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SYNOPSIS

Preamble

While the progress made by mankind in the field of medical applications has allowed
it to conquer or effectively control several diseases, cancer is a condition that, despite
gargantuan efforts made on a global scale over several decades, cannot be said to
have been defeated. The nature of the disease, its unpredictability, complex etiology,
difficulty in early identification and in effective administration of treatment while
minimizing hazardous effects to the rest of the body are all factors that have allowed
cancer to persist as a formidable opponent to modern medicine. Of course, the
specific strategies followed and the extent of their success depend a lot on the origin
and cellular / tissue-level properties of the particular malignancy, but at an empirical

level, the effective control of any cancer will have the following components:

1. Early diagnosis to identify the disease in an individual and initiate necessary

treatment before significant metastasis has occurred.

2. Effective therapy regimen that will eliminate or limit to the maximum extent



all apparent malignancy, while avoiding gratuitous damage to surrounding

normal tissue.

3. Sensitive and accurate prognostic evaluation before and after treatment to

assess the possibility of relapse and need for supplementary treatment.

In addressing the above issues, radioisotopes play a vital role both in diagnosis and
treatment. Nuclear medicine, a specialty that employs radiolabeled molecules or
radiopharmaceuticals as tracers for diagnostic purpose or as tools of radiation for
therapeutic purpose, has a unique role to play in cancer management. The work
reported in this thesis is related to development of radiopharmaceuticals for use in

cancer management.

The thesis is divided into four chapters, the contents of which are described below

in brief.

Chapter 1: Introduction

Nuclear medicine, succinctly described as a “multidisciplinary field that develops
and uses instrumentation and tracers (radiopharmaceuticals) to study physiological
processes and non-invasively diagnose, stage and treat diseases” [1], has been ap-
plied to address clinical problems of several origins, including various organ function
studies (heart, lungs, liver, kidney, brain), detection of infection / inflammatory dis-
order, or treatment of joint diseases and thyroid disorders, but it has always had
a major thrust in the detection and treatment of cancer. Radiopharmaceuticals,

defined as radionuclide incorporating pharmaceutical preparations administered in



vivo for clinical purposes, in a formulation of adequate purity and pharmaceutical
safety suitable for administration to humans / animals [2], are a prime component
of in vivo nuclear medicine. Several such formulations are actively employed in the
clinic for isolating and tackling malignancies, and many more are in various stages
of development with the eventual aim of adding to the arsenal of strategies to keep

at bay this scourge of contemporary human life.

This thesis deals with the development and biological evaluation of some novel radio-
pharmaceutical preparations that could be useful towards the fight against cancer.
Under the title of “Development and Biological Evaluation of Novel Radiopharma-
ceuticals for Cancer” the work done as a part of this thesis is focused on two major

objectives:

Objective 1 The development and biological evaluation of novel tracers for detec-

tion of sentinel lymph nodes (SLN).

Objective 2 The development and biological evaluation of novel complexes for

therapy of liver cancer.

For the first objective, using the gamma-emitting diagnostic radioisotope technetium-
99m (99mTc) [3], tracers of different classes have been developed for the detection
of sentinel lymph nodes, an important component of prognosis in cancers of several
origins. For the second objective, using the beta-emitting therapeutic radioisotope
yttrium-90 (90Y) [4], various preparations have been attempted towards the treat-
ment of liver cancer. In both, suitable animal models have been employed for the
testing of these novel preparations. The studies performed herein are ultimately
dedicated towards the development of new tools for nuclear medicine clinicians in

their ongoing battle against cancer and thereby benefit society at large.



Chapter 2: PLGA Based SLN Detection Tracers

2.1 Background

Identification of the SLN followed by excision for detailed biopsy is an important
factor in the prognosis and staging of cancers of several origins (breast, head &
neck, skin) [5, 6, 7, 8]. Major lymphoscintigraphy agents previously reported in the
literature include colloidal Gold-198 (198Au) [9] to 99mTec-labeled forms of colloidal
antimony trisulfide [10], sulfur colloid [11], human serum albumin (soluble) [12] and
colloidal human serum albumin [13]. But as none of these are ideal, there is a scope
for developing new nanoparticle SLN tracers with improved properties. Poly [lactide
(co-glycolide)] (PLGA) is a bio-compatible polymer [14] that may be employed in
development of nanoparticles for SLN detection with the advantages of uniform
desired particle size range and reduced chance of handling potentially hazardous
biological material or allergic reactions. It was hence proposed to develop and
evaluate various PLGA derivatives towards use as 99mTc-labeled SLN detection

tracers.

2.2 Materials and Methods

Three types of poly PLGA based nanoparticles were developed for use in SLN de-
tection: a) Plain / Unmodified PLGA b) Mebrofenin-loaded PLGA (Mebrofenin-
PLGA) c¢) Ditheylenetriamine pentaacetate (DTPA) conjugated PLGA (DTPA-
PLGA). The PLGA nanoparticles were prepared by the method of emulsion solvent
evaporation and physico-chemically characterized by dynamic light scattering (DLS)
analysis with regards to parameters like particle size and Polydispersity Index (PI).

Using these parameters the formulations were optimized with respect to the choice



and concentration of emulsifying agent. The nanoparticles were then subjected to
lyophilization for long-term storage. Post-lyophilization reconstitution was assessed
and the choice and concentration of cryoprotectant was optimized based on DLS

measurements conducted on reconstituted nanoparticle suspensions.

99mTe-labeling of the various PLGA derivatives was performed using Tin (II) chlo-

ride as the reducing agent and reaction conditions were optimized.

In vivo biological evaluation of the PLGA based derivatives was performed using
Wistar rat animal strain by the footpad injection model. In this model, the prepa-
ration was administered subcutaneously in the footpad, and transport of the tracer
from the site of injection (footpad) to the nearest node (popliteal) and beyond
was taken as an index of its biological behavior. In vivo radioactivity distribution
measurement studies and scintigraphic imaging studies were performed. Activity
retained in relevant organs / tissues was expressed as a percentage of total injected
activity (%ID). Popliteal Extraction (PE) was calculated as a quantitative expres-
sion of the specific retention of a sentinel lymph node tracer in the footpad model

[15].

The toxicity of relevant ligands was evaluated, using the reported protocol for
single-dose acute toxicity studies. Evaluation studies included relevant hemato-
logical parameters — RBC, hemoglobin, WBC, platelets — and biochemical param-
eters — Serum albumin, bilirubin, glutamate oxaloacetate transferase / aspartate
transaminase (SGOT/AST), glutamate pyruvate transferase / alanine transaminase
(SGPT/ALT). Hemocytometry and relevant biochemical assays were performed for
the above. Histological slides were prepared by taking tissue samples, processing
them to obtain paraffin blocks, then sectioning by microtomy and hematoxylin-eosin

staining.



2.3 Results

Optimization studies performed for preparation of PLGA nanoparticles showed that
Vitamin E was the most suitable emulsifier and dextrose with poloxamer, the most
suitable cryoprotectant. The particle diameters for the various PLGA derivatives in
final optimized form are as follows: Plain PLGA 189.34+22.4 nm (PI of 0.1740.01),
Mebrofenin-PLGA 224+6.15 nm (PI 0.26+0.027), DTPA-PLGA 212+9.66 nm (PI
0.21+0.04). Additionally, for mebrofenin-PLGA, the efficiency of mebrofenin in-
corporation in PLGA nanoparticles was found using UV spectrophotometry to be
514+2.3 %. For DTPA-PLGA, the conjugation of DTPA residues onto the surface of
PLGA was confirmed with a combination of FT-IR spectroscopy, elemental analysis

by energy dispersive spectroscopy (EDS) and zeta potential measurement.

Under the tested conditions for 99mTc labeling, plain PLGA showed ~70 % 99mTc-
labeling after reaction at 37 °C, 60 min with 250 ug tin chloride. Mebrofenin-
PLGA under similar conditions showed ~65 % labeling, indicating the lack of any
advantage offered by mebrofenin-loading towards yield and ease of 99mTec-labeling.
DTPA-PLGA showed much improved labeling characteristics, giving >90 % 99mTc-
labeling under significantly more moderate reaction conditions (RT, 30 min with 75
ug tin chloride) highlighting the significant role of DTPA residues on the surface of

PLGA nanoparticles in formation of complex with 99mTec.

In the in vivo evaluation studies, plain PLGA nanoparticles showed uptake in
the SLN, but the low uptake percentage (1.754+0.65 %ID at 180 min p.i. with
65.77 %PE) and lack of in vivo stability makes them unsuitable in the clinical
scenario. The in vivo behavior of 99mTc-labeled mebrofenin-PLGA was similar
(1.35+0.14 %ID SLN uptake at 180 min p.i.), though it showed greater SLN reten-
tion (86.89+0.37 %PE) and in vivo stability. In the case of DTPA-PLGA, there



was an increase in SLN uptake (3.474+0.11 %ID at 180 min p.i.), good retention
(82.89+43.22 %PE) and good in vivo stability with respect to 99mTc activity as per
the negligible accumulation in gastrointestinal region. DTPA-PLGA in toxicology

tests did not show any appreciable symptoms of toxic / inflammatory reaction.

Summary: Of the various PLGA derivatives developed and tested as potential
99mTec-labeled tracers for SLN detection, DTPA-PLGA offers the best properties, in
terms of both tracer preparation and biological efficacy, and can be a good substitute

with improved properties to existing conventional nanoparticle tracers for SLN.

Chapter 3: Mannose Based SLN Detection Tracers

3.1 Background

This work may be regarded as a follow-up to the previous one on development of
PLGA based SLN detection tracers, whose biological behavior is mainly a function of
the particle size. In this case, mannose residues present on the ligands are expected
to interact with mannose receptors expressed on the cell surface of lymph node
macrophages and allow for a significantly smaller in size class of 99mTc-labeled SLN
tracers that may be expected to have improved clearance and sensitivity in vivo
[15, 16, 17]. The work described here was done as part of an International Atomic
Energy Agency (IAEA) coordinated research project (CRP) on the “Development

of 99mTc radiopharmaceuticals for sentinel node detection and cancer diagnosis”.

3.2 Materials and Methodologies

The ligands used for the studies carried out here — one Dextran-Cysteine-Mannose



ligand (DCM20) and two Dextran-Pyrazolyl-Mannose ligands (DAPM4 and DAPMS)
— were supplied after synthesis and physico-chemical characterization by the various
international research groups participating in this project. Labeling with 99mTc
for all the ligands was performed via a 99mTec-tricarbonyl intermediate [18]. Char-
acterization was performed by HPLC. In vitro evaluation studies were performed
with mannose receptor bearing RAW 264.7 macrophage precursor cells. Saturation
binding curves were obtained and binding affinity (Kd) was calculated. In vivo eval-
uation studies for all the 99mTc-labeled tracer preparations were performed with
different ligand concentrations using the footpad injection model in Wistar rat as

described previously [Section 2.2].

3.3 Results

For all the tested ligands (DCM20, DAPM4 and DAPMS) 99mTec-labeling yield
and stability of labeled complex at 180 min post-preparation were >90 %. In the
in vitro uptake studies, DCM20 was observed to have significantly higher receptor
binding affinity (19.41 nM) than DAPM4 (116.05 nM) or DAPMS8 (111.27 nM).
However, these results were not proportionally reflected in the animal studies. All
the dextran-mannose ligands tested herein showed appreciable SLN uptake and ex-
cellent popliteal extraction at their optimal concentrations at 180 min p.i. - DCM20
3.354+0.72 %ID with 98.02+3.06 %PE, DAPM4 5.02+0.61 %ID with 92.92+3.38
%PE, DAPMS 6.024+1.94 %ID with 91.8+3.85 %PE. None of the ligands in tox-
icology studies showed any alarming signs of toxicity, suggesting their safety at

pharmaceutical concentrations.

Summary: Of the ligands tested, 99mTc-labeled DCM20 showed the highest clear-
ance and popliteal extraction and may be considered to have the best potential as

a mannose receptor targeting SLN detection tracer.



4 Radiopharmaceuticals for Liver Cancer Therapy

4.1 Background

The work reported here deals with the preparation, characterization and preliminary
biological evaluation of novel embolic radiopharmaceuticals bearing therapeutic ra-
dionuclides. Liver cancer is an important disease to be addressed in the Asian
context with high associated clinical morbidity [19, 20]. Localized treatment with
beta-emitting radiopharmaceuticals in an embolizing preparation is an attractive
approach for combating the disease and extending / improving the life of the pa-
tient. 90Y with its suitable emission properties (Half-life = 64 h, Energy of Bmax
= 2.3 MeV) is ideally suited for therapy of liver cancer. But the currently available
products are very expensive and must be imported. To meet the needs of the Indian
population, it is essential to develop indigenous radio-embolic therapy alternatives.
With this in mind two 90Y-bearing vehicles were proposed to be developed and
tested in suitable in vivo model: a) Polymeric microspheres of suitable diameter
labeled with 90Y that will be trapped in liver capillaries b) Suitable complexing
ligand that may be labeled with 90Y and dispersed in lipiodol, a viscous fluid that

can embolize liver capillaries and is used as an MRI contrast agent.

4.2 Materials and Methodologies

Two 90Y-labeled preparations were developed for evaluation as therapeutic radio-
pharmaceuticals for liver cancer: a) 90Y-labeled oxine in lipiodol - prepared by reac-
tion of oxine with 90Y, separation of the labeled product by chloroform extraction,
and finally dispersal in lipiodol b) 90Y-labeled Biorex 70 microspheres - prepared

by simple exposure of resin microspheres to 90Y activity followed by centrifugation.



The animal model for testing of liver cancer therapy radiopharmaceuticals was gen-
erated by orthotopic induction of known hepatocellular carcinoma cell line N1S1
into Sprague-Dawley rat. Development of the model was followed by measurement
of various hematological parameters - RBC, Hemoglobin, WBC, Platelets - and bio-
chemical parameters - serum bilirubin, AST/SGOT, ALT/SGPT, alpha-fetoprotein.
For animal studies, the 90Y-labeled preparations were administered via hepatic vein
(blood flow from intestine to liver) in a survival surgery protocol under anesthesia.
The animals were allowed to recover from surgery, and kept under normal condi-
tions for various time points (1-2-5-7 days). At the end of the respective time points
they were sacrificed and in vivo distribution of 90Y-activity from the administered
preparations was assessed. Biological efficacy parameters like tumor regression and

effect on relevant biochemical parameters (as specified above) were studied.

4.3 Results

90Y-labeling of oxine (8-hydroxyquinoline) was optimized with respect to reaction
conditions (>90 % labeling yield at 80 °C, 60 min, pH 8.5). The stability of the 90Y-
oxine was studied and found to be >85 % after 3 days at 37 °C. 90Y-oxine showed
good dispersal (>90 %) in lipiodol, the embolizing carrier in which it would be
administered in vivo. Biorex 70 microspheres (45-70 pym wet diameter) were labeled
with 90Y with >95 % yield (Room temperature, 15 min, pH 5.0). The labeled
preparation was observed to retain > 95 % stability even at 7 days post-preparation

and incubation at 37 °C.

The protocol for generating tumor was optimized, giving single tumor lesion of
appreciable size (~20-25 mm diameter) in 3 weeks period. The major relevant pa-
rameter in development of tumor model was serum alpha-fetoprotein, whose level

increased proportionally with tumor diameter.
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The two 90Y-labeled products were then compared for their in vivo biological pa-
rameters. In the case of 90Y-oxine in lipiodol, significant leakage of the preparation
from the liver was observed (only 23.8+2.61 %ID retained in liver at 7 days), with
significant (34.22+5.39 %ID) bone accumulation in the same period. The size of
tumor in animals treated with 90Y-labeled oxine in lipiodol was 23.6+3.2 mm at 7
days p.i. while animals administered with unlabeled “cold” lipiodol in oxine showed
tumors of marginally higher size (25.244.7 mm). In contrast, 90Y-labeled Biorex
70 microspheres exhibited 87.72+1.56 %ID liver accumulation even at 7 days with
minimal release into bone (0.56+0.97 %ID, 7 days). Thus, In terms of in vivo distri-
bution and pharmacokinetics, Biorex 70 microspheres show excellent properties for
use as a vehicle of therapy in liver cancer. The 90Y-labeled Biorex 70 microspheres
also appeared to have appreciable tumor-treatment properties. Animals receiving
cold Biorex 70 microspheres showed tumors with diameter of 27.4+5.9 mm at 7 days,
but in the case of 90Y-labeled Biorex 70 microspheres, the tumor size was reduced
to 16.3+3.8 mm. In the studies of biochemical parameters, again the consistent pa-
rameter was serum alpha-fetoprotein which dipped to 19.4943.72 ng/ml in the case
90Y-Biorex 70 microspheres and 37.4944.65 ng/ml with 90Y-oxine in lipiodol, as
compared to 51.444+11.97 ng/ml in untreated controls. Histological studies showed

significant damage to liver cancer tissue from 90Y-Biorex 70 microspheres at 7 days
p-i.
Summary: Of the two 90Y-labeled preparations developed and evaluated, Biorex

70 microspheres in terms of in vivo retention and apparent efficacy shows the better

potential for use as an agent of liver cancer therapy.
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1. INTRODUCTION

1.1. NUCLEAR MEDICINE - A PRIMER

If the 1909 report of FH Williams describing the use of pure radium salts for treat-
ment of some epitheliomas [1] may be regarded as one the early applications of
nuclear medicine techniques, then today the nuclear medicine field is more than a
century old. With the discovery of artificial production of radioisotopes in the 1930s,
and the significant strides in the technologies of nuclear fission reactors and charged
particle accelerators, radioisotopes began to be used in the treatment of cancers
from the early 1940s and this practice has continuously grown over the decades [2].
However, official recognition for nuclear medicine came in 1971 when it was listed as
a medical specialty by the American Medical Association. Summarizing the defini-
tion provided by the World Health Organization [3], nuclear medicine refers to the
in vivo application of radioisotopes (apart from external sealed radioisotope sources
for therapy) through ingestion, inhalation or injection for relevant ends in clinical
diagnosis and therapy. It has been succinctly described as a “multidisciplinary field
that develops and uses instrumentation and tracers (radiopharmaceuticals) to study
physiological processes and non-invasively diagnose, stage and treat diseases” [4].

Nuclear medicine is regarded as non-invasive and providing minimal distress to pa-

21



Chapter 1 INTRODUCTION

tients compared to some of the other techniques employed in the clinic. At least
so far as diagnostic applications go, the radiation received by patients for typical
nuclear medicine procedures is of the same order as that occurring naturally on an

annual scale, and appreciably lower than for equivalent X-ray techniques [5].

In diagnostic nuclear medicine, a “trace” amount of radioisotope tagged to a suit-
able carrier is administered into the body and then tracked using a nuclear medicine
imaging system. As lucidly laid out by Green and Seidel [6], a nuclear medicine
imaging system functions in the following order of steps: i) Photon detection ii)
Data acquisition iii) Data processing iv) Image processing and v) Display and anal-
ysis. Following this sequence, the radiations emitted by the tracer depending on its
in vivo pharmacokinetics are collected and recorded as data by the instrument, and
then processed to provide an “image” of the radiopharmaceutical within the body.
Depending on the emission characteristics of the tagged radioisotope, the imaging
technique employed may be either Single Photon Emission Computed Tomography
(SPECT) or Positron Emission Tomography (PET). Diagnostic nuclear medicine
has the potential to provide sensitive functional imaging, allowing for the detection
of disease conditions far before other imaging techniques like Computed Tomogra-
phy (CT) or structural Magnetic Resonance Imaging (MRI) that depend on gross
anatomical changes. While newer modalities like functional MRI have alleviated
such differences, the comparative simplicity of the instrumentation coupled with
economic advantages have given nuclear medicine continued validity as a premier

clinical investigation tool [7].

