovectomy and
bone pain palliation [240-247]. '®*Re has also been utilized for the preparation of radioactive
stents for prevention of restonosis [248].
6.1.2 Availability of "**Re from "*W/'**Re generator

'88Re of modest specific activity can be produced by direct neutron activation of
enriched '*’Re in a nuclear reactor. However, since high specific activity '*®*Re is essential for
therapeutic applications, the production method of choice is by the decay of the long-lived
parent "W (t, = 69.4 d) via '"W/'®Re generator. This method also provides logistic
advantage for the supply of short-lived '®Re to distant user sites. The simplified decay
scheme of "W is shown in Fig. 6.1. The attractive physical properties of '**Re and its
production from '**W/'®Re generator with adequate shelf-life, makes it an interesting option
for clinical use. However, "W can only be produced by double neutron capture with low
neutron absorption cross-sections [**W(n,)"*’W (¢ = 37.9+0.6 b); "W (n,7)'**W (c = 64+10

188
f

b)]. Further, owing to rather long half-life o W, relatively long irradiation periods are

required even for the production of W of modest specific activity [249]. Consequently,
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'88W from the high flux reactors (¢ ~10"> n cm™ s™) such as the HFIR in Oak Ridge National
Laboratory, USA or SM Reactor in Dmitrovgrad, Russian Federation can alone be used to

make '®W/'®Re generators to obtain no-carrier-added (NCA) '®*Re. The specific activity of

188w, produced in the high flux reactors, ranges from 150-190 GBq g of W [250].

188\YV (1, 69.4 d)

B (Foax 349 keV, 99.0%)

188Re (t, 17.0 h)

B~ (Epux 1.485MeV, 1.68%)

633 keV
B~ (F,ue 1.962 MeV, 26.0%) 10
155 keV
- 2.116 MeV, 70.6°
'3 {Em 116 Ve o) \fl{ lssOs{stable)

Fig. 6.1: Simplified decay scheme of 188y (energy levels not drawn to scale)

Most of the commercially available '**W/'®Re generators are akin to the **Mo/*™T¢
generators using alumina columns, where '**W is retained on the alumina column and '"**Re
is eluted with 0.9% NaCl solution [251-256]. Perego et al [251] examined the tungsten
sorption capacity of a variety of alumina powders and reported that the maximum achievable
sorption capacity was 80 mg W g of alumina. Owing to the limited sorption capacity of
alumina, '"**Re availed from alumina based '*W/'®Re generators is of low radioactivity
concentration, even while using '**W produced in the high flux reactors. Often post-elution
concentration of the '®Re eluate is required [250,257-260] resulting in a fairly complex
system, addition of chemical impurities, high dose rates and low reliability. Recently,
automated systems for the concentration of '®Re eluate have also been developed [259,261].
However, the high cost involved in the operation of the complex automation systems,

escalates the production cost of '®*Re and renders it cost-ineffective.
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The shortage in the suppliers producing 188w /18R generator, primarily due to the
non-availability of or inaccessibility to high flux reactors and the cost-ineffective process
involved in obtaining 188Re of appropriate radioactive concentration, might adversely affect
the widespread application of this excellent radioisotope. To increase the availability of
clinically useful 188Re for radiotherapeutic applications, the development of 188y /1¥8Re
generators utilizing lower specific activity 188y producible in medium neutron flux (~10" n
cm™ s') research reactors operational in many countries is worth pursuing. This in turn
requires the development of alternate separation routes wherein '88Re of adequate purity and
radioactive concentration can be obtained from low specific activity '88W. Several alternate
sorbents like hydroxyapatite, the hydrous oxides of zirconium, titanium, manganese, tin (IV),
and cerium, silica gel, the AG 1-X12 and AG 50 W-X12 ion-exchange resins and activated
charcoal have been studied to determine their suitability for the preparation of '**W/'**Re
generators [262-266]. Unfortunately, none of these materials exhibited an improved W-
sorption capacity compared to alumina. The other options such as 188y /18R gel generators
based on matrices such as zirconium or titanium tungstate [53,267,268] have also been
explored with limited success. Though these matrices could retain higher W-content than

. 188
alumina, the

Re elution performance from these matrices was inferior compared to the
alumina based systems. In the last few years, several alternative sorbents with higher capacity
for W such as gel-metal oxide composite, synthetic alumina, polymeric titanium oxychloride
and polymeric zirconium compound (PZC), have been developed and exploited for the
preparation of '**W/'**Re generators [266,269-274]. However, these recent techniques have
yet to be proven for their suitability for routine clinical applications and have not merited
commercial exploitation.

6.1.3 The present work

This chapter describes the development of two novel approaches for the preparation
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of '"**W/'®Re generators suitable for biomedical applications. The first approach is based on

188

the selective electrodeposition of "**Re from a feed solution of "**W by controlled application

of electrode potential and recovery of the '**

Re in high radioactive concentration, suitable for
labeling studies. In the second approach, nanomaterial based sorbents (TiP and nano-ZrO,)
were utilized for the preparation of the '"*W/'®Re generators. Additionally, in order to

188
concentrate

Re obtained from the conventional alumina based "**W/'®Re generator, a
simple electrochemical approach for the post-elution concentration of '88Re has been
developed. In this chapter, the overall process concept, scientific basis, experimental results,
process validation and the possible challenges of using these novel approaches have been

discussed. The feasibility of these separation methods, both in terms of yield and the purity of

the '**Re for radiopharmaceuticals applications, has been amply demonstrated and evaluated.
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6.2 Development of an electrochemical 188y /185Re generator

The potential of the electrochemical approach for the development of Mo/ Tc and
251/Y generators has been demonstrated in the earlier chapters. In this chapter, the
possibility of developing an electrochemical 188y /1%8Re generator, wherein low specific

activity '88W can be used to obtain '**

Re with appreciably high radioactive concentration, has
been explored. The radionuclidic and radiochemical purity of '88Re has been determined and
its suitability for the preparation of radiopharmaceuticals has been evaluated.

6.2.1 Materials

Tungsten-188 (specific activity 159 GBq g') as sodium (‘%8

W) tungstate was
procured from the State Scientific Centre of Russia Research Institute of Atomic Reactors
(PSUE) in Dmitrovgrad, Russia, through an JAEA Coordinated Research Project. Reagents
such as hydrochloric acid, oxalic acid, ammonium hydroxide, etc. were of analytical grade
and were procured from S.D. Fine Chemicals, Mumbai, India. Al,O3; (90 active acidic-I for
column chromatography, 70-230 mesh ASTM) was obtained from Fluka. Stannous chloride,
hydroxyethylidene diphosphonate (HEDP) and dimercaptosuccinic acid (DMSA) were
obtained from Sigma Chemical Company, USA. Platinum metal wires of high purity
(+99.9%) were procured from M/s Hindustan Platinum Ltd, Mumbai. Paper chromatography
strips were purchased from M/s. Whatman, UK. Flexible silica gel plates (coating thickness
0.25 mm) were from J.T. Baker Chemical Company, USA.

The activity of 188Re was measured using a Nal(Tl) scintillation counter (150-250
keV). HPGe detector coupled with a multichannel analyzer (MCA) (Canberra Eurisys,
France) with a 1.5 keV resolution at 1333 keV and range from 1.8 keV to 2 MeV was used
for analysis of "W in the presence of '®Re and also for quantitative estimation. The

radioisotope levels were determined by quantification of the 155 keV (15%) y-ray peak of

'88Re and 291 keV (0.4%) Y-ray peak of "**W. A D.C. power supply with 100 V compliance,
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a maximum current of 2 A, 1.2 nA current resolution and >10"> Ohms input impedance was
used for electrochemical studies.

6.2.2 Electrochemical separation of 13Re from '**W

6.2.2.1 Principle of electrochemical separation of '**Re from "*W/'** Re mixture

Separation of '®*Re from "**W/"**Re mixture involves selective electrodeposition of
'88Re on a platinum cathode. This is based on the difference in standard reduction electrode
potential of tungsten and rhenium ions in acidic solutions.