In therapeutic nuclear medicine the patient is administered radiation in the form of
in vivo administered radioisotope tagged to an appropriate carrier, at a dose suffi-
cient for therapy. In most cases, a function of cell killing is performed by the emit-

ted radiation to achieve the desired therapeutic effect. For example, tumor-targeted
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therapy aims to kill malignant cells, while in the case of radiation synovectomy, a
palliative treatment for rheumatoid arthritis, therapeutic radiation is targeted to-
wards the cells responsible for symptoms of acute inflammation. This cell killing
occurs in accordance with the principles of the interaction of radiation with matter,
namely ionization and generation of free radicals in the surrounding tissue, which
lead to the dysfunction or degradation of critical cellular macromolecules like DNA
with ensuing fatal consequences for the cell. The nature and form of the carrier vary
according to the intended application. The use of in vivo administered therapeutic
radiation offers the possibility of more specific localization of treatment as compared
to external beam radiation therapy (Teletherapy), reducing the overall requirement
of radiation dose and thereby lowering the undesirable effects of non-specific ra-
diation damage. In many cases, therapeutic nuclear medicine is prescribed as an

adjunct to conventional therapy measures including drugs and/or surgery.

Before delving into further details of this subject some of the terms related to ra-

dioactivity and radiation are defined.

Radioactivity: Radioactivity or radioactive decay has been described as the pro-
cess whereby a nucleus that contains an excess of energy undergoes a transformation
to a more stable state by emitting energy in the form of elementary particles or elec-
tromagnetic radiation [8]. Radioactivity in elements may be natural or artificially
induced by a process of bombarding stable precursor targets with various projectiles.
The majority of radioisotopes used in nuclear medicine are artificially produced, ei-
ther in reactors by neutron bombardment or in cyclotrons by bombardment with
charged particles such as protons, deuterons or alpha particles that have been accel-
erated to high energies by passage through electric and magnetic fields. The choice
of mode of production depends on the suitability of the product radioisotope for

the desired application, taking into consideration its half-life, decay mode, energy,
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specific activity, radionuclidic purity, processing time etc. [9]

Alpha (o) decay: Alpha radiation/decay refers to the emission of an o-particle,
which consists of two protons and two neutrons (identical to a Helium nucleus).
Here the mass number and atomic number of the product nucleus are reduced by 4

and 2 units respectively as compared to the starting nucleus.

Beta () decay: Beta radiation/decay refers to the emission of a -particle. This
may comprise of one of the following three processes i) negatron decay () ii)
positron decay (87) iii) Electron Capture (EC). In all three processes, atomic num-
ber of the product nucleus differs from starting nucleus by one unit, without any
change in mass number. However, EC is a special class of beta decay that need not
result in particulate emission. Further reference to beta decay in this thesis refers

essentially to the emission of negatrons or positrons.

Gamma (y) radiation: In the process of de-excitation of a product nucleus,
following o or 3 decay by the starting nucleus, it may emit high frequency elec-
tromagnetic radiations. These are known as y-photons or y-rays. Unlike a or 3

emissions, y-emissions do not involve the release of any particulates.

Linear Energy Transfer (LET): This refers to the energy transferred per unit
length traveled by the emitted particle/photon in the surrounding medium. LET
depends upon the nature of the radiation, kinetic energy of the emission and the
stopping power of the medium, which in turn is dependent upon the mass num-
ber and atomic number of the medium. Typically, charged particle emissions have
greater LET than gamma emissions. This implies that they cause a greater number
of ionizations in the surrounding medium per unit distance traveled, but lower pene-
tration range through the medium consequent to the loss of kinetic energy. Therefore
by convention, gamma emitting radioisotopes are used in diagnostic applications and

charged particle emitting radioisotopes are used in therapeutic applications.
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1.2. RADIOPHARMACEUTICALS

When a radionuclide incorporating pharmaceutical preparation is administered in
vivo for clinical purposes, in a formulation of adequate purity and pharmaceutical
safety suitable for administration to humans/animals, the resulting preparation is
called a Radiopharmaceutical [10]. Typically a radiopharmaceutical is made up of

two main components:

« Radionuclide: The radionuclide/radioisotope is responsible for the radioac-
tive effects of the preparation. The choice of radionuclide is governed by
whether the radiopharmaceutical is intended for diagnostic/therapeutic end-

use.

o Carrier: The carrier is responsible for the in vivo transport and localization of
the radiopharmaceutical preparation. The purpose of the carrier could either
be to bind/chelate the radioisotope or for biologically selective accumulation in
the target region or a combination of these two aspects. The carrier could be
a simple ligand with desirable physico-chemical properties or have structural
analogy to a bio-molecule or have a supra-molecular structure that defines its

in vivo behavior. It may or may not have pharmacological activity on its own.

Based on their chemical nature radiopharmaceuticals may be categorized as follows:

1. Simple Radiopharmaceuticals - These are simple inorganic molecules eg.
[131I}-Sodium Iodide (thyroid therapy), [201T1]-Thallium chloride (myocardial

imaging).
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2. Labeled compounds - Here the radioisotope is covalently linked to the car-
rier. It may function as a true label, where the radiolabel is an isotope of
a natural element eg. [11C]-Methionine (tumor imaging), or a foreign label,

where it replaces another element eg. [18F]-Fluorodeoxyglucose (tumor imag-
ing).

3. Coordinate complexes - Most commonly available radiopharmaceuticals
belong to this category. The radioisotope here is a transition metal that is
associated with an appropriate carrier by means of coordinate linkages eg.

99mTe-Tetrofosmin (myocardial imaging).

4. Particulate formulations - Here the carrier is a particulate/macroaggregate
and the radioisotope may either be encapsulated within the carrier or attached
to the surface by suitable chemistry eg. 90Y-Glass microspheres (liver cancer

therapy).

Based on the intended application, radiopharmaceuticals may be classified as diagnostic

and therapeutic.

1.2.1. Diagnostic Radiopharmaceuticals

Diagnostic radiopharmaceuticals aid in imaging organ morphology and function,
or metabolic abnormalities associated with various clinical conditions like cancer,
infection etc. In general they are applied at extremely low concentrations, not
intended to have any pharmacological effect [12]. Radionuclides incorporated in this

class of preparation have the following characteristics:

26



1.2 RADIOPHARMACEUTICALS

1. They primarily emit gamma radiation, with none to minimal amount of charged

particle emissions.
2. They have a short half life, ranging from a few minutes to a few hours.

3. They have simple radiolabeling chemistry and are available in logistically and

economically viable form.

The lower LET and greater penetration of gamma rays ensure that emissions from
diagnostic radiopharmaceuticals localized inside the patient’s body are conveniently
detected on an externally placed imaging system, and have minimal interaction with
the surrounding body tissues. An exception to the rule comes from positron emitting
radiopharmaceuticals used in PET imaging. Here however, while the initial positron
emission is particulate, it travels only a very short distance in tissue (typically less
than 1mm) losing its kinetic energy in the process, then interacts with a nearby elec-
tron thereby getting annihilated. This annihilation of matter leads to the release of
two high-energy (511keV) gamma photons in diametrically opposite directions. The
coincident detection of these gamma photons is registered by the imaging system.
Hence the detection process still depends on the emission of gamma rays. Fluorine-
18 (18F) is one of the prominent positron emitters used in PET-based diagnostic
imaging today. Predictably, the high LET alpha or beta emitting radioisotopes are
not used for diagnostic imaging. Tab. 1.1 gives some of the typical imaging appli-
cations for diagnostic radiopharmaceuticals (data sourced from Table 16.6 p316 of

[10], suitably adapted for presentation here).

Of the various diagnostic radioisotopes, Technetium-99m aka 99mTc is the most
widely used. It accounts for about 80% of all diagnostic studies [11], amounting to

nearly 30 million scans annually, and has justifiably been named the “Workhorse” of
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] Organ / Function \ Diagnostic Radiopharmaceuticals Used ‘
Perfusion: [18F]-fluorodeoxyglucose (FDG),
Brain 99mTe-Ethylene Cysteine Diamine (ECD);

Neuroendocrine receptors: [18F]-DOPA
Perfusion: 99mTc-Tetrofosmin, 99mTec-Sestamibi;
Metabolism: [18F]-FDG,

Heart [123I]-B-methyl-iodophenylpentadecanoic acid
(BMIPP);
Blood Pool: 99mTe-Human Serum Albumin (HSA)
Perfusion: 99mTc-HSA microspheres;

Lungs Ventilation: 99mTec-Diethylenetriaminepentaacetic
acid (DTPA) aka Technegas
Thyroid [1311]-Sodium Todide
Bone 99mTc-Methylene diphosphonate (MDP)
Liver 99mTe-sulfur colloid, 99mTe-phytate

Imaging: 99mTc-Dimethylmercaptosuccinic acid
(DMSA), 99mTc-Glucoheptonate (GHA);
Renography: 99mTc-Mercaptoacetyltriglycine
(MAG3), 99mTc-EC
Infection: 99mTec-Ciporofloxocin;
Infection/Inflammation | Inflammation: 99mTe-Human Immunoglobulin G
(HIgG)
67Ga-Citrate, 111In-Octreotide / 68Ga-DOTA
Octreotide derivatives,
[123/131I]-meta-iodobenzylguanidine (MIBG),
[18F]-FDG

Table 1.1.: Typical imaging applications for diagnostic radiopharmaceuticals.

Kidneys

Tumors

nuclear medicine. The overwhelmingly large utilization of 99mTc is due to its highly
suitable radiation characteristics, convenient half-life and ease of availability [11, 12].
99mTc has a mono-energetic (140 keV) photon emission accounting for 88% of its
radiation abundance. This photon is not significantly attenuated within the body
and has optimal characteristics for being collimated and recorded by the imaging
system. Technetium-99m has no clinically significant charged particle emission (only
a small fraction of low-energy Auger electrons), which limits potential hazardous ef-
fects. The physical half-life of 6.03 hours makes it convenient in the hospital setup

to perform radiolabeling, quality control, administration into the patient and in

28



1.2 RADIOPHARMACEUTICALS

vivo scanning at multiple time points to obtain necessary clinical information. It is
conveniently obtained from a “generator”. In this generator, the parent radionuclide
Molybdenum-99 (99Mo), which has been obtained from the reactor either as one
of the products of the nuclear fission of Uranium-235 or by neutron irradiation of
stable Molybdenum-98 target, is loaded onto an alumina column. 99Mo undergoes
B-decay with a half-life of 66.7 hours to give 9mTc daughter product. When iso-
tonic saline is passed through this column, 99mTec is selectively eluted out while the
remaining 99Mo is retained on the alumina. The column can be repeatedly eluted
with saline (after giving adequate time to allow for build-up of 99mTc) so long as
the yield of 99mTc is sufficient for imaging purposes. A 99Mo-99mTc generator in
the radiopharmacy has a typical shelf life of around a week. The entire operation
can be performed in conditions that maintain the purity and sterility necessary to
meet clinical standards. Technetium is also advantageous from the point of view
that it has a very diverse redox chemistry. In different complexes it may exhibit oxi-
dation states varying from -1 to +7, the specific oxidation state depending upon the
chelating ligand and the reaction conditions. Thus it can be manipulated to form

complexes with a wide range of ligands suitable for different diagnostic purposes.

1.2.2. Therapeutic Radiopharmaceuticals

Therapeutic radiopharmaceuticals as the name suggests are employed in curative
or palliative treatment of different clinical conditions. They have been defined as
radiolabeled molecules designed to deliver therapeutic doses of ionizing radiation to
disease sites with high specificity in the body [13]. While their major application is
in the therapy of tumors of various origins, other conditions like thyroid disorders,

rheumatoid arthritis, arterial restenosis etc. have also been treated using this class
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of radiopharmaceuticals. Radionuclides incorporated in these preparations have the

following characteristics:

1. They have charged particle emissions such as o, B, Auger electrons or Coster-
Kronig (C-K) electrons [14]. Charged particle emissions have higher LET
than gamma rays, allowing for therapy via the generation of excited and ion-
ized atoms and free radicals in surrounding medium/tissue. These formations
are responsible for DNA damage in cells via the induction of single strand
breaks [11]. Also, charged particles have lower energy deposition range, which
implies lower penetration into adjacent non-specific regions as compared to

electromagnetic radiations.

2. Typical therapeutic radionuclides have half life ranging from several hours to
few days. The choice of radionuclide employed for a given therapy depends on
the emission characteristics and half-life of the isotope and its suitability to
the intended application; beta-emitters with millimeter range penetration are
effective for large tumors and alpha-emitters with 50-100 micron penetration
are restricted to very small tumors or micrometastases, while C-K and Auger
electrons with their sub-micron range may only be applied in situations where
they can be transported adjacent to nuclear DNA to exert their therapeutic

effect [14].

3. As with diagnostic radionuclides, they must have logistically feasible labeling

chemistry, suitable in vivo pharmacokinetics and economic viability [13].

Alpha particles possess the highest LET and correspondingly lowest penetration

(less than 0.lmm) among charge particle emissions. They have the potential to
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’ Clinical Condition ‘ Therapeutic Radiopharmaceutical Used
Thyroid carcinoma [1311]-Sodium iodide
Neuroendocrine tumors [1311]-MIBG
Non-Hodgkin’s Lymphoma 1311I- labeled Tositumomab, 90Y-labeled
Ibritumomab (anti-CD20 antibodies)
Metastatic bone pain [32P]Sodium orthophosphate,
153Sm-Ethyelenediaminetetramethylene phosphate
(EDTMP)
Arthritic joint pain [32P]chromic phosphate aggregates, 90Y-Silicate
colloid, 166Ho-Hydroxyapatite
Endovascular restenosis 32P-coated stent

Table 1.2.: Typical applications of therapeutic radiopharmaceuticals, data adapted from [10]

cause more irreparable double stranded DNA breaks, more severe chromosomal
damage during mitosis and greater frequency of chromosomal rearrangements than
lower LET emissions like 3-particles. However, although studies have been done in
animals and in human trials using a-emitters, the requirement for such radiophar-
maceuticals to be localized adjacent to the DNA limits their utility in the clinical
working scenario. Similarly, Auger electrons also have very low penetration in tissue.
Hence primarily B-emitting radioisotopes are used for preparation of therapeutic ra-
diopharmaceuticals. Tab. 1.2 gives some examples of clinically employed therapeutic

radiopharmaceuticals.

Yttrium-90 (90Y) is one of the prominent radionuclides used for the development
of therapeutic radionuclides. 90Y emits 3-radiations, getting converted to stable
Zirconium (90Zr) in the process. It is obtained from a generator in which Strontium-
90 (90Sr) as the parent radionuclide undergoes B-decay with a half life of 28.8 years to
give 90Y. Traditionally column-based solvent extraction techniques have been used
to separate 90Y from 90Sr for use in the clinical environment, but these techniques
are tedious. In recent years novel electrochemical generator techniques have been
specially developed for the extraction of high specific activity 90Y, which have been

commercially adapted for use in the radiopharmacy setup [15]. The long half-life of
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90Sr coupled with its near limitless availability from spent fuel confers significant
logistical and economical advantages to the use of 90Y as a therapeutic radionuclide.
90Y is a pure beta-emitter with 100% radiation abundance of high energy B-particles
[Es (max) = 2.28MeV]. It has a comparatively long tissue penetration range (12mm
max), allowing for homogenous dose distribution in affected organ / tissue even if the
radiopharmaceutical is heterogeneously localized. The half life of 90Y is 64 hours,
which is convenient for manufacture and delivery of the final radiopharmaceutical
to the patient, and at the same time short enough to a achieve critical dose rate

with reduced long-term adverse consequences [12].

In the work proposed towards this thesis, it has been attempted to prepare and
evaluate some novel radiopharmaceuticals for use in cancer. Using 99mTc as a diag-
nostic radioisotope, tracers of different classes have been developed for the detection
of sentinel lymph nodes, an important component of prognosis in cancers of sev-
eral origin. Using 90Y as a therapeutic isotope, various preparations have been
attempted towards the treatment of liver cancer. Suitable animal models have been
employed for the testing of these novel preparations. The following chapters will
delve into the details of the work done and results obtained. The studies performed
herein are ultimately dedicated towards the development of new diagnostic and ther-
apeutic tools for nuclear medicine clinicians in their ongoing battle against cancer

and thereby benefit society at large.
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2. PLGA BASED SLN
DETECTION TRACERS

2.1. BACKGROUND

2.1.1. The Basis of Sentinel Lymph Node (SLN) Detection

The major causes of the poor clinical prognosis for several types of cancers are metas-
tasis and relapse. Metastasis refers to the ability of malignant cells from a primary
tumor site to migrate to another region and subsequently give rise to secondary
lesions. The development of multiple secondary lesions at different sites adds an
element of uncertainty to the effectiveness of directed treatment. If cancer cells are
not systematically removed / destroyed at all lesion sites, there is a possibility of re-
lapse of the disease, thereby prolonging and complicating the therapy and follow-up

regimen.

Metastasis occurs when malignant cells shift from the primary tumor site, and this
shifting occurs by lymphatic drainage at the primary tumor site. The lymphatic
network, with its wide capillaries and gradual flow rate, has been postulated to be

a particularly suitable vehicle for the incubation and transport of cells [16]. Tu-
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mor cells may be transported via the lymphatic vessels to the lymph nodes and
thereon, eventually getting into the blood circulation. The scientific literature pro-
vides examples of studies that have linked the spreading of tumor cells to the axillary
lymph nodes to the prognosis of the disease [17], including quotations from work
done as far back as 1752, when HF Le Dran postulated that the spread of breast
cancer via the lymphatic system to the lymph nodes and beyond would result in
systemic disease. It has been proposed in several studies that the tumor cells are
trapped in the lymph node by mechanical barriers and the phagocytic action of
lymph node macrophages [18, 19], while others have suggested that tumor cells may
pass through unaffected after a period of harboring in the lymph node. The overall
behavior may depend on the origin and nature of the cancer cells as much as or
perhaps more than the capacity of the lymph node to trap and retain them [20].
The exact role of the lymph nodes with respect to the retention/harboring has not
been clearly understood, with contradictions between studies that claim a possible
immune response for these lymph nodes [21] and those which suggest that lymph
nodes may be serving as a breeding ground for future tumors due to loco-regional
down-modulation of the immune response in the adjacent lymph nodes [22]. While
historically it was believed that only the terminal collecting lymph trunks commu-
nicate with the bloodstream, recent reviews of available literature have concluded
that other modes of lymphovenous communication may be operating for transport
of tumor cells from the lymphatic drainage into the circulatory system [20]. Initially,
radical removal of axillary lymph nodes used to be carried out to arrest metastasis,
followed by pathological examination of the dissected nodes using hematoxylin-eosin
staining [23]. The progression of tumor cells via the lymphatic system to distal re-
gions was the rationale provided for radical techniques like complete elective lymph

node dissection (ELND) employed in cancer treatment even without prior evidence
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of metastasis [24, 25, 26]. However this approach has severe repercussions for both
the patients and the clinicians. Patients undergoing total ELND are at risk for acute
wound problems, chronic lymphedema, nerve injury, and anesthetic complications,
and require prolonged and more expensive hospital care than patients with surgery
at the primary site alone [38]. In addition, the biopsy examination of a large num-
ber of regional lymph nodes proves a burden for establishing the presence/absence
of malignant cells. Typically in such cases, the biopsy would be limited to histo-
logical examination of hematoxylin-eosin stained slides of a restricted number of
tissue sections. The study of Cochran et al [27] states that by this technique only a
small fraction of the node would be examined and there is a greater chance of false
negative inference of metastasis. By reducing the number of nodes necessary to be
clinically examined for presence of metastasis, it becomes feasible to employ more
sophisticated and in-depth techniques like immunohistochemistry (for example, us-
ing anti S-100 protein antibodies in melanoma [28]) for better detection of occult

metastasis.