WO; +6H" +6e - W+3H0  E =-0.090V [131]
ReO, + 8H'+ 7e — Re + 4 H,0O E =+0.362V [131]

Though the standard electrode potential of W is close to zero, it cannot be
electrodeposited from its aqueous solutions [132]. This is because of the low hydrogen
overvoltage and high discharge overpotential of ions of W, in aqueous medium [132].
Therefore, tungsten deposition is possible only from its molten salts [132]. However, the
electrodeposition of very thin film of tungsten from an aqueous alkaline solution has been
reported [132]. Therefore, acidic medium must be chosen to inhibit the electrodeposition of
W on the electrode. On the other hand, Re can easily be electrodeposited from its aqueous
solution and this phenomenon has been extensively studied [248,275-278]. The feasibility of
electrodeposition of Re from an aqueous acidic medium wherein the electrodeposition of W
could be precluded was exploited for the electrochemical separation of '88Re from "W,

188

Since “"Re is continuously produced in the electrolyte as a result of the radioactive decay of

188 188

W, repeated electrodeposition of '®*Re from the same '**W feed solution is a reasonable
means to avail no-carrier-added (NCA) 188Re.
6.2.2.2 The electrochemical set-up

A schematic diagram of the electrochemical cell is given in Fig. 6.2. The

electrochemical system used was similar to the one used for the separation of **Tc from
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*Mo, as described in Chapter 3. The electrodes used were made of high purity platinum
wires. The electrochemical cell consisted of a glass vial (24 x 40 mm, 20 mm ID) and a teflon
cap. The electrodes (length 50 mm and diameter 1.5 mm) were fitted 5 mm apart on the
teflon cap. The teflon cap and the electrodes were fitted on the mouth of the glass vial.
Vertical raising or lowering of the electrodes was carried out along with the teflon cap. The
platinum electrodes were adjusted parallel to each other, connected to the power supply using
small screws embedded into the teflon cap which were in contact with the electrode. A
provision was provided for passing gas through a glass tube, dipped into the electrolysis
solution. A small hole (~2.5 mm) was provided in the teflon cap for venting off gases, that

might be formed.
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Fig. 6.2: Schematic diagram of the electrochemical '**W/'*®*Re generator
6.2.2.3 Optimization of parameters for the electrochemical separation of "**Re from "**W
In order to achieve an effective electrochemical separation of 188Re from 188W, several

experiments were carried out to choose a suitable electrolyte and to optimize the electrolysis
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parameters such as the applied potential, pH of the electrolyte, time of electrodeposition, etc.
All these experiments were conducted using ~37 MBq (1 mCi) of 88W. In all the cases,
before applying the potential on the electrodes, the electrolyte was heated to ~80°C while
gently purging argon gas through the solution for 10 minutes.

6.2.2.3.1 Choice of the electrolyte

Szabo and Bakos reported the electro-reduction of rhenium from perrhenate solutions
in sulphuric acid medium [276]. Based on their observation, an attempt to separate '**Re from
188W, using 0.1 M H,SOy as electrolyte was made. However, it was observed that the yield of
'88Re deposited was low (~55%) and the amount of '**W contamination due to co-deposition
of W was significantly high. Use of other mineral acids such as HCI and HNOj; as electrolyte
also resulted in similar poor electrodeposition yield of '**Re, despite reasonable operation
time. Therefore separation of Re from W using mineral acids as electrolytes was not further
pursued.

It is reported that oxalate and citrate ions facilitate reduction of ReOy4 ions through
formation of 1:1 complex in a weakly acidic medium. [133]. Oxalic acid was chosen in these
studies to avoid the presence of organic residues in '**Re, as these could potentially affect the
preparation of '**Re-based radiopharmaceuticals. All subsequent electrodeposition
experiments were carried out using an oxalic acid bath.
6.2.2.3.2 Effect of applied potential

The applied potential is an important factor that influences the electrochemical
separation of Re from W. The effect of applied potential on electrodeposition of '**Re was
studied by measuring the percentage electrodeposition of '**Re as a function of potential,
when electrolysis was carried out at pH 1-2. The results are shown in Table 6.1. The
percentage of '**Re deposited increased with increasing potential and it attained a nearly

maximum value at ~7 V. When electrodeposition was carried out at higher applied potentials,
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it was difficult to leach the “"Re deposit from the electrode surface and therefore, the activity

of '"®Re that could be recovered from the electrode was less than at lower voltages. In order

to utilize the '%?

Re deposited on the electrode for further studies, it is essential that the
activity can be removed from the electrode surface easily. Therefore, the applied potential

was maintained at 7 V in all the subsequent experiments.

Table 6.1: Effect of applied potential on the electrodeposition yield of '**Re

Applied potential (V) 18Re obtained (%)
3 2746
5 4944
7 8143
9 77+10
11 759

n=3 ‘%’ indicates standard deviation

6.2.2.3.3 Effect of the pH of the electrolyte

The pH of the electrolytic solution plays a crucial role in any electrodeposition
experiment. In order to ensure the most optimum pH range, electrodeposition of '88Re was
studied as a function of pH at the optimal potential and the results are illustrated in Fig. 6.3. It
is seen clearly from the figure that acidic pH was preferable. At pH between 1 and 2,
maximum deposition (8415%) occurred. Although the pH of the electrolytic solution tends to
increase slowly during electrolysis, the reduction in electrodeposition yield due to this
increase in pH was not very significant. Hence, there was no need to adjust the pH of the
electrolyte during the process of electrodeposition.
6.2.2.3.4 Effect of the time of electrodeposition

Experiments were performed to ascertain the minimum time required for quantitative

electrodeposition of '**Re at optimum pH and applied potential. The electrodeposition yield
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of '®Re as a function of time is illustrated in Fig. 6.4, which showed the need to have at least
60 min electrodeposition period. It was found that during 60 min of electrolysis at applied
potential of 7 V, current dropped from about 200 mA to 10 mA. Bubbling of argon as an inert
gas through the solution before and during electrolysis was essential to vent the gases during

electrolysis as well as to keep the solution in dynamic form.
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Fig. 6.3: Electrodeposition yield of '**Re as a function of pH of the '**W/"**Re solution

It was also essential to heat the electrobath to 80°C concurrent with argon gas
bubbling for 15 min prior to each run, to remove any dissolved O, gas and free radicals
generated as a result of radiolysis of the electrolyte. The presence of these species reduces the
electrodeposition of '88Re on the electrode surface. It has been experimentally observed that
absence of this operation leads to poor electrodeposition yield (30-40%). Removal of the
electrodes from the electrolytic cell under applied potential is necessary, because 30-40% of
the deposited '®*Re dissolves back into the electrolyte solution, when the electrodes are

removed after switching off the power supply. This is not unexpected since '**Re in its oxide
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and metal form (72% ReO, and 28% Re’ [278]) is in extremely small quantities (ng-ug
levels) and is thinly spread over the electrode surface, and would quickly dissolve into the

acidic electrolyte solution, if not held on through a potential difference.
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Fig.6.4: Effect of time on the electrodeposition yield of '**Re from '**W/'**Re solution

6.2.3 Process demonstration: Development of "**W/'**Re generator

After optimization of the experimental parameters, the electrochemical separation
process was demonstrated by developing a 1.11 GBq (30 mCi) 188w /18R generator. For this,
1.11 GBq (30 mCi) of an equilibrium mixture of 188W/'"*¥Re as sodium ("**W) tungstate in 2
M NaOH was taken in a 10 mL vial, evaporated to dryness and reconstituted in 5 mL of 0.1
M oxalic acid, resulting in a clear solution. The pH of this solution was adjusted to 1-2 (if
required) by drop-wise addition of 3% ammonium hydroxide. Thereafter it was transferred to
the electrochemical cell which was then covered with the teflon cap together with the two

platinum electrodes fully dipped into the solution. Electrolysis was performed by applying a

constant potential of 7 V (current 200 mA, current density 328 mA cm'z), for 60 min. After
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the electrolysis, the electrodes were removed from the cell while maintaining the potential.
The applied potential was turned off after removal of the electrodes from the solution. The

cathode containing the electrodeposited 188

Re was then placed in a narrow test tube (0.5 cm
diameter) containing 500 puL of warm (~60 °C) 0.1 M HCI to yield perrhenic acid. The
electrode was removed after 5 min and the '**Re solution was neutralized by addition of 500
uL of 0.1 M NaOH. The yield of '**Re after the first electrolysis step was 86+3%, but the

. . 188
product was associated with trace amounts of

W contamination (0.05-0.1%), which was
removed by a purification step. This was perhaps due to the adherence of the electrolytic
solution to the electrode, rather than electrodeposition of 188Re. After electrolysis, the
188Re04 was subjected to purification by passing through a small column (10 mm X 2 mm)
containing 200 mg of alumina, preconditioned with normal 0.9% saline solution. This
eliminated trace amounts of '**W as well as 5-8% of '**Re activity that might be present in
any form other than perrhenate. Table 6.2 summarizes the results of the studies to evaluate
the performance of the generator over time and illustrates that 70-86% '**Re could be
recovered in ten out of the thirteen attempts from the same 88W stock solution.