The first node to receive lymphatic drainage from the region of primary tumor was
denoted by Morton’s group as the “Sentinel Node” [38]. The term Sentinel Node
was earlier used by Cabanas [39] in penile cancer to identify the node anatomically
located adjacent to the inferior epigastric vein, which he proposed to be a harbor
for metastatic cells. Cabanas also postulated that if the sentinel lymph node tested
negative for the presence of metastasis, metastasis via the lymphatic pathway may
be deemed unlikely and radical surgery for the groin region could be avoided. How-
ever, as put forth in Morton’s review [38], several subsequent studies have suggested
that the sentinel node for a given region does not have a fixed anatomic location
but depends on the lymphatic pattern for that region. Hence, to detect the possible

presence of metastatic cells in the sentinel node from a site of primary tumor, it be-
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comes necessary to detect the individualized pattern of lymphatic drainage towards
the nearby lymph nodes so as to identify the relevant nodes for excision and de-
tailed biopsy examination. Since the 1950’s, nuclear medicine scientists have made
use of radioisotope techniques to study the pattern of lymphatic drainage for var-
ious relevant regions of the body with respect to the treatment of cancer [29, 30].
This method of mapping of lymph nodes by imaging of the associated radioactiv-
ity is referred to as ’'lymphoscintigraphy’ Over the years several colloidal prepara-
tions were developed employing various routes and having differing physico-chemical
properties, which were tested for lymphoscintigraphy [40]. Some of these have been
detailed in the discussion of the history of radiopharmaceuticals development for
this application. Apart from colloids / nanoparticles incorporating radioactivity,
the literature has several other examples of preparations proposed towards possible
use in SLN detection. The review of Jain et al [31] provides an exhaustive look at
many such possibilities, including liposomes using avidin-biotin interactions [32] or
encapsulating blue-dye [33], fluorescent dendrimers [34] and quantum dots [35, 36],
each of which have their corresponding advantages and disadvantages. The aim of
the current work is to develop suitable nuclear medicine techniques for detection
and imaging of SLN’s, hence further discussion shall be restricted to the work done

in the field of lymphoscintigraphy agents.

2.1.2. The History of Lymphoscintigraphy Agents

One of the first lymphoscintigraphy agents in clinical use was radioactive colloidal
gold (198Au) [37]. With a particle size range of 3-5 nm, 198Au is quickly transported
in the surrounding lymphatic network and helps in rapid mapping of lymphatic
drainage patterns. However, there are significant disadvantages as well [40]: 198Au

has a half-life of 2.7 days and emits a gamma photon of 412keV energy (alongside
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a 0.96MeV electron). This means that a significant radiation dose is administered
at the site of injection, leading to possible scarring of the tissue. Also, the high
emission energy of the gamma photon is not suitable for imaging due to its lower
spatial resolution. With the advent of 99mTc as an ideal diagnostic radionuclide,

several agents based on 99mTc were explored for lymphoscintigraphy.

Some of the early particulate 99mTc-labeled agents used for lymphoscintigraphy
include 99mTec-antimony trisulfide colloid and 99mTe-sulfur colloid. In the case
of the antimony trisulfide colloid, the size of the particulates varied from 3-30 nm
depending on the preparation, and were covered by a layer of polyvinylpyrrolidone
for stabilizing the particle [41]. 99mTc-antimony trisulfide colloid was tested in
multiple centers, but owing to the lack of favorable response to the implementation
of lymphoscintigraphy as a prognostic device at the time, its usage did not gain

adequate support for acceptance in the clinic.

As very comprehensibly reviewed by Eshima et al [40], 99mTc-labeled sulfur colloid
is prepared through numerous pathways, resulting in a wide range of particle sizes.
There are two primary protocols for the formation of 99mTc-labeled sulfur colloid:
1) Passing hydrogen sulfide gas through acidic solution of 99mTc-pertechnetate, fol-
lowed by oxidation, which generates colloidal sulfur 2) Reaction of thiosulfate with
acid by adding acidified pertechnetate to thiosulfate in the presence of gelatin or
other stabilizing agents. The latter method which gives large size particles is used
more commonly, and in this case the particle size can be influenced to a certain
extent by controlling heating time for colloid formation reaction [42]. It has been
postulated that the process of formation of 99mTc-labeled sulfur colloid involves
the formation of a 99mTc-colloid nucleus around which sulfur may accumulate in
colloidal form to generate an in situ labeled nanocolloid [43]. The preparation in-

volves a heating reaction and typically produces a bimodal distribution of colloidal
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particulates, regardless of the route of production. Nevertheless, sulfur colloid is
a commercially available lymphoscintigraphy agent for clinical use in the United

States [44].

99mTe-labeled human serum albumin (HSA) in soluble form was tested as a lym-
phoscintigraphy agent and on intradermal injection was shown to successfully map
the lymphatic pathway. However its non-particulate nature renders its transit
through the lymphatic network very rapid with only a small degree of retention
in the sentinel node. Hence any delay in identifying the sentinel node would lead to

lead to false-negative results [45].

Better results were obtained with the use of HSA as a colloidal preparation, which
has been licensed in Europe for use as a lymphoscintigraphy agent [42]. Here, >95
% of the colloidal particles are <80 nm in diameter. Nanocolloidal HSA is pre-
pared as a kit containing HSA and stannous chloride for reduction, with some other
constituents for stabilization and cryo-protection of the preparation during freeze-
drying. The radiolabeling procedure depends on the binding of reduced technetium
to albumin. HSA employed for this purpose must be sourced carefully and certified
before use as free of blood borne pathogens like Hepatitis B, Hepatitis C and Human
Immonodeficiency Virus (HIV) 1 and 2. Anaphylactic reactions to administration
of HSA as a lymphoscintigraphy agent are rare but have been reported [42]. Also,
the formation and 99mTc-labeling of HSA nanocolloid calls for a significant amount
of tin (II) chloride to be added to the formulation. If oxygen is present beyond a
certain level during addition of pertechnetate to the cold kit vial, tin (II) chloride
has a tendency to react with pertechnetate to form stannous technetium colloid,
which is not associated with the HSA particles [40]. Hence sufficient care must be
taken to minimize presence of oxygen during the formation of nanoparticles and

during the addition of pertechnetate to prepare the radiopharmaceutical.
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2.1.3. Rationale for the Planned Work

Characteristics of an Ideal SLND Tracer

A survey of the history of lymphoscintigraphy agents gives insight into the expected

characteristics for an ideal SLND agent. These may be summarized as follows:

1. An ideal SLND radiotracer should show rapid and appreciable uptake in the
sentinel node, so as to give an unambiguous scintigraphic image for pre-surgical
localization and accurate detection during surgery using a hand-held gamma

probe.

2. It should show selective retention in the sentinel node with minimal passage
into the subsequent nodes and thereon to the bloodstream where it may local-

ize in other non-specific regions.

3. It should be retained in the sentinel node for sufficient period to allow for both

convenient imaging and detection during surgery.

4. Tt should adhere to all other characteristics of a good radiopharmaceutical, in-
cluding absence of toxicity. immunogenicity and/or any possible other hazard

during preparation / administration of the radiopharmaceutical.

At present, there is no single radiotracer for SLND that fully satisfies all these
criteria. Hence, there remains a scope for continued development of novel SLND
ligands that come closer to the ideal characteristics. To this end, work has been
done in this topic on the development and biological evaluation of novel SLND

ligands using suitable biocompatible materials.
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Poly [lactide (co-glycolide)] is a well-known nanocarrier in pharmaceutical applica-
tions [46, 47, 48, 49]. It has been widely employed in clinical trials as a vehicle
for the in vivo delivery of various drugs. The physico-chemical properties of the
nanocarrier are a function of the relative proportion of lactic acid and glycolic acid
in the co-polymer and the formulation employed for generation of the nanoparticles.
Based on their extremely favorable properties of biocompatibility and degradability,
PLGA formulations have long been approved by the FDA as suitable in vivo carri-
ers for drugs requiring controlled release [50]. PLGA can be formulated as particles
of desired nanometer range size with a narrow distribution. This can be achieved
by several techniques of which one of the well-established means is emulsion sol-
vent evaporation technique. Here, an organic solution containing the co-polymer
is poured into an aqueous phase under homogenization to generate nanoparticles.
Subsequently the organic phase is evaporated off. Once optimized, the formula-
tion can be carried out under aseptic conditions. The particle diameter range of
PLGA nanoparticles is expected to be more controlled than for sulfur colloid used
for SLND. PLGA also has the advantage over HSA nanocolloid in that it does not re-
quire handling of potentially hazardous blood products. Therefore it poses a lower
risk of allergic reaction from the patient. Hence, a PLGA based 99mTc-labeled
SLND tracer that fulfills the necessary criteria of uptake and retention can offer

definite benefits over the currently employed SLND Kkits.

However, prior to this work, there has been no report of using PLGA nanoparticles
for SLND. Hence PLGA nanoparticles with different modifications were developed
with the intent of testing their biological suitability as 99mTc-labeled in vivo tracers
for detection of sentinel nodes. First “plain” PLGA nanoparticles were formulated,
which depended on direct 99mTc-labeling of the co-polymer itself. Subsequent to

that, modified PLGA nanoparticles were prepared in order to assess their impact
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on the diagnostic radiolabeling and in vivo biological efficacy. Two approaches were

undertaken to produce different PLGA derivatives:

1. In situ encapsulation of a 99mTec-chelating ligand inside the PLGA nanopar-
ticles. Mebrofenin is a lipophilic molecule already used in nuclear medicine as
a liver function imaging agent [52]. It is known to form stable complexes with
99mTec under moderate reaction conditions. Mebrofenin is soluble in ethanol
and remains in solution when mixed with PLGA dissolved in acetone prior to
emulsification in aqueous medium. It is expected to have favorable encapsula-
tion efficiency during the process of nanoparticle formation. Hence mebrofenin

was selected as a suitable ligand for encapsulation.

2. Derivatizing the surface groups of PLGA with 99mTc-chelating groups. Di-
ethylenetriamine pentaacetic acid (DTPA) is a very well known 99mTc-chelator.
It has been employed as a bifunctional chelating agent in the formation of
several radiotracers relevant to nuclear medicine. The surface of the PLGA
nanoparticles is expected to bear terminal carboxylic acid groups. They can be
conjugated with a suitable amino-group bearing derivative of DTPA, like para-
aminobenzyl DTPA (p-aminobenzyl-DTPA). In a typical conjugation protocol,
the terminal carboxylic acid groups are first activated using EDC and NHS.
Subsequently they are modified by reaction with p-aminobenzyl-DTPA to give

suitable chelating centers for radiolabeling with 99mTec.

It is expected that such types of modifications may have advantages over plain
PLGA nanoparticles in terms of the radiolabeling yield and stability of the labeled

product, and in consequence may also influence the in vivo biological efficacy.
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2.2. MATERIALS AND METHODOLOGIES

2.2.1. Materials

2.2.1.1. For Plain PLGA Nanoparticles

For the preparation of plain PLGA nanoparticles, 50/50 Poly DL lactide-co-glycolide
was procured as a gift from PURAC Asia Pacific Pvt. Ltd. (Singapore). d-o-
tocopheryl polyethylene glycol 1000 succinate (Vitamin E TPGS) was from Eastman
Chemical Company, USA. Ethanol A.R. grade, Acetone A.R. grade, glucose, man-
nitol, sucrose, lactose and fructose were purchased from S.D. Fine Chemicals Ltd,
India. Poloxamer 188 (Pluronic® F68) and Poloxamer 407 (Pluronic® F127) were
gifted by BASF India Ltd. Ultrapure water obtained from a Milli Q Plus system
(Millipore, France) was used in preparation and analysis of PLGA nanoparticles.
Trehalose was a gift from Gangwal Chemicals Pvt. Ltd., India. 0.45 pm membrane

filters were purchased from Pall Life Sciences, India.

Ultraturrax® T25 homogenizer used during the process of nanoparticle preparation
was from Janke & Kunkel, IKA Labortechnik, Germany and subsequent magnetic
stirring was done on an instrument from Remi, India. Dynamic Light Scattering
(DLS) measurements were carried out using a Malvern Autosizer 4800 instrument
with 7132 digital correlator (Malvern, UK) and Argon ion laser was from Coher-
ent Innova, USA. Lyophilization was performed in the FreeZone 4.5 freeze-dryer

(Labconco Corporation, USA).

Saline used for 99mTec labeling, purification and in vivo biological evaluation stud-
ies was prepared using ultrapure water from Aquamax-Ultra 370 water purification

system (Young Lin, Korea) and purged with nitrogen gas (Inox Chemicals, India)
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before use, to minimize oxygen content. Sodium chloride and stannous chloride (AR
Grade) were obtained from Sigma, USA. 99mTc was obtained as pertechnetate by
elution with saline from an in-house 99Mo-99mTc generator at the Isotope Appli-
cations & Radiopharmaceuticals Division, BARC. PD10 columns (GE Healthcare,
UK) containing Sephadex G-25 resin were employed for purification of the labeled

product.

Orbital shaker-incubator used for radiolabeling reaction was from Biosystem Scien-
tific Co., India. Sodium iodide (thallium) counters from Electronics Corporation of
India Limited (ECIL), India were used for radioactivity measurement studies while
UV absorption studies were conducted on the V-530 UV-Vis Spectrophotometer
(Jasco, Japan). Scintigraphic imaging studies were carried out with the Millennium

MPS gamma camera system (Wipro-GE Medical Systems, India).

2.2.1.2. For Modified PLGA Nanoparticles

For the preparation of mebrofenin-loaded and DTPA-conjugated PLGA nanoparti-
cles, PLGA was procured from Lakeshore biomaterials Inc. Mebrofenin was obtained
from the Board of Radiation and Isotope Technology (BRIT), India. 1-Ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride (EDC) and N-hydroxysuccinamide
(NHS) were purchased from Sigma-Aldrich, India. 90Y was obtained as yttrium
chloride by elution from an in-house 90Sr-90Y generator at the Isotope Applications
& Radiopharmaceuticals Division, BARC. Other materials used were as described

above.

Energy Dispersive X-ray Spectroscopy (EDS) for assessment of DTPA conjugation
was performed on the JEOL JSM-7600F Scanning Electron Microscope, at the So-
phisticated Analytical Instrument Facility (SAIF), Indian Institute of Technology

(IIT) - Bombay. IR spectra were recorded on a JASCO FT/IR-420 spectrophotome-
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ter, Japan.

2.2.2. Preparation of Nanoparticles

2.2.2.1. Plain PLGA Nanoparticles

The PLGA nanoparticles were synthesized by emulsion solvent evaporation. PLGA
solution in acetone (22 mg in 5 ml) was emulsified with 0.05 % w/v solution of
Vitamin E TPGS in double distilled water (20 ml) using Ultraturrax® T25 at 17500
rpm for 5 min. The emulsion formed was stirred using a blade-type stirrer at 2000
rpm for 8 hours to evaporate the organic phase, which resulted in the formation of
nanoparticles. The process was optimized with respect to the effect of different non-
ionic surfactants (Vitamin E TGPS, Tween 80, Pluronic® F 127, Pluronic® F 68).
The effect of these parameters on the particle size and size distribution of the result-
ing product was studied using DLS techniques. After preparation, the nanoparticles
were subjected to freeze-drying. Before and after this process, their mean particle

diameter and polydispersity index (PI) were determined by DLS techniques.

2.2.2.2. Modified PLGA Nanoparticles

A. “Base” PLGA Nanoparticles

Using the PLGA material obtained from Lakeshore Biomaterials Inc., base PLGA
nanoparticles were prepared by solvent evaporation technique for standardization
prior to mebrofenin-loading and DTPA-conjugation. An existing optimized protocol
(optimization data not shown here) for preparing PLGA nanoparticles using this
material was employed. As per the protocol PLGA was dissolved in acetone, and

1.75 % Vitamin E TGPS was employed as the surfactant in aqueous phase. Both
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the phases were sonicated for 10 min and the organic phase was poured into aqueous
phase under continuous dispersion using Ultraturrax® T25 for 5 min at 17500 rpm
followed by magnetic stirring at 2500 rpm for 6 hours to evaporate the organic
solvent completely and to give a nanoparticulate dispersion. After preparation, the
nanoparticles were subjected to freeze-drying. Before and after this process, their

mean particle diameter and PI were determined by DLS techniques.

B. Mebrofenin-loaded PLGA Nanoparticles

Mebrofenin-loaded PLGA nanoparticles were prepared by a technique similar to
that employed for base PLGA nanoparticles (sec. 2.2.2.2A). Briefly, 50 mg of PLGA
and 10 mg of mebrofenin were dissolved separately in 3 ml of acetone and 5 ml of
ethanol respectively and mixed together. Aqueous phase was identical to that used
in preparation of base PLGA nanoparticles. As described above for base PLGA
nanoparticles, the two phases were sonicated for 10 min and the organic phase was
poured into the aqueous phase under continuous dispersion using Ultraturrax® T25
for 5 min at 17500 rpm. This was followed by magnetic stirring at 2500 rpm for
8 hours to evaporate the organic solvent completely and to give a nanoparticulate
dispersion. After preparation, the nanoparticles were subjected to freeze-drying.
Before and after this process, their mean particle diameter and PI were determined

by DLS techniques.

The encapsulation efficiency of mebrofenin inside PLGA was determined by measur-
ing the concentration of free mebrofenin in the dispersion medium after emulsifica-
tion, and comparison with the initial concentration of added mebrofenin. For this,
the emulsified mixture was centrifuged through Nanosep® molecular filtration tubes
at 17000 rpm for 40 min. After suitable dilution, the filtrate was spectrophotomet-

rically assayed for unencapsulated mebrofenin at 205 nm and its concentration was
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determined by comparison against a set of mebrofenin standards (1-9 ug/ml linear

range).

C. DTPA-conjugated PLGA Nanoparticles

Base PLGA nanoparticles were prepared as described in sec.2.2.2.2A and freeze-
dried. The terminal -COOH groups on the surface of base PLGA nanoparticles were
conjugated with the amino group of p-aminobenzyl-DTPA using NHS and EDC for
activation. Conjugation was carried out using various DTPA:PLGA ratios (5:1, 10:1
and 20:1) to ascertain the ratio that would result in the highest conjugation yield.
For the reaction, 30 mg of freeze-dried PLGA nanoparticles were reconstituted in
500 ul water, to which were added 100 ul each of 10 mg/ml NHS and 20 mg/ml
EDC solution in water. This was stirred on a magnetic stirrer at room temperature
for 30 min. Then, appropriate amounts of p-aminobenzyl-DTPA dissolved in 0.1
M phosphate were added to obtain the selected PLGA:DTPA ratios. The pH of
the reaction mixture was adjusted to near 7.0 using KOH. The reaction mixture
was stirred at room temperature on a magnetic stirrer for 2 hours and transferred
to 4 °C for overnight incubation with stirring. It was then again stirred at room
temperature for 2 hours. The extent of DTPA conjugation was studied by labeling
the conjugation reaction mixture with 90Y-chloride. In brief, to a 50 ul aliquot of the
reaction mixture were added 250 ul 0.05 M ammonium acetate buffer (pH 5.5), 1:1
amount of 89Y-chloride proportional to DTPA and a trace amount of 90Y-chloride.
Labeling was carried out at 37 °C for 2 hours in an orbital shaker-incubator. At
the end of the labeling, the mixtures were characterized by paper chromatography
(Whatman no 3) with water:acetonitrile mixture (1:1) as the mobile phase. The ratio
giving highest conjugation yield was selected for further work. After conjugation, the

reaction mixture was centrifuged in an Amicon molecular filter tube at 3000 g for 20
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min to remove free DTPA. PLGA nanoparticles retained in the filter were washed
twice with phosphate buffered saline (pH 7.4) using the same procedure. They
were then suspended in the same buffer and dispensed into vials for lyophilization.
After freeze-drying, their mean particle diameter and PI were determined by DLS

techniques.

2.2.3. Freeze-drying of PLGA Nanoparticles

The samples were lyophilized in a laboratory freeze-dryer (n=3) using the following
regimen. The shelf temperature was initially reduced to -40 °C and the sample was
held therein for 8 hours. The temperature was then increased from -40 °C to -15
°C at 0.3 °C/minute with the chamber pressure maintained at 0.08 mbar for pri-
mary drying. These conditions were maintained for 6 hours. The secondary drying
was achieved by further increasing temperature to 25 °C at 0.5 °C/minute, with
chamber pressure maintained at 0.08 mbar for 4 hours. During the entire process
the temperature of the cold-trap was maintained at -52 °C. Different concentrations
of cryoprotectants and stabilizer were added to the formulation to assess optimum

concentration. The final samples were stored at 4 °C until analysis.

After freeze drying, the products were tested for reconstitution characteristics by the
addition of double distilled water. Rehydration was observed visually after gentle
manual agitation of the samples, leading to the formation of aqueous solution. Mean

particle diameter and PI of the reconstituted product were then determined by DLS.

2.2.4. Characterization of PLGA Nanoparticles

The mean particle diameter and PI of the optimized formulation, pre and post-

lyophilization were assessed by DLS at 25 °C. The light source was argon ion laser
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operated at 514.5 nm with a maximum output power of 2 W. Immediately before
measurement, each sample was diluted tenfold with double distilled water and fil-
tered through 0.45 ym membrane filter, which enabled the nanoparticles to pass
through while retaining any external impurities possibly present in water used for

sample dilution, which could affect the particle size determination.

For DTPA-PLGA nanoparticles the conjugation of DTPA groups onto the surface of
PLGA nanoparticles was confirmed by testing lyophilized DTPA-PLGA preparation
(prepared using optimized DTPA:PLGA ratio) with a combination of FT-IR, Zeta-
potential and EDS, using the standard protocols for these techniques. Plain PLGA

nanoparticles were used for comparison for all the analyses.

2.2.5. 99mTc-labeling of PLGA Nanoparticles

2.2.5.1. Plain PLGA Nanoparticles

Plain PLGA nanoparticles reconstituted with saline from the lyophilized form were
labeled with 99mTc by direct reduction technique with stannous chloride, adapting
from the protocol reported by Tafaghodi et al [51]. Briefly, 5 mg of lyophilized PLGA
preparation was reconstituted by addition of 3.7-37 MBq of 99mTc (as pertechne-
tate) in 1 ml saline to obtain the nanoparticle suspension. Stannous chloride (2
mg/ml in saline) was added to this suspension and the mixture was mixed vigor-
ously on a vortex mixer, followed by extended shaking (80 rpm) in an orbital shaker-
incubator to aid in the radiolabeling. The reaction was optimized with respect to
stannous chloride content, reaction temperature and time. In the standardized pro-
tocol, the reaction was carried out using 250 ug stannous chloride for 60 min at 37

°C.

48



2.2 MATERIALS AND METHODOLOGIES

2.2.5.2. Mebrofenin-loaded PLGA Nanoparticles

The modified PLGA derivatives were labeled with 99mTc using stannous chloride
as the reducing agent. Mebrofenin-PLGA nanoparticles were radiolabeled following
a procedure similar to that for plain PLGA nanoparticles. In the optimized labeling
protocol, to 5 mg of mebrofenin-loaded PLGA nanoparticles were added 37-185 MBq
of [99mTc| pertechnetate in saline and 250 yg of stannous chloride (in 50 uyl). The
total reaction volume was maintained at 1 ml using saline containing 0.1 % Tween-
20 (to prevent aggregation of the nanoparticles). The reaction was carried out for

60 min at 37 °C with constant shaking at 80 rpm on an orbital shaker-incubator.

2.2.5.3. DTPA-conjugated PLGA Nanoparticles

In the case of DTPA-PLGA, labeling with 99mTc was carried out as follows: 37-
185 MBq of [99mTc| pertechnetate in saline was added to 5 mg of DTPA-PLGA
nanoparticles along with stannous chloride keeping total reaction volume at 1 ml
using saline containing 0.1 % Tween-20. The reaction was carried out for different

time periods at room temperature with intermittent shaking.

2.2.6. Purification and Characterization of 99mTc-labeled

PLGA Nanoparticles

Purification of 99mTc-labeled PLGA nanoparticles as well as their characterization
in terms of the radiolabeling yield and stability was performed by size-exclusion chro-
matography using a PD10 column containing Sephadex G-25 resin. Beforehand, the
elution pattern of unlabeled plain PLGA nanoparticles was ascertained using PD10

column elution followed by spectrophotometric estimation at 220 nm. Unlabeled
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PLGA nanoparticles were found to be eluted near the void volume fraction, and

this was taken the basis for future estimations.
The purification protocol for the 99mTc-labeled PLGA derivatives was as follows:

PD10 column was washed with 5 column volumes of phosphate buffered saline (con-
taining 0.1 % Tween-20). After completion of the respective 99mTe-labeling re-
actions for the various PLGA derivatives, the reaction mixture was loaded on to
the column and elution was performed up to 3 column volumes using PBS (0.1 %
Tween-20). 1 ml fractions were collected and measured for 9mTc activity on a well-
type sodium iodide (thallium) scintillation detector with suitable energy window.
Radiolabeling yield was calculated from the radioactive peak fraction corresponding
to elution pattern for PLGA. This purified 99mTc-labeled PLGA derivative fraction

was used for further studies.

In the case of plain PLGA nanoparticles and mebrofenin-loaded PLGA nanoparti-
cles, it was observed that 99mTc activity from the reaction mixture not associated
with the PLGA nanoparticles was being retained on the PD10 column. It was in-
ferred that the high requirement of tin (II) chloride for the radiolabeling procedure
led to the formation of reduced 99mTc colloid, which was being retained on the
column. Subsequently, the PD10 column was washed with 5 % hydrogen peroxide
solution. This led to elution of the residual 99mTc activity from the column, con-
firming the inference. The PD10 column was then washed with at least five column

volumes of PBS (0.1 % Tween-20) before using for next elution.

Stability of the purified 99mTc-labeled PLGA derivatives was assessed by repeated
PD10 column elution using the procedure described above and correcting for ra-
dioactive decay of 99mTc. Stability was assessed for 24 hours, which is sufficient for

the intended application of the labeled product.

After allowing for decay of the 99mTc activity in the radiolabeled preparations, the

50



2.2 MATERIALS AND METHODOLOGIES

nanoparticles were assessed again for their particle size characteristics to see if there

was any effect of the radiolabeling protocol on the nanoparticle morphology.

2.2.7. Biological Evaluation of 99mTc-labeled PLGA

Derivatives

The various 99mTc-labeled PLGA derivatives were tested for their biological suit-
ability as SLN detection tracers through animal experiments. Wistar Rat was
selected as the appropriate species for animal studies and footpad injection was
employed for testing the in vivo localization pattern of the tracers. The efficacy
experiments performed in animal models included in vivo activity distribution mea-
surement studies and scintigraphic imaging studies. The procedures followed herein
were in concurrence with the institutional guidelines governing the conduct of animal

experiments.

2.2.7.1. In Vivo Radioactivity Distribution Measurement

The rats were anesthetized via the intraperitoneal route with a 1:10 mixture of xy-
lazine:ketamine. This is a commonly used anesthesia formulation, where xylazine
functions as a sedative and ketamine functions as a muscle relaxant. In case addi-

tional boosters were required ketamine alone was used.

In the footpad model for assessment of SLN detection tracers, the radiolabeled
preparation is injected subcutaneously in the footpad of the animal and its tran-
sit to the nearest (popliteal) node and beyond along a well-understood pathway is
studied using suitable methods. In this technique the popliteal node serves as the
sentinel lymph node. After the anesthesia had taken effect, 50 ul of the appropriate

99mTec-labeled PLGA derivative was administered to each animal subcutaneously in
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the footpad region. Following this, a gentle massage of the administered region was
performed using an absorbent gauze pad for approximately 1 min. The rejection cri-
teria for any injected animal were the observation of bleeding at the site of injection
or measurement of more than 0.5 % of 99mTc activity from the administered dose
on the absorbent gauze pad. The animals were then kept in separate sets for differ-
ent incubation periods under normal conditions, with water provided ad libitum. In
the case of in vivo distribution measurement studies, 5 min prior to the end of the
respective incubation periods, the animals in each set were administered with 50 ul
of Patent Blue dye solution (1 % w/v in saline) in the same region using a protocol
identical to administration of the 99mTc-labeled PLGA derivative. This was done

for visual identification of the nodes along the lymphatic pathway adjacent to the

site of injection (Fig.2.1).

Figure 2.1.: Visual identification of lymph nodes with blue dye (popliteal node near tibia).

At the end of the respective incubation periods, the animals were sacrificed by ex-
posure to a carbon dioxide saturated atmosphere. The relevant organs and tissues,
including the popliteal (sentinel) and iliac (secondary) nodes, were excised for deter-
mination of the in vivo distribution of 99mTe activity from the labeled preparation.

Radioactivity measurement was done on a flat bed-type sodium iodide (thallium)
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detector. Activity retained in each organ/tissue was expressed as a percentage of
the total injected dose (% ID). As the popliteal node serves as the sentinel node
in this procedure, Popliteal Extraction (PE) is an indicator of the suitability of a
preparation as an agent for SLN detection. PE was calculated using the formula

given below [54]:

PE = (%IDpopliteal - %IDiliac)/%IDpopliteal

2.2.7.2. Scintigraphic Imaging Studies

Scintigraphic imaging studies were performed in Wistar Rat, using the same amount
of nanoparticulate PLGA derivatives as for the in vivo radioactivity distribution
measurement studies with ~1.2 MBq radioactivity administered per animal. The
protocols followed for anesthesia of the animals and administration of 99mTc-labeled
PLGA nanoparticles were the same as for the radioactivity distribution measurement
studies. The administration of blue dye however was not required in this case. The
animals were placed with their dorsal side facing the camera. Scintigraphic images
were acquired at various time-points with the Genie Acq Image Acquisition software
(Release 3.0). The acquisition parameters were as follows - Matrix 256 x 256, Pixel
size ~2.2 mm, Zoom 1.33, 5 min acquisition time. Image processing was achieved

using the Xeleris image processing software (Version 1.0272).

2.2.8. Toxicity Studies
The ligand showing good promise in the in vivo biological efficacy studies was taken

up for performing studies to evaluate possible toxicity from the cold ligand. Here,

100-fold concentration of the cold ligand (or normal saline in controls) was injected
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in Wistar rats using a protocol indentical to the one described in sec.2.2.7.1. Post-
injection, the animals were kept under normal conditions for 15 days and then
sacrificed. Blood, serum and tissue samples were taken for performing relevant

toxicity assays.

2.2.8.1. Hematology Studies

The following hematological parameters were measured in the whole blood samples:
Red blood cell (RBC) count, white blood cell (WBC) count, platelet count and

hemoglobin concentration.

Blood cell counts were performed by hemocytometry using Neubauer’s Chamber
slide. Hemoglobin concentration was measured using the Drabkin’s reagent method.
Drabkin’s reagent contains sodium bicarbonate, potassium ferricyanide and potas-
sium cyanide. In the reaction with alkaline cyanide and ferricyanide, hemoglobin in
most forms in the the blood is rapidly converted to cyanmethemoglobin. This can
be measured colorimetrically at 540 nm. Whole blood was reacted with Drabkins’s
reagent as per the kit instructions and allowed to stand for 15-20 min at RT. The
reaction mixture was then read at 540 nm and plotted on a standard curve generated
using cyanmethemoglobin standards to obtain the concentration of hemoglobin in

the blood sample.

2.2.8.2. Liver Function Studies

From the serum samples the following liver function assessment parameters were
measured: Asparate aminotransferase (AST) / serum glumatate oxaloacetate transam-
inase (SGOT) activity, alanine aminotransferase (ALT) / serum glumatate pyruvate

transaminase (SGPT) activity, serum albumin and serum bilirubin concentration.
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AST/SGOT catalyses the following reaction: Aspartate + o-ketoglutarate — ox-
aloacetate + glutamate. The kit for measurement of serum AST activity contains a
substrate mixture (aspartate and a-ketoglutarate) and a color reagent in the form of
a diazonium salt that selectively reacts with oxaloacetate to form a colored product
that can be estimated photometrically at 530 nm. Serum samples were reacted as
per the kit protocol. The colored product was read at 530 nm and compared with a
control containing a calibrated value of AST activity to obtain the activity of AST

in the sample.

ALT/SGPT catalyses the following reaction: Alanine + a-ketoglutarate — pyruvate
+ glutamate. The kit for measurement of serum ALT activity contains a substrate
mixture (alanine and a-ketoglutarate) and 2,4-dinitrophenylhydrazine. Pyruvate
formed in the SGPT-catalysed reaction selectively reacts with 2,4-dinitrophenylhydrazine
to form 2,4-dinitrophenylhydrazone complex. This is dissolved using the color de-
veloper reagent containing 0.5 N sodium hydroxide and the resultant solution is
read spectrophotometrically at 505 nm. Serum samples were reacted as per the kit
protocol. The colored product was read at 505 nm and compared with a control
containing a calibrated value of AST activity to obtain the activity of AST in the

sample.

The colorimetric assay kit for estimation of serum albumin uses bromocresol green
(BCG) dye reagent that reacts with albumin to give a colored complex with an
absorbance maxima at 620 nm. The sample was measured against a standard curve

prepared using known stock solution of albumin provided in the kit.

The kit for estimation of total bilirubin in serum uses an aqueous diazotized sulfanilic
acid reagent to modify bilirubin in the sample to an azobilirubin colored product
that can be measured colorimetrically at 550 nm. The absorption of the product is

directly proportional to the concentration of total bilirubin and comparison with a
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standard as provided in the kit gives a value of bilirubin concentration in the sample.

2.2.8.3. Histological Studies

Samples of tissue from popliteal node, footpad and liver were suspended in 10 %
neutral buffered formalin for 24-48 hours for preservation of the tissue structure.
After allowing adequate time for fixation they were washed several times with tap
water to remove all traces of formalin. Finally they were suspended in 70 % ethanol
solution and stored at 4 °C before making histological blocks and slides. Histolog-
ical blocks were prepared using the standard protocol for paraffin block making as
follows: The fixed tissues were immersed in a graded series of ethanol baths of in-
creasing concentration (70 % - 95 % - absolute ethanol). They were then immersed
in xylene for clearing. Finally molten paraffin wax was added over the tissues placed
in suitable orientation and allowed to cool and harden for formation of the paraffin
tissue blocks. These were stored at room temperature and taken for making slides

as required.

Using the paraffin blocks, <5 u thick sections were taken for making slides. These
slides were stained with the established Hematoxylin - Eosin staining procedure. The
active staining component of hematoxylin is its oxidation product hematin. Hematin
in acidic conditions binds to the lysine residues of nuclear histones, thereby staining
the chromatin. In the procedure hematin stain was allowed to saturate, and then
rinsed off with tap water, giving a bluish-purple tint to the nuclei. The extent of
hematin saturation was then reduced to clear the background, using 0.3 % acidified
alcohol as a differentiator. After washing off the differentiator with tap water, eosin
was used as a counter-stain, which colors the other cellular components pink. After
eosin staining the stained sections were dehydrated by exposure to absolute ethanol

and xylene, then mounted with coverslips for histological examination.
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2.3. RESULTS

2.3.1. Plain PLGA nanoparticles

2.3.1.1. Optimization of Formulation

The formulation for plain PLGA nanoparticles was optimized with respect to various
surfactants and surfactant concentrations to achieve optimal particle size in terms
of diameter and size distribution range. The results are depicted in terms of particle

size distribution in Fig.2.2 and mean of particle diameter and PI in Fig. 2.3 (n=3).

Figure 2.2.: Effect on particle size distribution of various surfactants in emulsion solvent evap-
oration based generation of PLGA nanoparticles.

It becomes evident from these results that using Vitamin E TPGS as a surfactant
facilitates a low particle size and narrow distribution (as represented by the polydis-
persity index, PI) under all the tested experimental concentrations. A decrease in
the particle size and PI was observed . as the concentration of Vitamin E TGPS was
increased from 0.05 to 0.1 % w/v, only a marginal decrease in the particle size was
observed. Hence a concentration of 0.05 % w/v Vitamin E TGPS was finalized for
further work. Among the other surfactants tested Pluronic® F 127 and Pluronic® F
68 resulted in a comparable average particle size when they were used at the same
concentration levels. However, these surfactants gave a very non-homogeneous size

distribution, as indicated by the high PI values in these cases. The results obtained
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Figure 2.3.: Effect of surfactant on the particle size and PI of the nanoparticles, prior to
freeze-drying (n=3). Columns are associated with particle size and lines are associated with

polydispersity index.

with Vitamin E TPGS may be attributed to its superior emulsification ability, which

ultimately governs the particle size as the solvent evaporates.

The various concentrations of the solid sugar or sugar-stabilizer mixture used as
the cryoprotectant was dissolved in the final nanoparticle formulation before being
subjected to the drying process. The effect of the cryoprotectant formulations on
the particle size distributions of PLGA nanoparticles post-lyophilization is depicted
in Fig.2.4. Mean particle diameters and the PI of the lyophilized products after

reconstitution are shown in Fig. 2.5.

The particle size analysis of the reconstituted products showed that the particle
diameter results were in accordance with the physical nature of the freeze dried
cake and the reconstitution velocity. Formulations with mannitol alone, or in com-

bination with 1 % Poloxamer, showed increased particle size. In terms of particle
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Figure 2.4.: Effect of various cryoptotectants on the particle size distribution of plain PLGA

nanoparticles reconstituted after lyophilization.

diameter, the results obtained with Trehalose alone at a concentration of 15 % and in

combination with 1 % Poloxamer as well as those obtained with a combination of 15

% Dextrose and 1 % Poloxamer were similar (~180 nm). However, the combination

of 15 % Trehalose and 1 % Poloxamer resulted in a wider particle size distribution as

indicated by the PI of the sample. The distributions with 15 % Trehalose and 15 %

Dextrose with 1 % Poloxamer were comparable. In this respect, the later combina-

tion would be preferred at an industrial scale, in event of scale-up of nanoparticles,

as Dextrose is more economical.
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Figure 2.5.: Particle diameters and the PI of the reconstituted nanoparticles post freeze-drying
(n=3)

2.3.1.2. 99mTc-labeling of PLGA Nanoparticles

Following the absorbance at 220 nm, plain PLGA nanoparticles were found to be
eluted in the region of the void volume with PBS (0.1 % Tween-20) elution on PD-
10 column. Using the optimized labeling procedure, approximately 70 % of the
added 99mTc activity was associated with the PLGA nanoparticles and the labeled

product could be easily separated on a PD-10 size exclusion column (Fig.2.6a).