The yields were significantly lower on three occasions, when the stock solution was
not subjected to electrolytic separation for an extended period of time (>7 days). One reason
for this observation could be the preferential electrodeposition of 0s (the stable decay

188Re. The standard reduction electrode potential (Eo) of Osis +0.85 V

product of 188Re) over
and the electrochemical reaction is:

0sO4 + 8H" + 8¢” — Os + 4H,0 [131]
Since the standard reduction electrode potential value for Os is more positive than that for Re,
its electrodeposition is more favored. Therefore, the electrochemical separation procedure

must be carried out frequently, at least once in 5 days. Since 188w /18R generator is expected

to be used at least once in three days for effective and economical use, this may not be a
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problem. However, when there is a prolonged gap of >7 days, it may be necessary to carry
out one electrolysis with low yields, which can be discarded, followed by another in adequate
yields that can be used.

Table 6.2: Performance of the electrochemical '**W/'**Re generator

" ™Winthe Re growth  Expected ¥ Re T Re
electrolyte period 18Re recovered recovered
GBq (mCi) (days) activity GBq (mCi) (%)

GBq (mCi)
1.10 (29.8) 3 1.03 (27.8) 0.81 (21.8) 78.6
1.07 (28.9) 2.6 0.97 (26.2) 0.68 (18.3) 70.1
1.04 (28.1) 2 0.89 (24.1) 0.65 (17.5) 73.0
1.02 (27.5) 5 0.96 (26.1) 0.68 (18.5) 70.8
0.97 (26.1) 11 0.87 (23.6) 0.33 (9.0) 37.9¢
0.86 (23.3) 3 0.76 (20.5) 0.62 (16.8) 81.5
0.84 (22.6) 4 0.79 (21.5) 0.62 (16.7) 78.5
0.80 (21.7) 16 0.67 (18.2) 0.26 (0.70) 38.8¢
0.68 (18.5) 2 0.58 (15.7) 0.50 (13.7) 86.2
0.67 (18.1) 3 0.62 (16.8) 0.46 (12.4) 74.2
0.65 (17.6) 3 0.60 (16.3) 0.46 (12.5) 76.7
0.63 (17.1) 7 0.59 (16.1) 0.24 (6.5) 40.6¢
0.59 (15.9) 4 0.56 (15.1) 0.45 (12.2) 80.3

© The '®W stock electrolyte solution remained unused for long period prior to these
separations.

6.2.4 Maintenance of '**W feed solution and the electrodes after each batch
The inventory of '**W was carefully maintained during the shelf-life of the '**W/'**Re
generator. After each experiment, a lead cap with acrylic lining but without electrodes was

placed on the electrolysis cell containing '**W, for radiation shielding. The entire assembly
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was housed in a lead shielded container similar to the one used for the *’Mo/*’™Tc generator
(Fig. 3.2). At the end of each batch, the electrodes were cleaned as per the procedure
described in Chapters 3 and 4.
6.2.5. Quality control of '**Re
6.2.5.1 Radionuclidic purity

The radionuclidic purity of '"**Re was ascertained by several means. The principal
radionuclidic impurity that can be expected in the 18Re product is 885W. The decay of 188Re
was followed for 1 week by measuring the activity in a Nal(T1) counter. The decay profile of

'88Re is shown in Fig. 6.5. The absence of any deviation at the lower end of the straight line

decay curve confirmed that the 188

Re samples were pure and contained negligible quantities
of long-lived '®*W. The half-life of "**Re as calculated from the decay profile was (16.7

0.2) h (n =5), which is close to the 16.9 h half-life reported for '**Re.
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Fig. 6.5: Decay profile of '®*Re
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Radionuclidic purity measurements were also made using a calibrated HPGe detector coupled

188
dS

with multichannel analyzer. The y-ray spectrum of the freshly elute Re samples is

illustrated in Fig. 6.6. The y-ray spectrum of '®Re did not show the presence of peaks
corresponding to those of 88w (227 keV and 291 keV). The "*W contamination level in
188Re was quantified by allowing the separated 18Re samples to decay for 15 days and then
measuring the 155 keV 7y-ray peak of '88Re in a HPGe detector. During this period of time,
the "W impurity present in '**Re decays and forms a "*W/'®Re equilibrium mixture, which
can be quantified by measuring the '®*Re present. The results were further confirmed by
counting the decayed samples for a long time (6 h) and measuring the 291 keV 7y-ray peak of
'88W . The levels of "W impurity present in '®*Re after passing through the alumina column

were <10™ % in all the batches, which were well within the stipulated limit of 10°% as per

the pharmacopoeias [135].
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Fig. 6.6: Gamma spectrum of 188Re
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6.2.5.2 Radiochemical purity

To evaluate the radiochemical purity of '®ReQy, 5 UL of the activity was applied on
a paper chromatographic strip (Whatman 12 cm x1 cm) at 1.5 cm from the lower end. The
strip was developed in 0.9% NaCl solution. After the chromatography, the paper strip was
dried, cut in to 1 cm segments, placed in test tubes and counted in a Nal (TI) scintillation
counter. The paper chromatographic pattern of '®Re is shown in Fig. 6.7. The radiochemical
purity of '**Re as perrhenate was >99%, which was within the prescribed limits of >95% as

per the pharmacopoeias [135].
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Fig. 6.7: Paper chromatographic pattern of '**ReQ4 in 0.9% NaCl solution

6.2.6 Labeling efficacy of '*Re

Radiolabeling studies are important as they provide information about the suitability
of the separated radiotracer for the preparation of radiopharmaceuticals. '88Re availed from

the electrochemical generator was used to prepare complexes of dimercaptosuccinic acid
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(DMSA) and hydroxyethylidene diphosphonate (HEDP) as per the reported procedures [279-
282] described briefly below.
6.2.6.1 Preparation of "**Re-DMSA

DMSA (2 mg, 11 uM) was dissolved in 0.1 mL of bicarbonate buffer (0.5 M, pH 9) in
a 10 mL vial. To this solution, 0.4 mL of 188Re04' obtained from the generator was added and
the resultant volume was made up to 1 mL by adding 0.5 mL of normal saline (0.9% NaCl)
solution. For the reduction of 188Re04' ions, 0.02 mL of stannous chloride solution (20 mg
mL™") was added and the reaction mixture was purged with nitrogen gas. The mixture was
heated in a boiling water bath for 30 min and allowed to cool to room temperature. The pH of
the reaction mixture was adjusted between 1 and 2 before subsequent experiments.
6.2.6.2 Preparation of "**Re-HEDP

HEDP (50 mg, 335 uM) was dissolved in 0.2 mL of bicarbonate buffer (0.5 M, pH 9)
in a 10 mL vial. To this solution, 0.20 mL of 188ReO4' obtained from the generator was added,
followed by addition of 0.2 mL (100 pg, 0.54 uM Re) NH4ReO, solution. The resultant
volume was made up to 1 mL by adding 0.4 mL of normal saline (0.9% NaCl) solution. The
pH of the reaction mixture adjusted to ~2 after addition of 0.04 mL of stannous chloride
solution (250 mg mL™). The reaction mixture was purged with nitrogen and heated in a
boiling water bath for 30 min and allowed to cool to room temperature.