The effect of reaction time and temperature on 99mTc-labeling yield is shown in

Fig.2.6b. Under reaction conditions of 60 min at 37 °C, an increase of tin (II)
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Figure 2.6.: a) Elution profile of 99mTc-labeled PLGA on PD-10 column based on the ra-
dioactivity profile of elution in saline b) Effect of reaction conditions on 99mTc-labeling yield of

PLGA (n=3, columns are associated with Time and lines are associated with SnClycontent).

chloride content in the reaction mixture from 250 g to 500 ng improved the labeling
yield by less than 5 %, hence it was decided to use the lower tin (II) chloride
concentration. The labeled product was found to be stable (>90 % retention of
activity in PLGA fraction) for up to 12 hours when stored at 4 °C in saline. From
the particle size analysis it was observed that exposure to the conditions of 99mTec-

labeling did not significantly alter the particle size distribution.

2.3.1.3. In Vivo Radioactivity Distribution and Scintigraphic Imaging

Studies

The in vivo distribution pattern of PLGA nanoparticles labeled with 99mTc as
observed from the measurement of retained activity in excised organs / tissues is
given in Tab.2.1. 99mTc activity appears to be extracted in significant amounts
from the site of injection. 99mTc-PLGA shows accumulation in the popliteal and

iliac nodes, which appears to be stable over the tested period of 3 hours.
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Organ 15 min 60 min 180 min
Liver 1.71+0.4 1.6340.21 0.84+0.14

(0.20+0.05) (0.19+0.02) (0.10+0.02)
Intestine 3.0840.76 4.68+0.53 6.71+£1.04
(0.1940.05) (0.30£0.03) (0.42+0.07)
Stomach 4.844+1.15 7.48+0.26 10.72+1.36
(1.25+0.3) (1.93+0.07) (2.76+0.35)
Kidney 0.44+0.01 0.54+0.08 0.87+0.24
(0.27+0.01) (0.34=+0.05) (0.54+0.15)
Heart 0.13+0.01 0.11+0.02 0.05+0.01
(0.16+0.01) (0.13+0.02) (0.06+0.01)
Lungs 0.254+0.05 0.25+0.07 0.14+0.02
(0.1940.04) (0.19+0.05) (0.10+0.01)
Spleen 0.064+0.02 0.0940.01 0.03+0.01
(0.1240.04) (0.18+0.02) (0.06+0.02)
Blood 4.03+0.84 4.7+0.34 2.35+0.34
(0.2440.05) (0.28+0.02) (0.1440.02)
Node Uptake
Popliteal Node 1.05+0.60 1.37+0.60 1.75+0.65
(210.0£120.0) | (274.0+120.0) | (350.0+£130.0)
Miac Node 0.24+0.09 0.56+0.14 0.59+0.18
(48.0+18.0) (112.04£28.0) | (118.0+36.0)
Site of Injection | 62.86+5.82 47.914+1.77 46.57+4.29
PE (%) 76.17+3.68 61.28416.92 65.77+£2.83

Table 2.1.: In vivo distribution of plain PLGA nanoparticles in Wistar Rat model, data given
as %ID per organ (%ID per gram) n=3.

Scintigraphic images confirming localization of 99mTc-labeled PLGA nanoparticles
in the sentinel node at 15 min and 60 min are shown in Fig.2.7. PE is good in
the initial time interval (15 min) and competitive with the result that was obtained
with commercially available sulfur colloid kit Nanocis® (PE 81£2.94 %). Although
the PE value is lower at the 60 min mark, it remains stable even at 180 min post-
injection. The absolute node uptake is lower than what we observed for 99mTc-
labeled Nanocis (4.884+2.63 %ID at 180 min in popliteal node) but that would appear
to be related more to the stability of the 99mTc label than as a characteristic

of the labeled nanoparticle preparation. Apart from the nodes, radioactivity is
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observed to accumulate in the blood, liver, stomach and intestine. As there is no
observed bleeding during subcutaneous administration in any of the animals included
in the study, this pattern of retention indicates that the 99mTc label may be getting

separated in vivo from the PLGA nanoparticles. It may then go into the circulation

and subsequently accumulate in the above-listed organs.

Figure 2.7.: SLN imaging in Wistar rat using plain PLGA nanoparticles.

From the above observations it may be hypothesized that technetium-99m in reduced
form is adsorbed as a layer onto the surface of the PLGA nanoparticles. This
may be getting re-oxidized to some extent in vivo and thereby separated from the
nanoparticles. Further work is necessary to modify process of generating 99mTc-
labeled PLGA nanoparticles to ensure a more stable association of 99mTc activity
with the PLGA nanoparticles and study the impact of that on biological efficacy of
the preparation as an SLND agent. Loading the PLGA nanoparticles with a suitable
ligand for complexation with 99mTc may provide a more optimal radio-tracer, as
may tagging the surface of PLGA nanoparticles with a suitable 99mTc-chelating
agent. But the prima facie results observed with plain PLGA nanoparticles do
indicate the potential of PLGA as promising polymeric biocompatible substrate

towards development of a suitable nanoparticle ligand for SLN detection.
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With the intention of realizing better labeling and in vivo properties for a PLGA-
based SLN detection tracer attempts was made to modify the PLGA in two direc-

tions, the results of which are discussed further:

1. Loading PLGA nanoparticles with 99mTc chelating mebrofenin ligand.

2. Conjugating the surface of PLGA nanoparticles with 99mTc chelating DTPA

groups.
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2.3.2. Mebrofenin-loaded PLGA nanoparticles

2.3.2.1. Optimization of Formulation

Particle size distribution profile (Fig.2.8) reveals the post-lyophilization size dis-
tribution against intensity (%) for mebrofenin loaded PLGA nanoparticles with
different concentrations of sucrose cryoprotectant. With 10% sucrose, the mean
particle diameter (nm) was found to be 224+6.15 nm, and a PI value of 0.26+0.027
showed the formulation to be homogeneously dispersed with narrow particle size
distribution. The encapsulation efficiency for mebrofenin as determined by spec-

trophotometry was 5142.3%.

Figure 2.8.: Particle size distribution of Mebrofenin-loaded PLGA nanoparticles

2.3.2.2. 99mTc-labeling of Mebrofenin Loaded PLGA Nanoparticles

In the case of mebrofenin-PLGA, after 60 min labeling reaction at 37 °C, approx-
imately 66 % of 99mTc-activity was associated with the PLGA elution fraction in
the PD10 column (Fig.2.9), which is similar to the result previously obtained for

plain PLGA nanoparticles [53].
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Figure 2.9.: PD10 column elution pattern of 99mTec-Mebrofenin-PLGA using phosphate
buffered saline (pH 7.4) as eluant

Studies with reduced amounts of nanoparticle or tin (II) chloride used for the reac-
tion led to decreased labeling yield. By repeated column elution and measurement
of activity, the complex in the eluted fraction was found to be stable overnight at
room temperature. Given the lower labeling yield, it was decided to perform purifi-
cation of the labeled product by passing through a PD10 column with phosphate

buffered saline as eluant before using for any animal studies.

Mebrofenin-loaded PLGA nanoparticles, did not show improvement in 99mTc-chelating
ability as compared to plain PLGA nanoparticles. This suggests that the encapsu-
lated mebrofenin is not available for complex formation. Since free mebrofenin is
known to be easily labeled with 99mTc, it may be possible that post-encapsulation,
mebrofenin is hermetically enclosed within a hydrophobic PLGA covering, and not
accessible to 99mTe-pertechnetate from the aqueous phase, and the bulk of the ac-
tivity may simply be reacting with tin (II) chloride to give reduced 99mTc colloid
that is either overlaid on the surface of PLGA nanoparticles or present as free colloid

in the reaction mixture, which are separated during PD10 purification.
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2.3.2.3. In Vivo Radioactivity Distribution and Scintigraphic Imaging

Studies

The in vivo 99mTc-activity distribution profiles for mebrofenin-PLGA complex (Tab. 2.2)
shows some improvement over the previously reported 99mTc-labeled plain PLGA

nanoparticles in terms of reduced accumulation in non-specific regions, such as liver

and gastrointestinal tract.

Organ 60 min 180 min
Liver 0.20+0.02 | (0.02+0.00) 0.62+0.23 (0.07+0.03)
Intestine 0.1740.00 | (0.0140.00) 0.36£0.05 (0.02+0.00)
Stomach 0.034+0.01 | (0.0140.00) 0.04+0.01 (0.01+0.00)
Kidney 0.25+0.02 | (0.16+0.04) 0.8340.12 (0.52+0.07)
Heart 0.05+0.01 | (0.06+0.01) 0.0440.01 (0.05+0.01)
Lungs 0.07+0.03 | (0.05+0.02) 0.05+0.00 (0.04+0.00)
Spleen 0.07+0.02 | (0.14+0.04) 0.03+0.01 (0.06+0.02)
Blood 1.01+0.17 | (0.06+0.01) 1.1840.5 (0.07+0.03)
Node Uptake
Popliteal Node | 0.3940.25 | (78.00£50.00) | 1.35+£0.14 | (270.00£28.00)
[liac Node 0.07+0.03 | (14.00+6.00) 0.18+0.02 (36.00+4.00)
Site of Injection | 89.18+0.4 82.07+2.16
PE (%) 80.2145.5 86.89+0.37

Table 2.2.: In vivo distribution profile for Mebrofenin-PLGA in Wistar rat, data given as %ID
per organ (%ID per gram) n=3.

The scintigraphic profile of 99mTc-Mebrofenin-PLGA is seen in Fig.2.10. At 60
min p.i. the popliteal / sentinel node uptake for mebrofenin-PLGA is lower than
that for plain PLGA nanoparticles but at 180 min p.i. it is similar in the extent of
SLN uptake with better popliteal extraction value (1.35% SLN uptake with 86.89%
PE compared to 1.75% uptake with 65.77% PE for 99mTc-labeled plain PLGA
nanoparticles [53]). One may speculate here that the hydrophobicity of mebrofenin

and its possible impact on the overall surface charge of the nanoparticles could affect
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the rate of migration from the site of injection, making it slower in extraction than

plain PLGA nanoparticles.

180 min

Figure 2.10.: SLN imaging using Mebrofenin-PLGA- in Wistar rat (SOI = site of injection)

It is notable that the in vivo stability of the complex as measured by the decrease
in accumulation of 99mTc-activity in non-specific regions is greater than what was
observed for 99mTc-labeled plain PLGA nanoparticles, suggesting that mechanisms
other than surface adsorption of reduced 99mTc colloid may also be playing a role
in this radiolabeling process. However, mebrofenin-loading appears unsuitable as
an approach for the preparation of a PLGA-based nanoparticulate SLND tracer on

account of its lack of improvement to the 99mTc-labeling yield.

2.3.3. DTPA-Conjugated PLGA Nanoparticles

2.3.3.1. Optimization of Formulation

Fig. 2.11 depicts the size distribution of base PLGA nanoparticles after freeze-drying

with different concentrations of sucrose cryoprotectant, and also the size distribution
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profile of DTPA-conjugated PLGA nanoparticles. With 10% sucrose cryoprotectant,
base PLGA nanoparticles show post-lyophilization diameter of 158.743.3 nm with a
narrow PI of 0.1524+0.011. DTPA-conjugated nanoparticles even when freeze-dried
in absence of cryoprotectant showed a useful particle diameter (212.04+9.66 nm) and

homogenous distribution with a narrow PI (0.21+0.04).

Blank PLGA 5% sucrose Blank PLGA 10% sucrose DTPA-PLGA

Intensity (%)
Intensity (%)
Intensity (%)

o1 1 10 100 1000 10000 01 1 10 100 1000 10000 01 1 10 100 1000 10000
Particle Diameter (nm) Particle Diameter (nm) Particle Diameter (nm)

Figure 2.11.: Particle size distribution of plain and DTPA conjugated PLGA nanoparticles

The successful conjugation of the p-NH2-Bz-DTPA ligand on to the terminal car-
boxylic acid groups on the PLGA nanoparticle surface was confirmed using EDS,
zeta-potential and FT-IR techniques. Tab. 2.3 shows the details of EDS analysis of
lyophilised DTPA-PLGA nanoparticles confirming the presence of Nitrogen atoms
from DTPA. The mean zeta-potential (n=3) of plain PLGA was determined to be
-4.61 mV (£0.96) while that of DTPA-PLGA was estimated to be -8.87 mV (£ 0.72).
IR spectrum of DTPA-PLGA (Fig.2.12) shows peak at 1637 cm-1, characteristic of
the carbonyl group in the amide linkage that would be formed between terminal
carboxyl group on the PLGA nanoparticle surface and amino group of p-NH2-Bz-
DTPA. The above results reliably confirm the presence of exposed functional groups

from DTPA on the surface of PLGA nanoparticles in the conjugate.

Fig.2.13 shows the results of paper chromatography of the conjugation mixtures
in water:acetonitrile (1:1) after labeling with 90Y, which shows a distinct sepa-

ration between the movement patterns of 90Y-DTPA-PLGA formed in the vari-
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’ EDS Pattern ‘ Plain PLGA nanoparticles ‘ DTPA-PLGA nanoparticles ‘

Element Weight % (Atomic %) Weight % (Atomic %)
1) Carbon 49.72 (56.85) 60.52 (66.72)
2) Oxygen 50.28 (43.15) 32.20 (26.72)
3) Nitrogen 0.00 (0.00) 6.54 (6.18)

Table 2.3.: Elemental analysis of DTPA-PLGA and plain PLGA nanoparticles to confirm
DTPA conjugation with PLGA nanoparticles.

[1]
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Figure 2.12.: IR spectrum of DTPA conjugated PLGA nanoparticles.

ous DTPA:PLGA conjugation mixtures and 90Y-p-aminobenzyl-DTPA. It is seen
here that a ratio of 20:1 of DTPA:PLGA provides a high extent of conjugation
— Considering a molecular weight of ~70kD for PLGA and 0.508kD for DTPA,
85% labeling yield corresponds to approximately 17 DTPA residues conjugated per
PLGA molecule. Hence DTPA:PLGA in a ratio of 20:1 was chosen for doing further
work. Particle size analysis performed after lyophilization of the DTPA conjugated
PLGA (Fig.2.11) indicated a particle size of 212.049.66, similar to that obtained
for mebrofenin-loaded nanoparticles, and a PI value of 0.21£0.04, reflecting a suffi-

ciently narrow distribution profile.

2.3.3.2. 99mTc-labeling of DTPA-conjugated PLGA Nanoparticles

The PD10 column elution pattern of 99mTc-DTPA-PLGA is shown in Fig. 2.14a,

while Fig. 2.14b shows the comparative chromatographic elution patterns of 99mTc-
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Figure 2.13.: Paper chromatography pattern of 90Y-labeled p-aminobenzyl-DTPA and 90Y-
labeled DTPA-PLGA conjugation mixtures with DTPA:PLGA ratios of 5:1, 10:1 and 20:1 in

water:acetonitrile (1:1)

DTPA-PLGA and 99mTec-p-aminobenzyl-DTPA after paper chromatography in saline.

As can be deduced from the above figures, >90 % 99mTc-labeling of the nanoparti-
cles was obtained after reaction for 15 min at room temperature using as little as 75
ug of tin (II) chloride for reduction of 99mTec. As with 99mTc-mebrofenin-PLGA,
the complex was found to be stable overnight at room temperature. Given the
adequacy of the labeling yield, 99mTc-DTPA-PLGA prepared was used for animal

studies without further purification.

In comparison to both plain PLGA and mebrofenin-loaded PLGA nanoparticles,
DTPA conjugated PLGA nanoparticles exhibited significantly improved 99mTc-

labeling, showing higher product yield even with a lower concentration of reducing
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Figure 2.14.: a) PD10 column elution pattern of 99mTc-DTPA-PLGA using phosphate
buffered saline (pH 7.4) as eluant b) Paper chromatography pattern of 9mTc- DTPA-PLGA
and 99mTc-p-aminobenzyl-DTPA in saline.

agent and more moderate labeling conditions. This indicates that DTPA groups on

the surface of PLGA play a supporting role in formation of 99mTc-labeled PLGA

nanoparticles. The product was found to be stable overnight and the good ra-
diochemical yield precluded the need for any additional purification, which is an

advantage in the clinical scenario.

2.3.3.3. In Vivo Radioactivity Distribution and Scintigraphic Imaging

Studies

Tab. 2.4 shows the in vivo distribution pattern for 9mTc-DTPA-PLGA nanoparti-
cles in Wistar rats after footpad injection. At both 60 min and 180 min p.i. the
SLN uptake is significantly increased, showing more than twice the value observed
for the other tested PLGA variants. Popliteal extraction increases from 67.62 % at
60 min p.i. to 82.89 % at 180 min p.i., mainly due to greater uptake from the site

of injection into the sentinel node in this interim.

Fig. 2.15 shows the scintigraphic images of 99mTc-DTPA-PLGA at different time-

points. The in vivo efficacy of 99mTc-DTPA-PLGA is thus seen to be better than
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Organ 60 min 180 min
Liver 0.40+0.04 (0.05+0.00) 0.53+0.07 (0.06+0.01)
Intestine 0.39+0.04 (0.0240.00) 0.55+0.06 (0.03+0.00)
Stomach 0.05+0.01 (0.01£0.00) 0.11£0.04 (0.03+0.01)
Kidney 0.23+0.07 (0.14+0.04) 0.484+0.12 (0.30+0.07)
Heart 0.0240.02 (0.02+0.02) 0.054+0.05 (0.06+0.06)
Lungs 0.03+0.01 (0.02+0.01) 0.05+0.03 (0.04+0.02)
Spleen 0.03+0.03 (0.06+0.06) 0.0240.02 (0.04+0.04)
Blood 0.34+0.34 (0.02+0.02) 1.8540.67 (0.1140.04)
Node Uptake
Popliteal Node | 2.564+0.02 | (512.00+4.00) | 3.47+0.11 | (694.00+22.00)
[liac Node 0.83+£0.06 | (166.00+£12.00) | 0.59+0.13 | (118.00+26.00)
Site of Injection | 71.94+0.06 69.60+0.70
PE (%) 67.6242.45 82.89+43.22

Table 2.4.: In vivo distribution profile for 9mTc-DTPA-PLGA, data given as %ID per organ
(%ID per gram), n=3.

the other PLGA variants tested in our studies, which may in part be related to
the nanoparticle forming a stable 99mTc-complex with DTPA groups as opposed
to surface adsorption of reduced 99mTc colloid. Also, particle sizing is determined
by dynamic light scattering method, which essentially provides the hydrodynamic
diameter of the nanoparticles. Given that mebrofenin is encapsulated within the
PLGA, while DTPA groups are tagged on to the nanoparticle surface, there may
be differences in actual nanoparticle size between the various types of preparations
that may account for the difference in movement from the site of injection and
uptake in the sentinel node. But with 3.47% SLN uptake and 82.89% PE at 180
min, 9mTe- DTPA-PLGA does not perform better in terms of nodal uptake and
popliteal extraction than the results we had previously obtained with 99mTc-labeled
commercially available sulfur colloid kit Nanocis, which showed ~4.88% SLN uptake
with ~81% PE at 180 min p.i. [53] However, it shows greater clearance from the
site of injection (~30% for DTPA-PLGA vs ~19% for Nanocis), which could give

improvement in sensitivity of detection of the SLN due to reduced background from

73



Chapter 2 PLGA BASED SLN DETECTION TRACERS

the site of injection.