In order to characterize the "**Re-DMSA and '**Re-HEDP complexes, thin layer
chromatography (TLC) was performed using flexible silica gel plates. 5 uL portions of the
test solution were applied at a distance of 1.5 cm from the lower end of the two TLC plates
(12 cm x 1 cm). The strips were developed in saline and acetone, respectively. The strips
were dried, cut into 1 cm fragments, and the radioactivity was measured. In TLC using
acetone as solvent, the complex remained at the point of application (Fig. 6.8 a). Under

identical conditions, 188ReO4' moved towards the solvent front.
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However, if hydrolyzed rhenium ("**Re0,) is present, it will also remain at the origin and
hence an additional quality control procedure was essential to estimate this radiochemical
impurity in the complex. The TLC pattern, using 0.9% NaCl solution as solvent is shown in

Fig. 6.8 b, illustrating that the free '

ReOy4 as well as the complexes migrated with the
solvent front, whereas hydrolyzed rhenium remained at the origin. By combining the results
of both the TLCs, the complexation yield was estimated to be >98% in both the cases, which
ascertained the suitability of 188Re for the preparation of radiopharmaceuticals.
6.2.7 Simulated study for the separation of Re from carrier-added W solution,
equivalent to ~37 GBq (1 Ci) of "*W/'**Re

The effects of macroscopic amounts of tungsten on the electrochemical separation of
no-carrier-added '®Re were investigated by conducting experiments using W/Re mixtures
containing inactive W and Re carrier equivalent to ~37 GBq (1 Ci) "W in equilibrium with

'88Re. The mixture was spiked with an equilibrium mixture of 188y /188

Re containing 37 MBq
(1 mCi) of "®®Re. This simulated solution was prepared by dissolving 292 mg of WO;
(equivalent to 37 GBq (1 Ci) of B8W at 159 GBq g of 188y specific activity) and 1.45 ug
(equivalent to 37 GBq of '®Re) of ammonium perrhenate in 2 M NaOH. The resultant
solution was evaporated to dryness and then reconstituted with 0.1 M oxalic acid solution.
'88Re was separated by electrolysis as described above and the radioactivity of the recovered
'88Re was measured. The recovery of '**Re from W/Re mixture simulated to represent 37
GBq (1 Ci) of '®*W, was equally good as when lower amounts of '**W were used. The overall
yields of '®*Re in the simulated experiments were 85+2% and the amount of "**W impurity
present in it was <107%.

6.2.8 Advantages of the electrochemical "**W/'**Re generator

The electrochemical '**W/'**Re generator system is inexpensive, efficient, simple to

operate and can be easily scaled up. This method offers a scope to use low specific activity
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88W obtained from the medium flux reactors for preparation of 188w/ !%8Re generators

suitable for biomedical applications. '88Re04 can be availed from the generator with
appreciably high radioactive concentration and purity and hence can directly be used for the
preparation of radiopharmaceuticals. Additionally, the system produces very little radioactive
waste and the entire process is amenable for automation. The adaptation of this technique can
extend the useful shelf-life of the generator. Another important feature is that, at the end of
the generator life after a reasonable decay period, it would be possible to recover the enriched
180wy target from the solution for fabrication of new targets for irradiation.
6.2.9 Conclusions

The potential utility of electrochemical separation procedure to isolate carrier free
'88Re from '®*W has been demonstrated. The procedure yielded '88Re of high radionuclidic
and radiochemical purity, in the form of '*ReO; suitable for preparation of
radiopharmaceuticals. The method is promising for the separation of no-carrier-added 188Re

188
from

W produced in medium flux reactors. The results presented in this study are quite
encouraging and further development of this method into a usable system with up to 37 GBq

(1 Ci) of '**W is warranted.
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6.3 Post-elution concentration of '*Re by an electrochemical method

The column chromatographic generator using a bed of alumina remains the most
popular procedure for accessing 188Re for radiopharmaceutical applications. However, owing
to the limited sorption capacity of alumina (80 mg W g' of alumina) [251], large amount of
alumina (>9 g) is required to bind W (14-27 GBq) for the preparation of clinical-scale
188y /188Re generators [250]. The large size of the alumina column, in turn, results in large
eluate volumes (>20 mL) with low radioactive concentration of 188Re04, which is
unacceptable for radiopharmaceutical applications. The specific volume activity of 188Re
bolus from a typical 18.5 GBq 188y /!18Re generator can be as low as 0.74 GBq mL™' [250].
Therefore, post-elution concentration of 188ReO4' solution to increase its radioactive
concentration is required. The post-elution concentration step also extends the useful shelf-
life of '"**W/'**Re generators.

Concentration using ion-exchange columns is the most commonly used approach for
post-elution concentration of 188Re solution [250,257-260]. The reported methods take

advantage of the very low amounts of no-carrier added (NCA) 188

Re in the generator eluates
which is trapped on a tiny column of a suitable anion exchanger, from which it can be re-
eluted in a small volume. This section describes the results of the studies on an
electrochemical approach to concentrate Na'**ReQ, obtained from alumina based '**W/'®*Re
generator and demonstrate its utility for radiolabeling studies.
6.3.1 Materials

Tungsten-188 (specific activity 159 GBq g) as sodium (W) tungstate (Na,'®*WO0,)
was procured from the State Scientific Centre of Russia Research Institute of Atomic
Reactors (PSUE) in Dmitrovgrad, Russia, through an IAEA Coordinated Research Project

(CRP). Reagents such as hydrochloric acid, oxalic acid, ammonium hydroxide, etc. were of

A.R. grade and procured from S.D. Fine Chemicals, India. Al,O3 (90 active acidic I for

198



column chromatography, 70-230 mesh ASTM) was obtained from Fluka. Stannous chloride
and dimercaptosuccinic acid (DMSA) were obtained from Sigma Chemical Company, USA.
Na,H,HEDP was obtained from Sigma Chemical Company, St. Louis (USA). Platinum metal
wires of high purity (+99.9%) were procured from M/s Hindustan Platinum Ltd, Mumbai,
India. Paper chromatography strips were purchased from M/s. Whatman, UK. Flexible silica-
gel plates (coating thickness 0.25 mm) were from J.T. Baker Chemical Company, USA.

A HPGe Multichannel analyzer, coaxial photon detector system, Canberra Eurisys,
France with 0.5 keV resolution and range from 1.8 keV to 2 MeV was used for analysis of
'88W, in the presence of '**Re and also for their quantitative estimation. The radioactivities of
'88Re and "®*W were determined by quantification of the 155 keV (15%) and 291 keV (0.4%)
photo peaks, respectively. A D.C. power supply with 100 V compliance, a maximum current
of 2 A, 1.2 nA current resolution and >10" Ohms input impedance was used for
electrochemical studies.

6.3.2 Development of alumina based '**W/'**Re generator

The alumina based '**W/'**Re generator was developed as per the reported procedure
[254]. A borosilicate glass column of dimension 15 cm X 0.4 cm (i.d.) with sintered disc (G;)
at the bottom was placed in a lead shield and packed with 4 g of acidic alumina. It was then
preconditioned to pH 3 with 0.001 N nitric acid solution. The column was loaded by passing
10 mL of Na,['*¥*W0,] (1.85 GBq of '®W) solution through the column at a flow rate of 0.25
mL min"'. The column was then washed with 100 mL of saline (0.9% NaCl) solution. 188Re
was eluted from this generator using 0.9% NacCl solution as the eluent.

6.3.3 Post-elution concentration of "**Re
6.3.3.1 Principle of electrochemical concentration of '**Re
Concentration of '®*Re involves electrodeposition of '**Re on a platinum cathode as

per the reaction:
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ReOs + 8H'+ 7e — Re + 4H,0 E°=+0.362V [131]

Subsequently, the electrodeposited '**Re could be dissolved in a small volume of saline
(0.9% NaCl) solution.
6.3.3.2 The electrochemical set up

The electrochemical assembly used for the concentration of '**Re was similar to the
one described for the electrochemical '**W/'®Re generator (Section 6.2.2.2).
6.3.3.3 Optimization of the electrochemical parameters for the deposition of "*Re

The parameters for electrodeposition of '**Re from a solution containing '**W were
optimized for the preparation of the '**W/'**Re generator (Section 6.2.2.3). In this study, the
parameters for electrolysis were again verified in the absence of "**W and in presence of
chloride ions in the solution. The electrolysis parameters such as the applied potential, pH of
the electrolyte, time of electrodeposition, etc., were optimized by using 37 MBq (1 mCi) of
'88Re. The pH of the '®*ReQ, solution was adjusted by addition of 1 N oxalic acid solution
before transferring it to the electrochemical cell.
6.3.3.3.1 Effect of applied potential

The effect of the applied potential on the electrodeposition of '**Re at pH 1-2 at room
temperature is shown in Table 6.3. The reported values in the table shows the yields of '**Re
recovered in 0.1 N HCI solutions. The percentage of '**Re deposited was observed to increase
with increasing potential and reached a maximum value of 913 % at ~7 V. On further
increase of potential, the '**Re deposit became adherent to the electrode surface and was not
fully recoverable. Hence, all subsequent experiments were carried out at a potential of 7 V.
Though the standard reduction electrode potential of ReO4/Re is only +0.362 V [131],
maximum electrodeposition could be achieved only at 7 V, which was ~20 times higher than
the standard reduction potential. Due to this high over-voltage, Re was not deposited purely

as a metal, but as a mixture of its oxide and metal form [278].
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Table 6.3: Effect of applied potential on the electrodeposition yield of 188Re from saline

solution
Applied potential (V) Electrodeposition of BRe (%)
3 2746
5 49+4
7 9143
9 87+8
11 8519

(n = 3, ‘£ indicates standard deviation)

6.3.3.3.2 Effect of the pH of the electrolyte

The electrodeposition yield of '®Re was studied as a function of the pH of the
electrolyte. Fig. 6.9 shows the results of the studies on effect of pH of the electrolyte on
electrodeposition. It is seen that maximum deposition (~87 %) of '®*Re took place at pH 2.
The pH of the electrolysis solution tends to increase slowly during electrolysis, but this
increase in pH does not necessitate pH adjustment.
6.3.3.3.3 Effect of the time of electrodeposition

In order to optimize the time required to obtain maximum electrodeposition, the
electrodeposition yield of '®*Re was studied as a function of time at the optimum applied
potential and pH. The results are shown in Fig. 6.10, which shows the need to carry out the
electrodeposition for 45 min. It was found that during 45 minutes of electrolysis at applied
potential of 7 V, current dropped from about 350 mA to 100 mA. The drop in current might
be due to the decrease in the conductance of the electrolyte with time owing to the

electrodeposition of Re.
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Fig. 6.9: Effect of pH of saline solution on the electrodeposition yield of "**Re
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Fig. 6.10: Effect of time on the electrodeposition yield of 88Re from saline solution
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6.3.4 Process demonstration: Concentration of 188Re04' solution

188Re eluate

The "*W/'®Re generator was eluted with 15 mL of saline solution. The
was transferred to the electrolysis cell and the cell was then covered with the teflon cap
together with the two platinum electrodes which were fully dipped into the solution. Prior to
electrolysis, argon gas was gently purged through the solution for 10 minutes. Electrolysis
was performed by applying a constant potential of 7 V (current 350 mA, current density 574
mA cm'z) for 45 minutes. After the electrolysis, the electrodes were removed and the current
was turned off. The electrodeposited '88Re could be brought into saline (0.9% NaCl) solution
by placing the electrode in a narrow (1 mL) glass vial (0.5 cm diameter) containing 500 uL of
saline solution. A new Pt electrode was also dipped in the solution and the polarity of the
cathode was reversed. A high voltage (10 V) was applied for ~20 s and both the electrodes
were taken out from the solution after switching off the current. Thus, the '**Re deposit was
electrochemically dissolved in saline solution. The radioactivity in the solution was measured
and it was observed that '**Re could be concentrated to ~500 pL with an average yield of 85-
90%.

188
f

In order to study the effect of volume o Re solution on the electrodeposition

process, the volume of the 188

Re eluate was varied by addition of saline solution. Table 6.4
summarizes the results of the studies to evaluate the performance of the method at varying
electrolyte volume at optimum pH, applied potential and time. 37 MBq (1 mCi) of 188Re was
used in all the experiments. It is observed that although the radioactive concentration of 188Re
in the electrolyte decreases with increasing volume, the efficiency of electrodeposition of
'88Re is nearly the same irrespective of the differing '88Re concentration. Dilution of the
electrolyte with 0.9% NaCl solution increased the number of Na® and Cl ions in the

electrolyte, but the results demonstrated that the presence of these ions does not influence the

efficiency of electrodeposition of '88Re. The results of this study suggest that this technique
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can be successfully used for concentrating solution having very low radioactive concentration
of "**Re in 0.9% NaCl medium.

Table 6.4: Effect of volume of the electrolyte on the electrodeposition yield of 18Re

Volume of electrolyte (mL) % Deposition of B Re
5 88+4
10 89+5
20 83+2
30 90+4
40 89+5
50 87+6

n = 3, ‘% indicates standard deviation; Activity of 1%Re used = 37 MBgq (1 mCi)

It was observed that '**Re could be concentrated to ~100 folds with an average of 85-
90% yields. The average practical yield (corrected for decay loss) of >85% is comparable to
the yield of 80-90% from the conventional ion-exchange based concentration systems. The
experiments were repeated using a simulated solution of ReO4 with a Re content equivalent
to 37 GBq (1 Ci), prepared by dissolving ~1.6 ug of NH4ReO,. The simulated solution of
188Re contained 37 MBq (1 mCi) of 188Re as tracer. It was observed that the results of the
simulated experiments were similar to the ones with lower content of Re atoms, with an
overall yields of 88+2% (n =5).
6.3.5 Quality control of "**Re

The suitability of '8¥Re obtained after post-elution concentration, for preparation of
radiopharmaceuticals was determined by adopting the quality control procedures described

188
f

earlier. The level of "*W impurity in '®Re was determined to be <10°%. It is likely that

188 188 /188

Re eluate from old “"W/ ""Re generators may have above permissible levels of 88W, due

188

to damage of the column matrix under the intense radiation environment. ~ W will remain in
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W cannot be

the solution under the electrochemical conditions employed by us as
deposited in aqueous medium [132]. Thus, this approach not only fulfills the most important
concentration role but also increases in the radionuclidic purity of "**Re. The radiochemical

purity of '"®ReQ, recovered after electrolysis was >99% of the total '**

Re activity, which is
within the prescribed limits of 295% as per the pharmacopoeias [135].
6.3.6 Labeling efficacy of 138Re

'88Re was used to label dimercaptosuccinic acid (DMSA) and hydroxyethylidene
diphosphonate (HEDP) as per the procedure described earlier (Section 6.2.6). The
complexation yield of "**Re with DMSA and HEDP was >98%, thereby demonstrating the
suitability of the concentrated '**Re for the preparation of radiopharmaceuticals.
6.3.7 Advantages of the electrochemical concentration procedure

The main advantage of this procedure is the simplicity of the electrochemical method,
which might be an alternative to the existing multi-step chromatographic processes to provide
clinical grade '®*Re. The electrochemical method is effective for the concentration of '**Re
solution, irrespective of the extent of dilution. Additionally, unlike the conventional
approaches, the electrochemical concentration procedure does not lead to the addition of
chemical impurities in '®Re which may interfere in the preparation of '®*Re-based
radiopharmaceuticals.
6.3.8 Conclusions

A simple electrochemical method to enhance the radioactive concentration of '**Re
was successfully demonstrated. This procedure can concentrate '°°Re solution of very low
radioactive concentration to volume appropriate for the preparation of radiopharmaceuticals.
Therefore, this strategy can be effectively utilized for the concentration of '®*Re availed from

a ‘jumbo’ alumina column based '"*W/'®*Re generator, prepared using low specific activity
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'88W. Further development of this technique into a user-friendly system suitable for

adaptation in hospital radiopharmacies would be interesting and worthwhile.
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6.4 Development of 188y /185Re generators using nanomaterials as sorbents

The present study was aimed at exploring the potential advantages of using TiP and
nano-ZrO, as alternative sorbents for the preparation of '**W/'®Re generators. The potential
of nanomaterial based sorbents in the preparation of Mo/ Tc and ®*Ge/**Ga generators has
been demonstrated in the earlier chapters. This section describes the development of two
188W/'%¥Re generators using this novel class of sorbents. The performance of the generators
was evaluated to ascertain that the features necessary for preparation of radiopharmaceuticals

such as, high yield of 188Re, low W breakthrough and high radioactive concentration and

adequate purity of the 188

Re solution are complied with.
6.4.1 Materials

Reagents such as hydrochloric acid, ammonium hydroxide, etc. were of analytical
grade and were procured from S.D. Fine Chemicals, Mumbai. Zirconyl chloride
(ZrOCl,.8H,0), titanium tetrachloride (TiCly) and isopropyl alcohol (A.R. grade) were
obtained from E. Merck, Mumbai, India. Stannous chloride, hydroxyethylidene
diphosphonate (HEDP) and dimercaptosuccinic acid (DMSA) were obtained from Sigma
Chemical Company, USA. Paper chromatography strips were purchased from M/s. Whatman,
UK. Flexible silica plates (coating thickness 0.25 mm) were from J.T. Baker Chemical

Company, USA. Tungsten-188 (specific activity 159 GBq g") as sodium ('8

W) tungstate
was procured from the State Scientific Centre of Russia Research Institute of Atomic
Reactors (PSUE) in Dmitrovgrad, Russia, through an IAEA Coordinated Research Project.