Figure 2.15.: In vivo scintigraphic image profile for 99mTc- DTPA-PLGA in Wistar rat (SOI

= site of injection)

2.3.3.4. Toxicity Studies

Since DTPA-PLGA showed the most promising results with respects to 99mTc-
labeling and in vivo distribution characteristics, it was taken for toxicity studies
to assess its safety at pharmacologic concentrations. The effect of DTPA-PLGA
on hematological parameters like RBC-WBC-Platelet count and hemoglobin con-
centration is depicted in Fig.2.16. Fig.2.17 gives the impact on differential WBC
concentration. The results of possible effect on relevant serum biochemical parame-
ters like SGOT-SGPT activity and albumin-bilirubin concentration are presented in
Fig.2.18. Comparative histology of relevant tissues for controls and DTPA-PLGA
acute toxicity profile animals is shown in Fig.2.19. These results do not indicate
any major deviation in the mean values of the tested parameters from values ob-
tained for the controls, suggesting the absence of any significant toxicity from the

preparation in the model studied.
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Figure 2.16.: Acute toxicity profile of DTPA-PLGA a) RBC count and hemoglobin concentra-
tion b) WBC and Platelet count
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Figure 2.17.: Acute toxicity profile of DTPA-PLGA - differential WBC profile

2.4. SUMMARY

Three PLGA derivatives - plain PLGA, mebrofenin-PLGA and DTPA-PLGA were

Of these, DTPA-PLGA appears to have the

tested as SLN detection tracers.

most suitable physico-chemical and biological properties. It shows efficient 99mTc-

tion and phar-

1Za

ivo local

ive in v

labeling under mild reaction conditions and effect
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Figure 2.18.: Acute toxicity profile of DTPA-PLGA - serum levels of a) SGOT-SGPT activity
b) Albumin and total bilirubin concentration
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Figure 2.19.: Acute toxicity profile of DTPA-PLGA - comparative histology a) Control set (1

- SLN, 2 - footpad, 3 - Liver) and b) DTPA-PLGA exposed set (1 - SLN, 2 - footpad, 3 - Liver)
macokinetics, and toxicity studies indicate no significant hazard from administration
of the preparation at clinically relevant concentrations. However, although ease of la-
beling over sulfur colloid and absence of potential hazard from handling of biological
material (as in HSA nanocolloid) are advantages in its favor, the biological efficacy of
the current preparation is not significantly improved over clinically employed prepa-
rations, hence it is required to work on further modification of the DTPA-PLGA

nanoparticle to achieve sufficient advantage for acceptance as an alternative in the

clinical setup.
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3. MANNOSE-BASED SLN
DETECTION TRACERS

3.1. BACKGROUND

3.1.1. Need For Receptor Targeting SLN Tracers

As mentioned in the outline of ideal characteristics for an SLN detection tracer
(sec.2.1.3), the desired in vivo properties for an ideal SLN detection tracer include
rapid clearance from the site of injection, selective uptake in the SLN and min-
imal spread to other nodes/non-target regions. The conventional 99mTec-labeled
nanoparticle agents developed for use towards this application have particle size as
the single most important differential factor dictating the kinetics and selectivity of
their uptake in SLN. As particle size is inversely proportional to rate of transport of
the tracer from the site of injection to the lymphatic system and its further spread
beyond the sentinel node, the currently employed agents of this class have a sig-
nificant degree of retention at the site of injection and slower kinetics of transport

thereon to the lymphatic network.

To alleviate this reliance on particle size and the compromise involved therein, man-
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nose receptors expressed by macrophages located in the lymph node have been
identified as a target for developing mannose-bearing ligands that will be receptor-
specific for SLN detection [54, 55, 56]. It is envisaged that specific affinity of these
ligands to the mannose receptor will lead to high uptake of a 99mTc-labeled man-
nose bearing tracer by the SLN macrophages, allowing for the design of ligands
with significantly smaller particle size. Such ligands may be expected to exhibit a
high rate of clearance from the injection site thereby resulting in lower radiation
background, without an adverse impact on the selectivity of uptake in the sentinel
lymph node. The first ligand of this type is Lymphoseek, a [99mTc]DTPA mannosyl
dextran complex that has been patented and is in clinical trials for SLN mapping
in different cancer types [54]. There are also reports on the use of 99mTc-labeled
mannosyl human serum albumin [57] for the same purpose, and several research
groups across the world are involved in the development of newer mannose-based
SLN tracers that will take us nearer towards the characteristics of the ideal SLN

radiotracer .

3.1.2. Rationale For The Planned Work

Taking the above-described goal into consideration, the development and biolog-
ical evaluation of some novel mannose-based receptor-targeting radiotracers was
undertaken. The aim was to develop products based on mannose-bearing ligands
with well-understood radiolabeling chemistry using a known intermediate such as
the 99mTe-tricarbonyl synthon [99mTc(CO)3(H20)3]™. Two classes of ligands, syn-
thesized in a collaborating laboratory as described briefly below, were selected for

performing the biological evaluation:
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1. Dextran-Cysteine-Mannose Derivative (DCM20) - DCM20 was synthe-
sized by the reaction of dextran (mw 11800) with allyl bromide to give allyl
dextran, followed by formation of dextran-S-cysteine which is subsequently
mannosylated in part to give the final product. non-mannosylated cysteine
residues serve as the bridge between the dextran backbone and the 99mTc

synthon. The molecular weight of the final ligand is approximately 22kD [60].

2. Dextran-Pyrazolyl-Mannose Derivatives (DAPM4 And DAPMS) -
Synthesis of dextran-pyrazolyl mannose derivatives was a multi-step sequen-
tial reaction wherein dextran was reacted with allyl bromide to form to al-
lyl dextran, which was then converted to amino dextran derivative. Amino
dextran was reacted with different ratios of pyrazolyl diamine chelator and
subsequently mannosylated. In the final ligand pyrazolyl group serves as the
bridge between dextran and the 99mtc synthon. Depending on the number of
pyrazolyl residues per dextran molecule, two derivatives were obtained. One
had 4 pyrazolyl residues per dextran (DAPM4) and the other had 8 pyrazolyl
residues per dextran (DAPMS) [61].

These ligands were labeled with 99mTc and the labeling properies were assessed. The
labeled complexes were then tested for their affinity to the mannose receptor using
in vitro cell uptake assays. In vitro receptor binding studies were performed with
RAW 264.7 macrophage precursor cells which have been reported in the literature
to bear mannose receptors [58]. Their in vivo localization properties were evaluated

using the wistar rat model as described in sec.2.2.7.1.
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3.2. MATERIALS AND METHODOLOGIES

3.2.1. Materials

DCM20 was synthesized by the group of Dr. Ioannis Pirmettis at the Institute Of
Radioisotopes And Radiodiagnostic Products, NCSR “Demokritos”, Athens, Greece.
DAPM4 and DAPMS derivatives were synthesized by the group of Dr. Isabel San-
tos at the Unidade De Ciéncias Quimicas E Radiofarmacéuticas, ITN, Sacavém,
Portugal. They were provided for biological evaluation as part of a coordinated
research project (CRP) on The “Development Of 99mTec Radiopharmaceuticals For
Sentinel Node Detection And Cancer Diagnosis” convened under the aegis of the
International Atomic Energy Agency (IAEA). Mallinckrodt-Covidien, Holland pro-
vided isolink kit vials as a gift, for the preparation of the 99mTc-tricarbonyl synthon.
99mTe-pertechnetate for radiolabeling was obtained from an in-house 9Mo/99mTc
generator by elution with isotonic saline. HPLC grade solvents were degassed be-
fore use for all HPLC analyses. Dulbecco’s Modified Eagle’s Medium (DMEM) and
Dulbecco’s Phosphate Buffered Saline (DPBS) used for cell culture and in vitro ex-
periments were procured from Sigma, USA. Fetal Bovine Serum (FBS) used as a
growth supplement in cell culture was procured from Hi-Media, India. RAW 264.7
macrophage precursor cells were procured from the National Center For Cell Science,

Pune, India.

HPLC analyses were performed on a JASCO HPLC system (JASCO, Japan) equipped
with a C-18 reversed phase HiQ Sil (5 Mm, 4x250 Mm) column. The system was
coupled to a PU 1575 UV /visible detector (JASCO, Japan) and a Nal (T1) ra-
dioactivity detector (Raytest, Germany). Sodium iodide (Thallium) counters from

Electronics Corporation Of India Limited (ECIL), India were used for radioactiv-
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ity measurement studies. Scintigraphic imaging studies were carried out with the

Millennium MPS Gamma Camera System (Wipro-GE Medical Systems, India).

3.2.2. Preparation Of 99mTc-tricarbonyl Synthon and

99mTc-labeled Dextran-mannose Derivatives

The principle of the formation of tricarbonyl synthon is as follows: when carbon
monoxide is flushed in an alkaline medium in the presence of sodium carbonate and
sodium borohydride, 99mTc-pertechnetate can be reduced at elevated temperatures
by forming a transient cationic complex, which is the tricarbonyl synthon (Fig. 3.1A).
Suitable ligands bearing an imidazol ring at the terminal can react with this transient
cationic complex to form a highly stable cationic 99mTc-complex, resistant under

general conditions to oxidation/reduction reactions (Fig.3.1B) [59].

(@) i)H; *|(b) "
H,0 OH,
-
TeOf + 3CO + NaBH, + NayCO; ——20 o T* Osc_ | g (CHartiond
75°C, 30 min /C/ A \C\ ™S
Z ¢ o 0¢c/1\ X=OHorNH

l i
I
o [¢]

Figure 3.1.: a) Formation of 99mTc-tricarbonyl synthon b) 99mTc-labeling of suitable ligand
through tricarbonyl linkage

Traditionally, carbonyl-based labeling required the reaction mixture to be flushed
with carbon monoxide, which can be hazardous. However, in this case, the IsoLink®
kit vial was used for preparation of the 99mTec-tricarbonyl synthon. this kit, available
in freeze-dried form, contains a mixture of sodium tartrate, sodium tetraborate,
sodium carbonate and sodium boranocarbonate. The synthon was prepared by
adding 1-2 ml of 99mTe-pertechnetate (~370 MBq) to the contents of the kit vial
and heating the contents of the vial at 100 °C for 20 min in a water bath. The yield

of synthon formation was assessed by HPLC. The pH of the synthon was adjusted
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to 7.4 by addition of 0.1N HCI as required. In the case of DCM20, 0.5 ml of the
99mTe-tricarbonyl synthon [~37-92.5 MBq] was added to 50 ug of DCM20 ligand and
reacted at 70 °C in a water bath for 30 min [62]. For the dextran-pyrazolyl-mannose
derivatives, 1 ml [37-370 MBq] of the 99mTe-tricarbonyl synthon was added to 200
ug DAPM4 or DAPMS and heated at 100 °C in a water bath for 30 min. Yield of

the labeled ligand was estimated by HPLC.

The yields of 99mTc-labeling in formation of the tricarbonyl synthon as well as its
conjugation of the various dextran-mannose ligands was assessed by reversed phase
HPLC. HPLC was performed using water (Solvent A) And methanol (Solvent B)
with 0.1 % trifluoroacetic acid in a gradient mode of elution. The gradient was set
up as follows: 0-1 min 0 % B, 1-9 min 0-70 % B, 9-19 min 70 % B, 19-25 min 70-95
% B, 25-35 min 95-0 % B. The flow rate was maintained steady at 1 ml/min. The
absence of any reduced 99mTc colloid in the 99mTe-tricarbonyl used for preparing
the labeled conjugates was confirmed by paper chromatography (Whatman No. 1)
using 5 % of 6 N HCI in methanol as the mobile phase. In this system, reduced
99mTe colloid remains at the origin (Rf=0) while free 99mTc-pertechnetate and

99mTe-tricarbonyl conjugate migrate towards the solvent front.

It was not attempted to separate unlabeled ligand from [99mTc(CO)s]-labeled lig-
and. It is assumed that the labeled ligand functions similar to the free ligand in
terms of in vitro receptor binding and in vivo pharmacokinetic behavior. All re-
ported concentrations of the tracer refer to the total ligand concentration in the

labeling reaction mixture.
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3.2.3. In Vitro Biological Evaluation Studies

The mouse macrophage precursor cell type RAW 264.7 was employed as a mannose
receptor-bearer to study the in vitro uptake of dextran-mannose derivatives. The
cells were cultured in DMEM at 37 °C and 5 % CO2 atmosphere. 10 % FBS was
added to the culture medium as a growth supplement. For splitting or harvesting,
the cells were removed without trypsinization, by flushing of media and use of a cell

scraper.

For the experiment, RAW 264.7 cells were plated out onto 24-well tissue culture
plates at 10° cells per well in 400 ul DMEM containing 10 % fbs and incubated
for 2 hours at 37 °C and 5 % CO2 atmosphere to allow for adherence to the well
surface. At the end of this period, the wells were microscopically observed to confirm
uniform adherence. 50 ul of varying concentrations of dextran-mannose ligands were
added after 99mTc-labeling to the wells. For each concentration of the radioactive
preparation, a set of ‘cold” wells was also prepared to which, in addition to the tracer,
50 ul of 100-fold excess concentration of unlabeled D-mannose in DPBS was added
in order to estimate the non-specific cell uptake of the mannosylated ligands in the
presence of competitive inhibition from D-mannose. The total reaction volume in all
the wells was maintained at 500 yl using DPBS. The reaction setup was incubated
at 4 °C for 3 hours, with intermittent mixing at 30 min intervals. All reaction

combinations were assayed in triplicate.

At the end of the incubation period, the supernatant in the wells was carefully aspi-
rated and the adherent cell monolayers were washed twice with 1 ml ice-cold DPBS.
Following this, 1 ml of 8 N sodium hydroxide was added to each well with adequate
flushing for dissolution of the cell layer. The resulting suspension was taken into

counting tubes and 99mTc radioactivity associated with the cells was measured on a
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well-type Nal (T1) Counter. Receptor-mediated specific uptake of the mannosylated
ligand in RAW 264.7 was quantified by subtracting the value of tracer uptake ob-
served in the presence of 100-fold excess of D-mannose from the total uptake value
(Without D-mannose). The dissociation constant of receptor binding (Kd) was ob-
tained by preparing a Scatchard analysis, plotting [Bound Ligand Concentration /
Free Ligand Concentration| v/s [Bound Ligand Concentration| ([B/F] v/s [B]). Cal-
culation of [B/F] assumes that the bound ligand fraction is only a small component

of total ligand concentration.

3.2.4. In Vivo Biological Evaluation Studies

In vivo biological evaluation studies were performed in wistar rat model using the
footpad injection technique as described earlier in sec. 2.2.7.1 [61]. Both radioactivity
distribution studies and scintigraphic imaging studies were carried out to assess the
in vivo distribution pattern and biological efficacy of each of the 99mTc-labeled

dextran-mannose ligands.

As these were designed to be receptor specific ligands, it was deemed important
to assess the impact of varying ligand concentrations on the in vivo distribution
pattern. Hence for each ligand, two different concentrations were taken for in vivo
administration for assessment of their biological efficacy. In all cases the injection
volume was maintained at 50 yl. Each of the mannosylated ligands was tested at 10
ug/animal and 2.5 yg/animal. This corresponded to ~ 0.5 nmol and 0.125 nmol per
animal DCM20, 0.53 nmol and 0.13 nmol per animal for DAPM4, and 0.49 nmol and
0.12 nmol of ligand per animal for DAPMS8. As with previously described in vivo
studies, 99mTc-activity retained in each organ/tissue was expressed as a percentage
of the total injected dose (%ID) and popliteal extraction (PE) was calculated using

the formula given below [54]:
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PE = (%IDpopliteal - %IDiliac)/%IDpopliteal

3.2.5. Toxicity Studies

The ligands showing favorable 99mTc-labeling and in vivo distribution character-
istics using the optimized protocols were taken up for performing toxicity studies.
These studies, which include hematological, biochemical and histological assessment,
were carried out using protocols identical to the one described for PLGA-DTPA
nanoparticles Appendix A.

3.3. RESULTS

3.3.1. 99mTc-tricarbonyl DCM20 Conjugate

3.3.1.1. Formation Of 99mTc-tricarbonyl Synthon

The formation of 99mTe-tricarbonyl synthon was confirmed by HPLC. In the re-
ported HPLC system, 99mTec-tricarbonyl synthon had a retention time of 5.3 min
(Fig. 3.2A). The percentage of reduced 99mTc colloid in the 99mTe-tricarbonyl syn-
thon was determined to be <1 % as confirmed by paper chromatography with 5
% of 6 N HCI in methanol as the mobile phase (Fig.3.2B). The absence of any re-
duced 99mTec-colloid in the formation of the tricarbonyl synthon was corroborated
by the quantitative elution of 99mTc-activity during HPLC of the synthon and the

conjugates with the various dextran-mannose ligands.

3.3.1.2. 99mTc-labeling Of DCM20 Ligand

From the elution pattern of HPLC, [99mTc(CO);)-labeled DCM20 was observed to
have a retention time of 13.6 min (Fig.3.3). Based on HPLC, radiolabeling yield

is determined to be greater than 90%, which is appreciably high. Hence further
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Figure 3.2.: Characterization of 99mTc- tricarbonyl synthon by (a) Reversed phase HPLC (b)
Paper chromatography in 5% of 6N HCI in methanol

purification was deemed unnecessary before using the radiolabeled complex for in

vitro and in vivo biological evaluation studies.
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Figure 3.3.: HPLC pattern of 99mTec-tricarbonyl DCM20 conjugate

3.3.1.3. In Vitro Biological Evaluation

Fig. 3.4 shows the specific binding curve for the DCM20 ligand. Under the condi-

tions of the reaction, DCM20 showed specific concentration-dependent uptake in the

mannose receptor-bearing RAW 264.7 cell line. Fig. 3.5 depicts the Scatchard plot

([B/F] V/S [B]) for the same data. Using the Scatchard plot, binding affinity was
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quantified in terms of the dissociation constant (Kd) as 19.41nM.

Specific Binding (nM)
(4] o
1 n 1
—
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DCM20 Concentration

Figure 3.4.: Specific binding curve for DCM20 ligand in RAW 264.7 mannose receptor bearing
cells (10° cells/0.5 ml)

3.3.1.4. In Vivo Biological Evaluation

DCM20 was administered in vivo at 10 yg/animal and 2.5 ug/animal total ligand
concentration, and studies were performed for each concentration. The results of

quantitative in vivo biodistribution studies are given in Tab. 3.1.