A HPGe detector coupled with a multichannel analyzer (Canberra Eurisys, France)
with 0.5 keV resolution and range from 1.8 keV to 2 MeV was used for analysis of "**W, in
the presence of '88Re and also for their quantitative estimation. The radionuclide amounts
were determined by quantification of the 155 keV (15%) and 291 keV (0.4%) photo peaks of

'88Re and "W, respectively.
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6.4.2 Separation of 188Re from "W
6.4.2.1 Synthesis of TiP and nano-ZrO;

The synthesis of TiP and nano-ZrO, sorbents was carried out as per the procedure
described in Chapter 2. The synthesis processes are inexpensive, simple, carried out at
ambient conditions and amenable for large-scale production. The materials were synthesized
in several batches and the product obtained in all the batches was granular with adequate
mechanical strength. The excellent flow characteristics, chemical stability and attrition
resistance exhibited by these sorbents proved their suitability for fixed-bed column
operations.
6.4.2.2 Determination of distribution ratio (K;) of "**W and "**Re ions

The pH of the solution plays an important role with respect to the sorption of 188y

188

and ""Re ions on the nano metal oxide surface. The effect of pH of the solution on the Ky

values of "**W and '®*Re ions was studied to optimize the experimental conditions necessary

88 188
! f

for satisfactory loading of "W in the column as well as easy elution of “"Re. In order to
determine the Ky values, 200 mg of sorbent was suspended in 20 mL solution containing
BW0,% or '**Re0, ions as radiotracer, in a 50 mL stoppered conical flask. The solution was
shaken for 1 h at 25 °C using a wrist arm mechanical shaker and then filtered. The activities
of the solution before and after equilibration were measured in a well type Nal(Tl) counter
using appropriate window ranges (100-200 keV for '88Re and 250-350 keV for "W). The

distribution ratios were calculated using the following expression:

_ (Ai—Aeq)V
Aeq m

Kq
where, A;is the initial radioactivity of 1 mL the solution, A is the unadsorbed activity in 1
mL of the solution at equilibrium, V is the solution volume (mL) and m is the mass (g) of the

sorbent. The distribution ratio (Ky) results for 88w and '®®Re ions in TiP and nano-ZrO, are

summarized in Table 6.5 and Table 6.6, respectively.
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Table 6.5: Distribution ratios (Ky) of "**W0,* and '*®*ReQy ions in TiP

Medium Kq
TSy Re
pH 1 1914 2343
pH2 24446 6116
pH3 23543 83+2
pH 4 19547 56+2
pHS5 189+2 38+1
pH 6 17548 464
pH7 34+1 15+1
pH 8 2242 3+1
0.9% NaCl 90+1 0.7+0.3

(n = 3; ‘t’ represent the standard deviation)

Table 6.6: Distribution ratios (Ky) of "**W0,* and '®®*ReQy ions in nano-ZrO,

Medium Kgq
TSy Re
pH 1 143+4 6+3
pH?2 469+10 3145
pH3 616+12 6148
pH 4 31514 24+12
pH S5 13347 <0.01
pH 6 12248 <0.01
pH7 2343 <0.01
pH 8 10£2 <0.01
0.9% NaCl 188+9 0.2+0.1

(n = 3; ‘t’ represent the standard deviation)
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The results indicate that under all examined experimental conditions both TiP and nano-ZrO,
adsorb tungstate ions better than perrhenate ions. In both the sorbents, the Ky values for
tungsten and rhenium ions are higher under acidic conditions, reaching a maximum at around
pH 2-3. As these sorbents showed far lower affinity for 188Re compared to '88W in 0.9% NaCl
solution, '"®Re formed from the decay of 88W could be easily eluted with 0.9% NaCl
solution.

In conjunction with this work that deals with the sorption of "W on the
nanomaterials based sorbents, attempts were made to correlate the Ky values with the zeta
potential of these sorbents at different pH environments. The effect of pH on zeta potential of
TiP and nano-ZrO, in aqueous solution were shown in Fig. 2.4 and Fig. 2.8, respectively.
Owing to the positive zeta potential of the sorbents under acidic conditions, they can be
expected to enhance the removal of negatively charged tungstate polyanions from the
aqueous solution at acidic pH. The variation of zeta potential and K4 with pH of the solution
show a similar trend. These results give an indication that the electrostatic force is primarily

responsible for the sorption of '**

W in the present study.

Though the sorption process of the nano metal oxide sorbents has been considered a
surface phenomenon, the possibility of specific chemical interactions between polytungstate
anions [HW6021]5' [283] and the sorbent could also be possible. The selective uptake of
negatively charged polytungstate ions may be considered to take place by two steps. The first
one may be due to electrostatic attraction of negatively charged anion on the positively
charged surface of the sorbent. Subsequently, it may form a stable complex of the type
[MW6024]8' (M = Ti or Zr) at this pH range, similar to that reported with alumina [141].
However, in order to predict the exact mechanism of 188y uptake, further studies are

188

warranted which are outside the scope of this thesis. Optimum retention of ~"W was obtained

188

when the pH of the "W feed solution was adjusted in the range of 2-3. The decay of B8W to
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188 188

Re is not accompanied by any serious disruption of chemical bonds. "W is expected to be

retained strongly on the sorbent matrix as polymeric tungstate ions. As these tungstate ions

start transforming into perrhenate ion ('** ReO; ), which has only -1 charge, the binding

would get weaker and an easy displacement of 188 ReO, is expected. Moreover, the pH of

0.9% NaCl solution is ~7 and the zeta-potentials of both these sorbents are negative at this
pH. Therefore, due to electrostatic repulsion 188Re0y gets eluted easily with normal 0.9%
NaCl solution.

6.4.2.3 Determination of the time of equilibration

In order to study the time dependence of sorption of '8%W onto TiP and nano-ZrO,,
distribution ratio (Ky) values of 88W jons in 0.001 M HNO;3 solution was determined at
different time intervals, as described above. The K4 values (mean of three experiments) were
used to monitor the progress of the sorption process. The time when K4 remained unchanged,
was taken as the indication of the attainment of equilibrium. The plots of K4 versus time for
TiP and nano-ZrO,, are shown in Fig. 6.11 and Fig. 6.12, respectively. As inferred from the
curves, contact times of 45 min for TiP and 15 min for nano-ZrO, respectively were
maintained in order to attain sorption equilibrium in the batch processes.
6.4.2.4 Determination of sorption capacity of TiP and nano-Zr0O;

The sorption capacity, indicative of the ability of the sorbent to retain 188y, depends
on the number of available sorption sites within the matrix. The sorption capacities of the
sorbents were determined both under static and dynamic conditions.
6.4.2.4.1 Static sorption capacity

The static sorption capacity of the sorbent for W ions was determined by batch
equilibration method. For this, 0.5 g of accurately weighed sorbent was taken in a glass

stoppered conical flask and equilibrated with 50 mL of sodium tungstate solution of
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concentration 10 mg W mL"', spiked with ~100 uCi (3.7 MBq) of "W, for 1 h at room
temperature. The pH of the solution was adjusted to ~3. At the end, the contents were filtered
through a Whatman filter paper (No. 542). The activities of '**W in the solution before and
after sorption were estimated by using HPGe detector coupled to a multichannel analyzer, by
measuring the counts at 291 keV peak corresponding to '**W in 1 mL aliquots. All
measurements were carried out at 25° C in triplicate. The sorption capacity was calculated
using the following expression:

(Ao-Ae)V.Co
Aom

Capacity =
where A, and A. represented the radioactivity of '*W in 1 mL of supernatant solution before
and after sorption, respectively, C, was the total W content (10 mg) in 1 mL of solution
before sorption, V was the volume of solution and m was the mass (g) of the sorbent. The
static sorption capacity of TiP was (320 = 5) mg W g' while that of nano-ZrO, was (312 + 9)
mg W g, These results suggest that the W-sorption capacities of TiP and nano-ZrO, are
much higher than that of alumina, which has a maximum sorption capacity of ~80 mg W g’
[251].
6.4.2.4.2 Determination of breakthrough pattern and dynamic sorption capacity

In order to estimate the W sorption capacity under dynamic conditions, a borosilicate
glass column of dimension 15 cm X 0.4 cm (i.d.) with a sintered disc (G;) at the bottom was
packed with 0.5 g of the respective sorbent. After the column was conditioned with 0.01 M
HNO;, sodium tungstate solution (10 mg W mL™"), spiked with "**W tracer (37 kBq mL™")
was allowed to pass through the column at a rate of 0.25 mL min™". 1 mL of this solution was
kept as reference. The effluent was collected in fractions of 1 mL aliquots. The '"**W activity
in the reference (C,) and effluent fractions (C) were determined by measuring the 291 keV vy-

188
f

ray peak of "W in a HPGe detector. The ratio of the count rate ‘C’ of each 1 mL effluent to

213



the count rate ‘C,” of 1 mL of the original feed W solution was taken as the parameter to
follow the sorption pattern. The breakthrough profiles for TiP and nano-ZrO, are depicted in

Fig. 6.13 and Fig. 6.14, respectively.

1.0

Amount of TiP in the column = 500 mg © o}

C/C,

0.0

0
T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200

Amount of W (mg)

Fig. 6.13: Breakthrough profile of WO,* ions on passing W (10 mg W mL™) solution
through a 500 mg TiP column at a flow rate of 0.25 mL min™

The breakthrough profile portrays the sorption behavior of 8%W in a generator column
bed containing the sorbent. In case of TiP, the breakthrough point was reached after (102 £ 5)
mg of W (n = 5) was quantitatively retained by 1 g of TiP in the column. Similarly, in case of
nano-ZrQO,, it was observed that the breakthrough point was reached after (120 = 7) mg of W
(n = 5) was quantitatively retained by 1 g of sorbent in the column. The breakthrough
capacities of these sorbents (>100 mg W g') were much higher than that of alumina (~48 mg
W g') [284]. Further, it can be seen from the figures, the saturation capacity of these sorbents

(at C/Cy = 0.9) was ~300 mg W g,
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Fig. 6.14: Breakthrough profile of WO, ions on passing W (10 mg W mL™) solution
through a 500 mg nano-ZrO; column at a flow rate of 0.25 mL min™

Also it is observed that the breakthrough capacities of both the sorbents were much
less than their static sorption capacities. This was probably due to the mass transfer
limitations such as incomplete external film diffusion and/or to intraparticle transfer.
However, the protocol for preparing chromatographic column generator using sorbent matrix
preloaded with "W under static conditions is not recommended owing to difficulties in
handling of radioactive material. This will not only cause associated radioactive
contamination problem but also increase the radiation exposure to the personnel involved.
Furthermore, even if the generator is prepared, the operating performance is likely to
deteriorate when the activity loaded is high. Therefore, post loading of "**W activity protocol,
was followed despite the lower sorption capacity that could be achieved.
6.4.3 Development of 188yy/1%8Re generators

In order to integrate the experimental findings and to establish the utility of the
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sorbents in radiation environments, it was necessary to carry out process demonstration runs
to evaluate the behavior of the sorbents in the presence of intense radiation environment with
the radiolytic products generated due to '88W . This could be accomplished by developing two
188w /188Re generators of 1.85 GBq (50 mCi) each, using TiP and nano-ZrO, as sorbents. For
the preparation of each generator, a borosilicate glass column of dimension 10 cm (1) X 0.8
cm (i.d.) with sintered disc (Gy) at the bottom was packed with 2 g of sorbent. A schematic
diagram of the '"**W/'®*Re generator system is shown in Fig. 6.15. All the operations were
carried out in the closed cyclic system using connecting tubes. Input/output connections were

made with standard teflon tubings of 1 mm inner diameter and connectors.

YVert —ae
0.49% Macl P

solution [ -

4—  PRe collection wial

E'P‘? Stop cock
—~— ‘facuum
':‘I:E"— 0.22 L membrane filter
. i sorbed on /
Zr, or TIP /
G glasshit % 25 i Lead shielding

Fig. 6.15: Schematic diagram of 188y /188 Re generator system
The generator column, connectors and connection tubings were integrated within a small
portable lead shielded unit throughout experimentation for radioprotection purpose. Only the
elution vial and output vial were accessible externally. A disposable 0.22 wum membrane filter

was attached to the generator column output by teflon tubing. The generator column was
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preconditioned with 0.001 N nitric acid solution at pH 3. The column was then loaded by
passing of Na,"**WO0, solution maintained at pH 3 through the column at a flow rate of 0.25
mL min”', by applying suction using a peristaltic pump. Each of the columns was then
washed with 100 mL of 0.9% NaCl solution. In case of both the sorbents, >99% of 188W was
retained in the respective columns and on washing with 0.9% NaCl solution, <0.5% of 188y
was eluted out. The generators were regularly eluted with 4 mL of 0.9% NaCl solution for 6
months.
6.4.4 Elution profiles of the '*W/'**Re generators

In order to optimize the minimum volume of eluent required for elution of '%Re with
maximum yield, the elution profile of the generators were studied. This study also gives an
idea on the practical utility and separation capability of the sorbents. In order to examine the
elution profile, the "**W/'®Re generators were eluted with 0.9% NaCl solution at a flow rate
of 0.5 mL min™'. All runs were performed at room temperature. The eluate was collected as 1
mL aliquots and each fraction was counted for gamma activity. The elution profiles of the
TiP and nano-ZrO, based generators are illustrated in Fig. 6.16 and Fig. 6.17, respectively. It
can be seen from the figures that in both the cases, ~90% of 188ReO4' available in the
generator was eluted within the first 4 mL volume of eluent with appreciable radioactive
concentration and by eliminating the fractions with lower activity, one could get the product
in very high radioactive concentration.
6.4.5 Quality control of 138Re

f '8 Re obtained from TiP and nano-Zr0O, based 188w /188Re generators

The suitability o
were determined by adopting the quality control procedures described for the electrochemical

188w /!1%Re generator (Section 6.2.3). The levels of 188y impurity, as determined by the y-ray

spectrometry of the decayed '**Re samples, were <10™% of the '**Re activity.
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Fig. 6.17: Elution profile of the nano-ZrO, based '**W/'**Re generator
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The radiochemical purity of 88RO, was >99%. The levels of Ti and Zr ions in the '"®*Re
eluate, as determined by ICP-AES analysis of the decayed '**Re samples were <0.1 ppm. The
levels of radionuclidic, radiochemical and chemical impurities in 188Re obtained from both
the generators were well within the acceptable limits prescribed in the pharmacopoeias [135].
6.4.6 Labeling efficacy of '*Re

In order to examine the suitability of 188

ReO, obtained from the generators for
radiolabeling studies, it was complexed with DMSA and HEDP, as per the procedure
described earlier (Section 6.2.6). The complexation yields of 188Re-DMSA and '3*Re-HEDP
were always >98%, demonstrating the suitability of '88Re obtained from the TiP and nano-
ZrO; based generators for biomedical applications.
6.4.7 Elution performance of 188w /185 Re generators over a period of 6 months