In the first set of experiments DCM20 ligand was administered at 10 png / animal
in 50 pl volume. Here, at 60 min, ~7.5 % of injected activity was localized in
the sentinel node. However, there was also a significant accumulation of activity
in the secondary node, which resulted in a low PE value of ~53 %. At 180 min,
the PE increased to ~74 %, mainly due to washout of DCM20 from the secondary
node. An appreciable amount of activity was also observed in the liver. It may
be hypothesized that the mannose receptors of the SLN macrophages are saturated

by the concentration of mannose-bearing ligand used, thereby causing the spread
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Organ DCM20 10.0 pg/animal DCMZ20 2.5 pg/animal
60 min 180 min 60 min 7 180 min
Liver 9.56+2.27 (1.11+0.26) 8.59+2.10 (0.99+0.24) 0.97+0.05 (0.11+£ 0.01) 1.16+0.12 (0.13+0.01)
Intestine 1.29+0.30 (0.08+0.02) 1.28+0.43 (0.08+0.03) 0.35+0.05 (0.02+0.00) 0.47+0.05 (0.03+0.00)
Stomach 0.4740.20 (0.12+0.05) 0.2240.08 (0.06+0.02) 0.214+0.03 (0.05+0.01) 0.44+0.11 (0.114+0.03)
Kidney 1.4840.41 (0.9240.25) 1.2140.38 (0.7540.24) 0.2540.06 (0.16+0.04) 0.2940.04 (0.18+0.02)
Heart 0.06+£0.02 (0.07+0.02) 0.05£0.03 (0.0640.04) 0.01£0.01 (0.01£0.01) 0.06£0.04 (0.07+0.05)
Lungs 0.08+0.03 (0.06+0.02) 0.08+0.02 (0.06+0.01) 0.02+0.01 (0.01+0.01) 0.0440.03 (0.03+0.02)
Spleen 0.2240.11 (0.44+0.22) 0.204+0.11 (0.40+0.22) 0.0340.00 (0.06+0.00) 0.07+0.04 (0.14+0.08)
Blood 6.55+1.18 (0.39+0.07) 3.86+1.18 (0.23+0.07) 10.75+2.18 (0.64+0.13) 12.2648.06 (0.73+0.48)
Node Uptake
Popliteal Node | 7.56+0.68 | (1512.00£136.00) 6.67+3.13 (1334.00£626.00) 4.440.01 (880.00£2.00) | 3.35+0.72 | (670.00£144.00)
Tliac Node 3.4240.08 (684.00+16.00) 1.91£1.10 (382.004220.00) 0.02+0.01 (4.00£2.00) 0.05+0.08 (10.00+16.00)
Site of Injection | 48.224+6.86 54.114+10.28 48.51+5.41 43.53+2.49
PE (%) 53.47+7.10 73.80+6.90 99.64+0.21 98.0243.06

Table 3.1.: In vivo distribution profile for 99mTce-DCM?20, data given as %ID per organ (%ID per gram), n=3.
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Figure 3.5.: Scatchard plot to calculate binding affinity of DCM20 ligand for RAW 264.7 man-

nose receptor bearing cells (10° cells/0.5 ml)

of unbound DCM20 to further nodes in the lymphatic system and subsequently to
the blood circulatory system, leading to accumulation of activity in the liver. These
instances of non-target accumulation indicated that DCM20 administered at this
concentration is not entirely suitable toward use as a tracer for SLND at least in the
tested animal model. Larger animals with greater mass of lymph node may show a

better distribution profile.

In the second set of experiments, biodistribution studies were carried out delivering
2.5 ng of DCM20 tracer per animal in 50 pl. This made a significant difference to the
in vivo distribution pattern as shown in Tab. 3.1. As early as 15 min p.i., ~4.5 % of
the injected activity accumulated in the sentinel node. This is lesser than %ID value
for sentinel node accumulation at the higher concentration, but appears to remain
largely constant, with a gradual fall at 180 min. The importance of using a lesser
amount of tracer was seen from the negligible activity accumulation in the secondary
node at all tested time points up to 180 min. As a result, the PE value remained
very high throughout the period of experiment, showing high selectivity of uptake

in the sentinel node. In addition, there was rapid clearance of activity from the site
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of injection (footpad). The activity at the site of injection reduced from ~60 % at
15 min to ~43.5 % at 180 min. This would suggest a reduced radiation background
and improved sensitivity of detection in actual clinical practice. There was also no
appreciable accumulation of activity in the blood, liver or any non-target regions.
These are highly desirable properties for a proposed tracer in sentinel lymph node

detection in the clinic.

The scintigraphic imaging studies are depicted in Fig.3.6 and they reflect the re-
sults of the biodistribution studies. A comparison of the images obtained for the
different concentrations (10 pg ligand /animal and 2.5 pg ligand/animal) of DCM20
administered for the various time points shows a clear improvement with the use of
lower concentration (2.5 pg ligand/animal), as the sentinel node is clearly demar-
cated throughout the period of study without appreciable counts in any other node

or non-target region.

3.3.1.5. Toxicity Studies

As can be seen from the results of the hematological studies (Fig.3.7 and Fig. 3.8),
liver function biochemistry studies (Fig. 3.9) and histological examination (Fig. 3.10),
animals exposed to relevant concentration of DCM20 ligand for single-dose acute
toxicity assessment did not show any hazardous deviation in these parameters from
control animals.

3.3.2. 99mTc-tricarbonyl DAPM4 and DAPMS8 Conjugates

3.3.2.1. 99mTc-labeling of DAPM4 and DAPMS8 Ligands

The yield of formation of the 99mTc-tricarbonyl synthon was estimated using HPLC

and paper chromatography and the results were similar to those obtained in sec. 3.3.1.1.
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DCM20 DCM20
10 ug/animal 2.5 ug/animal
60 min 60 min

DCM20 DCM20
10 ug/animal 2.5 ug/animal
180 min 180 min

Figure 3.6.: Scintigraphic images showing comparison of in vivo distribution of different con-

centrations of DCM20 in Wistar rat model at corresponding time-points.

At 200 pg ligand content, both DAPM4 and DAPMS ligands complexed 99mTc-
tricarbonyl synthon in >90 % yields as confirmed by HPLC. Fig. 3.11a shows the
HPLC pattern of 99mTec-tricarbonyl DAPM4 with a retention time of 15.3 min,
while Fig. 3.11b is the HPLC pattern of 99mTc-tricarbonyl DAPMS with a retention
time of 15.5 min in the optimized HPLC solvent elution system. As the 99mTc-
labeling yield was greater than 90 %, further purification of the radiotracers was not

considered essential, hence not carried out.
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Figure 3.7.: Acute toxicity profile of DCM20 a) RBC count and hemoglobin concentration b)
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3.3.2.2. In Vitro Biological Evaluation

Under the conditions of the study, a concentration dependent in vitro cell uptake
of DAPM4 and DAMPS ligands was observed in RAW 264.7. The results of these
studies are summarized in Fig.3.12, which represents the specific binding of the
respective ligands with mannose receptors at 4 °C, after subtraction of non-specific
uptake value from ‘cold” wells having 100-fold excess D-mannose. Non-specific bind-
ing decreased with increasing ligand concentration and varied from 14.8 % to 9.6 %

for DAPM4, and 15.2 % to 9.9 % for DAPMS.

Using the data for specific uptake, Scatchard plots were constructed (Fig.3.13).
From the binding data, the affinity of DAPM4 was calculated to be 116.5 nM, while
that of DAPMS8 was estimated as 111.27 nM

The in vitro binding affinities of the dextran-pyrazolyl-mannose ligands to RAW
264.7 macrophage precursor cells under the conditions of text appear to be con-
siderably lower than that observed for DCM20 in our study. But as will be seen

from the results of the studies in animal model, it did not in this case lead to a
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Figure 3.8.: Acute toxicity profile of DCM20 - differential WBC profile

proportionately decreased efficiency of SLN uptake in the animal model studies.

3.3.2.3. In Vivo Biological Evaluation

The in vitro binding affinity for pyrazolyl ligands in the study reported is admittedly
low, especially in the higher concentration range, but as some promising data had
been obtained in the preliminary animal studies [61], those studies were expanded
upon, using different ligand concentrations to assess their effect on the sentinel node

uptake and retention pattern.

The quantitative in vivo distribution pattern of DAPM4 at various time points is

documented in Tab.3.2. Fig.3.14 shows the scintigraphic imaging pattern. For
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Figure 3.9.: Acute toxicity profile of DCM20 - serum levels of a) Albumin and total bilirubin
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DAPM4, the use of lower ligand concentration led to a significant improvement in
the localization properties, both in terms of percentage popliteal extraction (from
61.81 % to 90.39 % PE at 60 min) and clearance from the site of injection (from
16.15 % to 23.56 % clearance at 60 min). Significant amount of tracer diffusion
from the site of injection appeared to occur with the first 15 min after subcutaneous
administration. Thereafter the diffusion rate was more gradual. In the case of the

lower ligand concentration, there was almost no further diffusion after 60 min p.i.

The in vivo localization of DAPMS is quantitatively summarized in Tab. 3.3 with
scintigraphic imaging pattern as depicted in Fig.3.15. With DAPMS, lowering the
injected ligand concentration from 200 pg/ml to 50 pg/ml improved clearance of
99mTec activity from the footpad region to some extent (from 18.42 % to 23.01 %
at 60 min p.i.). However, the popliteal extraction of DAPMS8 was not consistently
improved at all the time points with the lower concentration, suggesting that im-
provement of the in vivo properties of a proposed SLN tracer by lowering of ligand
concentration may not be uniform across all ligands and will need to be individually
assessed for newer developed SLND ligands. As with DAPM4, significant amount of
tracer diffusion from the footpad region appeared to occur within the first 15 min,

after which the diffusion rate was more gradual.
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Figure 3.10.: Acute toxicity profile of DCM20 - comparative histology a) Control set (1 - SLN,
2 - footpad, 3 - Liver) and b) DCM20 exposed set (1 - SLN, 2 - footpad, 3 - Liver)

The results of the in vivo studies show specific uptake and retention of the labeled
dextran-pyrazolyl-mannose ligands in the popliteal /sentinel lymph node of the Wis-
tar rat model with favorable imaging properties in the tested conditions. Our con-
jecture is that the larger concentration of mannose receptor-bearing macrophages in
vivo may be responsible for the appreciable uptake pattern of DAPM4 and DAPMS

ligands in animal studies despite the less favorable in vitro binding characteristics.

A head-to-head comparison with the results reported in the literature for 99mTc-
labeled sulfur colloid or Lymphoseek® is not feasible due to differences in the various
testing protocols. However, in simple terms of percentage popliteal extraction (at
60 min p.i.), DAPM4 (90.39 £ 4.48 % at 2.5 pg/animal) and DAPMS (94.47 +
2.45 % at 10 pg/animal) have displayed excellent localization characteristics favor-

ably comparable to the reported values for filtered sulfur colloid (78.8 + 6.5 %) and
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Figure 3.11.: HPLC pattern of (a) 99mTc-tricarbonyl DAPM4 conjugate (b) 99mTc-
tricarbonyl DAPMS8 conjugate
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Figure 3.12.: In vitro specific binding pattern of (a) DAPM4 ligand and (b) DAPMS ligand
with RAW 264.7 cells

DTPA-mannosyl-dextran (90.1 = 10.7 %) [54]. The kinetics of clearance from the
site of injection for the pyrazolyl complexes appears to be closer to the value for
99mTec-labeled sulfur colloid (~19% at 180min p.i.). This is surprising given that
the measured hydrodynamic particle size of the ligands used herein is significantly
smaller than the colloid (less than 10 nm compared to particle diameter of 80-200
nm for typical SLN colloidal radiotracers like filtered sulfur colloid and albumin
nanocolloid) and that mannose receptors, which can bind with and possibly inter-
nalize the ligand, are typically associated with the macrophages. It may possibly be
a function of aggregation of the complexes at the tested concentration [61]. This will

need to be addressed possibly with changes in the formulation that would prevent
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Figure 3.13.: Scatchard plots for receptor binding curves of (a) DAPM4 ligand and (b) DAPMS8
ligand
a possibility of such aggregation, since improved clearance is one of the proposed
benefits of receptor-based SLN radiotracers, leading to better diagnostic sensitivity
over colloidal tracers. With DCM20 and DAPM4, it is seen that with increase in
the injected ligand amount there appears to be a displacement of the ligand from
the SLN into adjoining lymph nodes and via the bloodstream to other organs. This
could be a function of the ligand affinity, in which case future work may be in the
direction of obtaining a higher affinity tracer for the purpose. However, such a pat-
tern of displacement is not observed in the case of DAPMS though it showed similar
Kd value to DAPM4 in the in vitro studies. In any case, it is clear that preclinical
in vivo studies of potential SLN tracers, especially those that target the mannose
receptor, should be carried out using different injected concentrations to assess the
impact of such variations on the localization of the tracer and thereby its usefulness

as a radiotracer for SLN detection.

3.3.2.4. Toxicity Studies

The results of acute toxicity profile studies for the dextran-pyrazolyl mannose lig-
ands DAPM4 and DAPMS and presented in comparison to the controls with re-
gards to hematological parameters (Fig.3.16 and Fig.3.17), biochemical parame-
ters (Fig.3.18) and histological examination (Fig.3.19). In sum they suggest that
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(a) (b)

Figure 3.14.: Lymphoscintigraphy images in Wistar rat model of DAPM4 administered at 10
ng/animal for (a) 15 min (b) 60 min and 2.5 pg/animal for (c) 15 (d) 60 min

DAPM4 and DAPMS do not induce any appreciable hazardous reaction when ad-
ministered in pharmacologically relevant concentrations.

3.3.3. Summary

All the dextran-mannose ligands tested showed excellent (>90 %) 99mTc-labeling
via the tricarbonyl core, and in the optimized protocol, displayed selective localiza-
tion in the sentinel lymph node. DCM20 showed the highest popliteal extraction
under optimal conditions. Acute toxicity profile studies with all the ligands proved
negligible impact on tested toxicity parameters, indicating their safety for in vivo
administration at pharmacologically relevent concentrations.
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Figure 3.15.: Lymphoscintigraphy images in Wistar rat model of DAPMS8 administered at 10
ng/animal for (a) 15 min (b) 60 min and 2.5 pg/animal for (¢) 15 (d) 60 min
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Figure 3.16.: Acute toxicity profile of DAPM4 and DAPMS8 a) RBC count and hemoglobin
concentration b) WBC and Platelet count
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Figure 3.17.: Acute toxicity profile of DAPM4 and DAPMS - differential WBC profile
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Figure 3.18.: Acute toxicity profile of DAPM4 and DAPMS - serum levels of a) SGOT-SGPT
activity b) Albumin and total bilirubin concentration
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4. RADIOPHARMACEUTICALS
FOR LIVER CANCER
THERAPY

4.1. BACKGROUND

4.1.1. Epidemiology of Liver Cancer

Cancer of the liver aka hepatocellular carcinoma (HCC) occupies the position of fifth
most common malignant tumor [63], with a global incidence of more than 1 million
patients each year [64, 65]. Its incidence in the developed regions of the West (North
America and Western Europe) is low, with >10 cases per 100,000 population. How-
ever, in the case of Asian and African countries, there is a significant spike ranging
from 50-150 cases per 100,000 population [66]. Even in the industrialized nations
the growing incidence of Hepatitis C disease is expected to promote a noticeable
increase of HCC cases in the next two decades. More than 80% of HCC patients
have inoperable disease with very poor prognosis [67]. Hepatocellular carcinoma has

a high mortality rate with less than 32% of patients surviving for more than 2 years
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and less than 5% achieving a 5-year survival rate owing to recurrence, metastases or
the development of new primary sites [67, 68, 69]. The estimated median survival
is only 8 months [70]. In East Asia, especially China, Japan, Korea, Taiwan, and
Singapore, it is the major cause of death from cancer, as also in Zimbabwe, Ethiopia,
and Mozambique [71]. This is in part due to late appearance of the symptoms, in
which time the disease is widespread through the organ. Surgical resection as a
mode of treatment is highly dependent on tumor mass, reserve liver function and
the prevalence of metastases, hence is not a suitable option in many cases [72]. In
fact, owing to the locally advanced and multi-focal nature of the disease, less than a
quarter of established HCC patients are candidates for surgical intervention as the

primary mode of treatment [73, 74, 75].

In addition to hepatocellular carcinoma, the liver is also a prime site for metastases
of some other cancers. For instance liver metastases have been observed to develop
in around half the total number of colorectal cancer cases [76, 77]. In fact, due to
the extensive spread of the disease at the time of diagnosis, the first line treatment
for colorectal cancer is either systemic chemotherapy or chemotherapy delivered via

hepatic artery infusion [70].

4.1.2. Etiology of Liver Cancer

The development of hepatocellular carcinoma is, like with most other cancers, a
multi-step process. Hepatocarcinogenesis is not as yet a thoroughly mapped out
process and has several etiologies, which induce different genetic mutations. Both
phenotypically and genotypically, HCC is extremely heterogeneous, a consequence

of the numerous factors implicated in its development, the multitude of hepatocyte
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functions and the significantly advanced stage of the disease at which it becomes
clinically symptomatic and detectable [66]. The sum of these various permutations
of genetic alteration leads to the transformation of liver cells into the malignant
phenotype. 3-5% of liver cirrhosis cases are said to develop HCC [78]. Conversely,
70-90% of HCC cases are linked to the development of cirrhotic liver, the specific
molecular pathway being dependent on the cause of cirrhosis [66, 79]. The phe-
nomenon of liver tissue injury and regeneration observed in cirrhosis is conducive to
the formation of a mitogenic and mutagenic environment that ultimately fosters the
malignant transformation. The major conditions linked to the development of liver
cirrhosis are infection by hepatitis causing viruses (type B, C, D), exposure to hep-
atotoxic agents (e.g. Aflatoxin) and alcoholic liver disease. HCC occurs in 3-8% of
patients having cirrhosis associated with type C hepatitis [79]. Other causes include
metabolic disorders like hemochromatosis and alpha-1-antitrypsin deficiency, all of
which lead to cirrhotic condition. The association of these chronic liver damage con-
ditions to HCC is hypothesized to occur by the telomere shortening phenomenon.
Studies have reported a strong correlation between telomere shortening and cirrho-
sis progression. It has also been noted that cancerous hepatocytes have shortened
telomeres than their neighboring non-cancerous cells [80, 81]. On this basis it has
been hypothesized that telomere shortening may have a tumor initiating effect [82].
In hepatocellular carcinoma, the rate of apoptosis in the malignant cells is down-
regulated compared to the surrounding normal liver cells. It has been observed from
several studies that apoptosis is interrupted in different stages of hepatocarcinogen-
esis in rat liver. Studies on the effect of several non-genotoxic carcinogens have
led to the hypothesis that they act by inhibiting the process of active cell death,
thereby enhancing carcinogenesis by accelerated accumulation of initiated, preneo-

plastic and possibly neoplastic cells [83]. Fas, which is constitutively expressed in
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the normal hepatocytes, is partially or completely absent in several forms of hepato-
cellular carcinoma [84] and the expression of Fas has been correlated to the degree
of differentiation of the hepatocytes; it is especially reduced in HCC’s with poor
differentiation, like in portal tumor thrombus or extra-capsular invasion [85]. On
the other hand, the treatment of hepatocellular carcinoma with chemotherapeutic
drugs is associated with upregulation of Fas expression and subsequent apoptosis

[86].

4.1.3. Therapy of Liver Cancer

The treatment of liver cancer falls into the following major categories:

1. Surgical Intervention — this includes resection of the tumor or liver trans-
plantation. Tumor resection may be recommended only in the cases where
tumor is of small size, not multi-focal, and not located near any major intra-
hepatic vessels. Additionally it is essential that sufficient functional reserve
of liver tissue exists and no significant metastases of the HCC has occurred
[73, 87]. It is the treatment of choice in the cases of HCC without concomitant
cirrhotic damage. However, in case of liver cirrhosis, a strict selection process
must be applied to avoid the complications brought about by post-operative
liver failure. As a result, the rate of resective surgery even in hospitals with
extensive experience is only 10-37% of HCC cases [63], and only 25-38% of the
patients that have undergone resective therapy successfully complete a 5-year
survival period. Ideally liver transplantation would be the mode of treatment

for widespread HCC since it would take care of the carcinoma as well as any

108



4.1 BACKGROUND

cirrhosis that could lead to future recurrence. Transplantation as a mode of
therapy for liver cancer has proved very successful in clinical studies, showing
~70% 5-year survival rates with <15% recurrence when applied under appro-
priate selection criteria [88]. However the shortage of cadaveric liver donors
becomes a limiting factor, especially as it is deemed important to truncate
the waiting time for transplantation to less than 6 months. Living donor liver
transplantation is possible, but it is a highly complicated procedure that comes
with a 20-40% chance of morbidity for the patient and 0.3-0.5% for the donor

[89).

. Systemic Chemotherapy — this refers to the application of drugs for the
treatment of cancer in a non-localized manner. In the case of liver cancer,
several clinical trials have been performed for the assessment of various sys-
temic chemotherapy molecules [90, 91]. Many well-known anti-cancer drugs
including tamoxifen and octreotide have proved ineffective in the treatment of
hepatocellular carcinoma, giving less than 20% response rate and almost no
significant survival benefit [63, 92, 93]. While some like gemcitabine [94] and
pravastatin [95] have shown some promise in studies, they cannot as yet be

recommended for actual clinical practice.