The 'W/'**Re generators were evaluated for their performance for a period of 6
months. The generators were eluted regularly with 4 mL of 0.9% NacCl solution. Over this
period of time, the generators were eluted for >50 times. The performance of the TiP and t-
ZrO, based '"**W/'®Re generators with respect to the radiochemical yield of '88Re and the
188y breakthrough are illustrated in Fig. 6.18 and Fig. 6.19, respectively. The figures show

that for the both the generators the radiochemical yield of '*

Re was always >75% and the
level of "**W impurity present in '®*Re was <107% over the extended period of 6 months.
6.4.8 Simulated study for the separation of Re from a W carrier-added solution
equivalent to ~37 GBq (1 Ci) of '**W

The effects of macroscopic amounts of tungsten on the efficiency of chromatographic

separation of '%Re from "*W, using TiP and nano-ZrO, sorbents were investigated by using

W/Re mixture containing inactive W and Re carriers equivalent to ~ 37 GBq (1 Ci) of 188y,
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Fig. 6.18 Elution performance of the TiP based 188yy /1% Re generator over a period of 6
months
The mixture was spiked with an equilibrium mixture of '**W/'®**Re containing 37 MBq (1
mCi) of "W and '®*Re. This simulated solution was prepared by dissolving 292 mg of WO;
(equivalent to 37 GBq of "**W at 159 GBq g’ of W specific activity) and 1.45 pg (equivalent
to 37 GBq of '88Re) of ammonium perrhenate in 2 M NaOH. The resultant solution was
evaporated to dryness and then reconstituted with 0.001 M HNOj solution and the pH of the
solution was adjusted to ~3. The mixture was loaded in a borosilicate glass column [15 cm X
0.4 cm (i.d.)] containing 2.5 g of the sorbent adopting the procedure described above. '**Re
was eluted with 4 mL of 0.9% NaCl solution under the same conditions as in the previous
studies. The efficiency of '**Re elution and the '"**W breakthrough were determined. It was
observed that, while using TiP or nano-ZrO, as column matrices, the recovery of 188Re from
W/Re mixture simulated to represent 37 GBq (1 Ci) of "**W, was as good as when lower

amounts of "W were used. The overall yields of '®*Re in the simulated experiments were
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~80% and the '**W breakthrough was <107%. However, in order to utilize these sorbents for
the preparation of clinical-scale 37 GBq (1 Ci) 188w/ Re generators, the effect of radiation

at higher level of activity on the performance of the sorbent materials needs to be

demonstrated.
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Fig. 6.19 Elution performance of the nano-ZrQ, based 188yy /155 Re generator over a
period of 6 months

6.4.9 Recovery of enriched 86W from the spent generator columns

Since enriched '®°W is very expensive, this process would be economically viable if
the "W sorbed in the generator column could be recovered after the expiry of the shelf-life
of the generator and reused. Moreover, the exhausted generator columns cannot be directly
discarded without removing the sorbed 88W from the column. Therefore, this also is an
important step from waste management point of view. Hence, attempts were made to remove
186w along with "**W from the used columns prior to disposal. The spent generator columns

were washed with 100 mL of saline solution. Washing of the spent generator with saline
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solution before W was eluted, resulted in the depolymerization of tungstate ions adsorbed on
the sorbent surface and thus facilitated desorption of 180y 4+ 188wy, Tungsten was desorbed
from the columns by passing 5 M NaOH solution containing H,O, (15 mL of 5 M NaOH
solution + 1 mL of 30% H,0,) through the column as per the method adopted for alumina
[285]. The flow rate of the eluent was ~0.5 mL min”'. The eluate was collected as 1 mL
aliquots throughout the elution, and each sample was counted for gamma activity. Then, all

f 38W eluted was determined in

the fractions were pooled together and the total activity o
HPGe detector. The elution behavior of W from the TiP and nano-ZrO, columns is illustrated
in Fig. 6.20 and Fig. 6.21, respectively. It is seen from the figures that from both the

generator columns, the recovery of W is quite fast, and nearly all the "W could be eluted out

in the first 4-5 mL of the eluent.
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Fig. 6.20: Recovery of W from the used TiP column by passing NaOH-H,0, solution at

a flow rate of 0.5 mL min™

222



60

Q Q o) [} - 100

1 O

50 1: Yield of W (%) S
2: Cummulative yield of W (%) | ° >
404 s
S de0 Z
2 30 >
- >
3 s
= d40 =
2 o0 E
g g
3

o % 420

oA . 0

Volume of NaOH solution (mL)

Fig. 6.21: Recovery of W from the used nano-ZrQO, column by passing NaOH-H,O,
solution at a flow rate of 0.5 mL min™'

The mechanism of desorption from the TiP and nano-ZrO, columns could be
explained as follows. The zeta-potential of TiP and nano-ZrO, are negative under alkaline

conditions. As the pH of the external solution rises, depolymerisation of polytungstate

anionic species sorbed in the column takes place and they exist as WO, under alkaline

conditions. Owing to electrostatic repulsion, the negatively charged W O ions get desorbed

from the column by passing NaOH solution. As a result of radiation and chemical changes
caused by the ionizing radiation, W ions might be sorbed on the nanocrystalline materials in a
reduced state. Addition of H,O, to the NaOH solution promotes the oxidation of the W ions
to form WO42' ions and thus facilitates their elution.
6.4.10 Advantages of the TiP and nano-ZrQO; based 188yy /185 Re generators

Development of chromatographic '**W/'*®Re generators containing nanomaterial
based sorbents possessing high sorption capacities has the potential for utilizing '**W

produced from semi-enriched 186w in medium flux (~1014 n cm’ s'l) research reactors.
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Owing to their operational simplicity and excellent performance, these new generator systems
based on relatively inexpensive sorbent materials can easily be adapted by many Nuclear

188 .
Re can be availed

Medicine departments. Unlike the conventional alumina based systems,
from these generators with appreciably high radioactive concentration and can directly be
used for the preparation of radiopharmaceuticals.

However, the specific activity of '88W from irradiation in medium flux (~10'* n cm™
s reactors would be far lesser than the product from high flux reactors (~10" n em™s™).
This would then have an influence on the amount of sorbent and hence the size of the column
to be used. For example, assuming the specific activity of ~150 GBq g from high flux
reactors, a 4 g column could hold up to 400 mg of W corresponding to ~60 GBq W (~1.6
Ci). Here, a generator of 37 GBq (1 Ci) can easily be prepared using 3-4 g of the
nanomaterial sorbent. In case of low specific activity '**W expected from medium flux
reactors, say 10 folds lesser at 15 GBq g, a 5 g column would be able to hold ~7.5 GBq
(~200 mCi) of "W, adequate for R&D work. If a therapeutic grade generator is desired

'88W from medium flux reactors, a far larger column will have to be used and the 188Re

using
eluted, which would be dilute, will need to be concentrated. These issues were not studied,
since for preparation of therapeutic radiopharmaceuticals at the hospitals, it would perhaps be
economical to procure "**W from the few manufacturers with access to high flux reactors,

188

rather than use low specific activity W from medium flux reactors. However, for research

88W from medium flux

purposes, lower strength generator using low specific activity
reactors would be a good option.
The other benefits of these sorbent materials are (1) rapid packing due to the high

density of the sorbent which settles in a few minutes, (2) rigidity which allows the use of high

flow rates without increase in pressure or shrinking or swelling of the sorbent and (3)
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'885W bleeding due to the stable chemical link of the "**W species to the matrix and

negligible
(4) the radiation and chemical stability of the sorbents over a prolonged period of time.
6.4.11 Conclusions

The results of this study demonstrate that TiP and nano-ZrO, with significantly high
sorption capacities are promising sorbent materials for the preparation of 188y /1%Re

188

radionuclide generator. These sorbents exhibited high affinity for "W in comparison to

'88Re, and hence was suitable for the separation of 'Re from 'W. The ™*w/'**Re
generators prepared using these sorbents provide carrier-free '88Re (as ®*Re0y4) on elution
with 0.9% NaCl solution, with >80% yield. 188Re could be availed from the generators with
acceptable radionuclidic, radiochemical and chemical purity for clinical application. The
188w /!1%Re generators developed using these sorbents performed consistently well over the
period of 6 months. Additionally, it was possible to recover the adsorbed 18w +'8¥W from
the spent generator prior to disposal, leading to economic advantage. Taking these into

account, it is opined that TiP and nano-ZrO, can be used as alternative sorbents for the

preparation of clinical grade '**W/'®Re chromatographic generators.
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