. External Beam Radiotherapy - Traditionally, external beam radiotherapy
using Cobalt-60 source is one of the major modes of radiotherapy in the clinic.
While beam radiotherapy has been tested for treatment of liver cancer, it has
limited applicability herein, primarily due to the phenomenon of Radiation
Induced Liver Disease (RILD) or radiation hepatitis, which is the predomi-
nant complication in patients receiving such therapy [74]. This is a clinical
syndrome of anicteric hepatomegaly, ascites, and increased level of liver en-

zymes. It may extend for up to weeks or even months after therapy. While
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some amount of improvement is obtained by taking a 3-dimensional approach
to irradiation via conformal beam radiotherapy, there is still significant dose
delivered to normal liver parenchyma to cause the adverse response described

above [75].

. Percutaneous Intervention — For cancerous lesions that are small and un-

resectable, percutaneous interventions are the optimal course of treatment.
This may be achieved by the use of chemicals or thermal action. Ethanol or
acetic acid are the chemicals of choice for percutaneous intervention [96]. Of
these ethanol is the most widely used — in tumors <2cm diameter, it achieves
90-100% response rates, although for tumors ~5cm diameter the response ef-
ficiency drops to 50%. Because of the uncertainty in tumor necrosis, ethanol
intervention is less successful as a curative treatment on its own, but it has good
repeatability, which allows it to be used to address recurrence after resection
or other tumor ablation methods for prolonging the survival or disease-free pe-
riod [63]. Percutaneous ethanol interventions may also be considered for liver
metastases. In the case of thermal therapy, the most prominent technique is ra-
diofrequency thermal ablation (RFTA) which uses electric current to generate
frictional heat in the tissue up to 100°C. Other approaches include microwave-
heat induced thermotherapy, laser induced thermotherapy and cryoablation
[96]. RFTA boasts an efficacy similar to that of ethanol intervention, but re-
quires only one session and, in specific conditions, may be more successfully
applied to hepatic tumors >5cm in diameter. However these techniques are

again restricted in usefulness to smaller, less widespread lesions.

Transarterial Intervention — For HCC’s that are unresectable and cannot
effectively be treated by percutaneous interventions, transarterial intervention

via embolization / chemoembolization forms one of the most widely used ther-
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apy approaches [97]. Chemoembolization refers to a localized chemotherapy
in which the presence of the drug is restricted to the region of interest by
blocking / delaying its pharmacokinetics with the use of a suitable embolizing
agent. Transarterial chemoembolization (TACE) has been clinically applied
for more than three decades [98]. Here mainly lipiodol, which is composed of
iodinated ethyl esters of fatty acids from poppy seed oil (37%w/w iodine) and
used as a contrast agent in magnetic resonance imaging, is emulsified with the
chemotherapeutic preparation to obtain the embolizing preparation. Under
normal circumstances, using image guidance to identify tumor feeding vessels,
an infusion is made with a catheter [99]. As described by Lewandowski et al
[100], the overall goal of TACE is to deliver a high drug dose directly to the
region of tumor in the liver, prevent rapid clearance of the drug, and induce
ischemic necrosis of the tumor via embolization. Chemotherapeutic drugs like
cisplatin, doxorubicin, methotrexate, paclitaxel etc. have been used in con-
junction with embolizing agents to attain loco-regional therapeutic effect [101].
It can be applied in the case of multi-nodular lesions, but liver function should
be sufficiently preserved in the course of the treatment regimen. A significant
degree of extra-hepatic spread of the cancer will also hinder efficacy of this

mode of treatment.

Embolization may be in conjunction with application of a therapeutic radiopharma-

ceutical preparation, in which case the procedure is referred to as radio-embolization.

It has the advantage over systemic radiotherapy that it can be more specifically di-

rected towards the region, restricting damage to the normal liver tissue and dimin-

ishing the possibility of RILD-related complications [102]. There are two principal

approaches to radio-embolization for treatment of HCC in the clinic: 1) Using li-
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piodol as a carrier of radioactivity. The viscosity and lipophilicity of lipiodol are
responsible for retention of the radiopharmaceutical in the region of interest. 2)
Using a micron-range diameter particulate carrier (microsphere) that can adsorb or
encapsulate the therapeutic radionuclide. Here the size of the particulate carrier is

primarily responsible for localization of the radioactivity in the administered region.

The work in this thesis is devoted to the development of novel radio-embolization
complexes, one lipiodol-based and one microsphere-based, that may serve as thera-

peutic vehicles for hepatocellular carcinoma.

4.2. MATERIALS AND METHODOLOGIES

4.2.1. Materials

Oxine (8-hydroxyquinoline), ammonium acetate, sodium chloride and sodium bi-
carbonate were obtained from Sigma, USA. Biorex 70 microparticulate resin was
procured from Biorad, USA. Bio-Rex 70 resin has carboxylic acid functional groups
attached to an acrylic matrix. Lipiodol was obtained from Guerbet, France. Ethanol
and chloroform were procured from Merck, India. Double distilled water was used
to prepare all solutions. Yttrium-90 (90Y) was obtained from an in-house 90Sr-90Y
electrochemical generator through the cooperation of colleagues in the Radiochemi-
cals and Radiation Sources Section of the Isotope Applications & Radiopharmaceu-

ticals Division. All the reagents used were of AR Grade or better.

Sprague-Dawley rats employed in the animal studies were procured from the Animal
House of ACTREC-TMC. N1S1 rat liver carcinoma cell line of Sprague-Dawley
origin (ATCC CRL-1604) was procured by ACTREC towards use in development
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of orthotopic animal tumor model for this project. Ethicon brand surgical sutures

(Johnson & Johnson, India) were used during surgical procedures.

For hemoglobin estimation, Drabkin’s reagent was obtained from Sigma, USA. Kits
for estimating serum levels of alanine aminotransferase and aspartate amino trans-
ferase were obtained from Bioquant, USA. Serum bilirubin was estimated using kit

obtained from Bioscientific Corporation, USA.

Orbital shaker-incubator from Biosystem Scientific, India was used for radiolabeling
reactions. Radioactivity measurements for 90Y-labeling studies were carried out
using a well type Nal (T1) scintillation detector (ECIL, India). Radioactivity mea-
surements for in vivo distribution studies were performed on an integral line flat-bed
Nal (T1) scintillation detector (Harshaw, USA). In both cases the Bremsstrahlung

radiation resulting from the beta-emissions of 90Y was measured.

4.2.2. Procedure for Making 90Y-labeled Therapeutic

Preparations

4.2.2.1. 90Y-oxine in Lipiodol

The procedure for preparation and purification of 90Y-oxine and its dispersal in
lipiodol was adapted from a previously reported protocol for making Lutetium-177
(177Lu) labeled oxine in lipiodol [103], with suitable modifications for labeling with
90Y. 5mg oxine was dissolved in 0.5ml ethanol and the alcoholic solution was mixed
with an equal volume of reaction buffer. Ytttrium-90 (up to 185MBq) was added as
90Y-chloride and the reaction mixture was heated at up to 80°C in a water bath to
form 90Y-oxine. The pH and the reaction time were varied to optimize the yield of

90Y-oxine. At the end of the reaction, 90Y-oxine was extracted into chloroform (1:1
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volume with reaction mixture) and vortexed vigorously for 30 sec. The mixture was
then allowed to stand and the aqueous (top) layer was separated from the chloro-
form (bottom) layer. Both were counted for their relative radioactive content. It is
expected that 90Y-oxine will be extracted into chloroform while uncomplexed 90Y
will remain in the aqueous layer. The yield of 90Y-oxine formation was assessed as
the proportion of radioactivity in the chloroform layer. Chloroform was then allowed
to evaporate off, using nitrogen purging if required. For stability studies the radi-
olabeled oxine was suspended in reaction pH buffer between extractions. To assess
the stability of the 90Y-oxine, it was extracted with 1:1 chloroform:buffer mixture
and the distribution of the radioactivity between the two phases was measured. The

stability of 90Y-oxine was assessed at different times for up to a week in this manner.

For the intended application, 90Y-oxine needs to be dispersed in lipiodol. After
chloroform was evaporated off, 2ml of lipiodol was added to the product vial. The
vial was allowed to stand for 30 min with intermittent stirring to allow for leaching
and dispersal of 90Y-oxine into the lipiodol phase. Extraction of 90Y-oxine into lip-
iodol was confirmed by measuring 90Y-activity associated with the lipiodol aliquot.
To assess the stability of dispersion of 90Y-oxine in lipiodol, an aliquot of the final
product was vigorously mixed with an equal volume of buffer, and the distribution
of activity between the two phases was measured. The retention of 90Y-oxine in
the lipiodol phase was taken as a measure of successful dispersion in lipiodol, a

prerequisite for retention of 90Y-activity in the embolism.

4.2.2.2. 90Y-labeled Biorex 70 Microspheres

5mg of Biorex 70 microspheres were suspended in 1ml of freshly prepared 0.1M am-

monium acetate solution. To this, up to 185MBq of 90Y-chloride was added. The

pH was adjusted if necessary to ~5.0 using 0.1N HCI. The above reaction mixture
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was kept for mixing on an orbital shaker-incubator for different time periods at RT.
At the end of the labeling reaction, the microspheres were collected by centrifu-
gation at 2000rpm for 10 min and washed twice with phosphate buffered saline.
The radioactivity counts associated with the microspheres and the supernatant of
the reaction mixture was compared to assess 90Y-labeling yield. The stability of
the labeled product was tested by suspending it in phosphate buffered saline and
measuring the activity leached out into the supernatant at different time periods
using the above technique. For the final application, the 90Y-labeled Biorex 70

microspheres were suspended in 2ml phosphate buffered saline.

4.2.3. Development of Animal Model for HCC by

Orthotopic Induction

N1S1 cells were grown as a suspension culture in DMEM using 10% FBS as a
supplement. When sufficient cell growth was obtained the cells were harvested by
centrifugation at 1000rpm for 5 min and counted by hemocytometry. Cell viability
was confirmed using Trypan blue staining. Cells were suspended at the desired final

concentration in DMEM and used for the orthotopic induction studies.

Orthotopic administration of N1S1 cells in the liver of Sprague-Dawley rats was
performed by a laparotomy protocol, described as follows: The animals were fasted
for 12 hours prior to the induction procedure. For the experiment they were placed
under anesthesia using isoflurane, delivered in a calibrated mixture with oxygen.
The abdominal region was shaved with a hair clipper and surface sterilized by swab-
bing with 70% ethanol. An incision ~3cm long was made and the left lobe of the
liver was exposed. The required aliquot of N1S1 cells was taken in a hypodermic

syringe with 30G 1/2” needle. The needle was inserted beneath the lobular capsule
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and the suspension was slowly administered (15-20 sec). Successful administration
was confirmed by the development of a pale colored sac in the region of injection.
The incision was then closed using sutures at muscle and skin planes, and Vetbond®
adhesive was applied for final sealing. The animals were then allowed to recuperate
from the surgery. During the period of tumor development they were kept under
normal conditions, food and water provided ad libitum. Tumor development was
studied using different cell concentrations and development times. At the end of
each time period, the animals were sacrificed. Tumor diameter was measured us-
ing vernier callipers. Blood was collected for hematology and serum biochemistry

investigations, and liver tissues were taken for histological assessment.

4.2.4. Assessment of Tumor Development

4.2.4.1. Hematology Studies

The following hematological parameters were measured in the whole blood samples:
Red blood cell (RBC) count, white blood cell (WBC) count, platelet count and
hemoglobin concentration. The protocols followed were identical to those described

in sec. A.1.

4.2.4.2. Liver Function Studies

From the serum samples the following liver function assessment parameters were
measured: Asparate aminotransferase (AST) / serum glutamate oxaloacetate transam-
inase (SGOT) activity, alanine aminotransferase (ALT) / serum glutamate pyruvate
transaminase (SGPT) activity and serum bilirubin concentration. The protocols fol-

lowed were identical to those described in sec. A.2.
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4.2.4.3. Histological Studies

Samples of liver tissue were suspended in 10% neutral buffered formalin for 24-48
hours for preservation of the tissue structure. After allowing adequate time for fixa-
tion they were washed several times with tap water to remove all traces of formalin.
Finally they were suspended in 70% ethanol solution and stored at 4°C, allowing
adequate time for decay of 90Y radioactivity (10 times half-life), before making

histological blocks and slides. Further processing was as described in sec. A.3.

4.2.5. In Vivo Studies with 90Y-labeled Preparations

In vivo studies of the 90Y-labeled preparations were carried out in N1S1 tumor-
bearing Sprague-Dawley rats. In these studies the preparation was administered via
the hepatic vein. A separate set of experiments were done with unlabeled “cold”

preparation to assess any possible effect of the carrier substances.

4.2.5.1. Administration of the 90Y-labeled / Cold Preparations via the

Hepatic Vein

Although the clinical protocol for transarterial radio-embolization mandates that
the therapeutic preparation should be administered into the hepatic artery (typically
by passing a guided catheter through the femoral artery), the technical hurdles in
achieving this in a rat model with the available facilities compelled the procedure
to be performed via the hepatic vein instead. Given the smaller dimensions of rat
liver as compared to the human liver, and the appreciable penetration range of
fB-emissions from 90Y (~12mm), it was hypothesized that some therapeutic effect

would be seen in the model even using this less appropriate protocol. Prior to
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administering the preparation, the animals were fasted overnight, water provided
ad libitum. On the day of the experiment, the animals were anesthetized with a
mixture of xylazine:ketamine (1:10). Under anesthesia the abdominal region was
shaved and swabbed with 70% ethanol. An incision of 3-4cm was made (Fig. 4.1a).
The gastro-intestinal apparatus was carefully shifted to expose the hepatic vein
(Fig. 4.1b). After sufficient mixing 100ul of the 90Y-labeled preparation was drawn
into a syringe with 30G 1/2” needle. The preparation was slowly injected (20-25sec)
into the hepatic vein (Fig.4.1c). The site of injection was gently pressed with a
gauze pad to stem any bleeding. The incision was then closed up at the muscle
(Fig.4.1d) and skin (Fig. 4.1e) planes using surgical suture. Healex® wound healing

spray was applied over the sutured skin to supplement the sealing of the incision.

Figure 4.1.: a) Incision made to expose hepatic vein b) Localization of hepatic vein c) Labeled
/ cold preparation injected via the hepatic vein d) Suturing at muscle plane e) Suturing at skin

plane.
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At the end of the procedure, the animals were allowed to come out of anesthesia and
recover. Food and water were provided ad libitum. They were kept under normal
conditions till the time of sacrifice / biodistribution and monitored closely during

this period for any signs of locomotive disability or excessive distress.

4.2.5.2. In Vivo Distribution and Efficacy Studies

Post administration of the therapeutic preparations, the animals were kept under
normal conditions (water and food provided ad libitum) for the respective incubation
periods, at the end of which they were sacrificed by exposure to a carbon dioxide
saturated atmosphere. Blood was collected by cardiac puncture. The animals were
then dissected and the relevant organs and tissues were excised for measurement of
associated radioactivity to assess leakage of the radiolabeled preparation from the
region of interest and spread to non-specific regions. Tumor diameter was measured
using vernier callipers. In addition blood was collected to separate serum for relevant
biochemical assays (as described in Appendix sec. A.2 and liver tumor / normal liver
tissue samples were taken for histological analysis as detailed in Appendix sec. A.3

to assess the biological efficacy of the therapeutic preparations.
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4.3. RESULTS

4.3.1. Preparation of 90Y-labeled Radiopharmaceutical

Complexes

4.3.1.1. 90Y-labeled Oxine in Lipiodol

The results of optimization of the 90Y-labeling of oxine with respect to reaction time
and pH are depicted in Fig.4.2a. In the optimized reaction, 90Y-labeling of oxine
carried out for 60 min at 80°C and pH 8.5 (using bicarconate buffer) was found to
give >90% yield. Stability of the labeled product at 37°C as deduced from specific
retention in chloroform phase after 1:1 extraction with buffer is seen from Fig. 4.2b
to be reasonably adequate (~85%) for a 72 hour period, although it falls to about
60% by the end of 7 days. Extraction of 90Y-oxine into lipiodol was also found to

be stable with >90 % of 90Y-activity associated with the lipiodol phase.
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Figure 4.2.: a) Variation of 90Y-labeling yield of oxine with respect to reaction time [line graph,
lower X-axis|] and pH [bar graph, upper X-axis] b) Post-preparation stability of 90Y-labeled oxine
at 37 °C.
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4.3.1.2. 90Y-labeled Biorex 70 Microspheres

From Fig. 4.3a, which shows the variation in labeling yield with reaction time, it be-
comes evident that the binding of 90Y to the cationic Biorex 70 resin microspheres
is extremely rapid and even as early as 15 min, the labeling yield is >95%. Stabil-
ity in PBS was also excellent, with >95% of the 90Y-activity associated with the

microspheres for as long as 7 days post-preparation at 37°C (Fig. 4.3b).
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Figure 4.3.: a) Variation in yield of 90Y-labeled Biorex 70 microspheres with respect to reaction
time b) Post-preparation stability of 90Y-Biorex 70 microspheres at 37°C.

4.3.2. Development of Animal Model for Liver Cancer

In the course of tumor development studies, 3 x 1076 N1S1 cells in 100yl volume
of media was found to be the optimal concentration for achieving sizable and re-
producible single lesion liver tumor model in a 3 week time period. All the animals
survived the period of tumor development without any apparent ill effects. Fig. 4.4
shows the morphology of orthotopically induced N1S1 tumor (manifesting as a pale-

colored lesion), in which a progressive increase in tumor size is observed over time.
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Figure 4.4.: Morphology of orthotopically induced N1S1 tumor at 1 - 2 - 3 weeks (3 x 1076

cells in 100ul media injected in sub-capsular region of hepatic lobe).

On orthotopic tumor induction, the hematological parameters RBC count and hemoglobin
concentration (Fig. 4.5a) did not appear to be much affected, but as seen in Fig. 4.5b,
WBC concentration showed appreciable increase (~50%) in the course of develop-
ment, although the variation in platelet concentration was very high to make a clear

inference about the impact of tumor induction on the same.
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Figure 4.5.: Effect of N1S1 orthotopic tumor induction on a) RBC count and hemoglobin
concentration b) WBC and platelet count.

With respect to liver function markers (Fig. 4.6a), there were variations in the activi-
ties of SGOT and SGPT, but they were not proportionate to the tumor proliferation,
and serum total bilirubin showed large variance, hence no definite inference could be
drawn from it. Serum alpha-fetoprotein (Fig.4.6b) was the most consistent marker

of proliferation of the implanted tumor. It showed rise with increase in tumor size,
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being almost exclusively a secretion product of hepatocellular carcinoma cells in

adult animals.
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Figure 4.6.: Effect of N1S1 orthotopic tumor induction on serum levels of a) SGOT/SGPT
activity b) alpha-fetoprotein concentration and total bilirubin concentration.

Fig. 4.7 compares the histological appearance of normal liver tissue and orthotopi-

cally implanted N1S1 tumor tissue. The implanted N1S1 tumor clearly shows loss of

the normal cell architecture, accelerated proliferation, presence of fat vacuoles and

other features associated with hepatocellular carcinoma tissue.

Figure 4.7.: Comparison of histological appearance of a) Normal liver tissue and b) Orthotopi-

cally implanted N1S1 tumor tissue.
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4.3.3. In Vivo Distribution Studies

The results of the in vivo distribution studies for 90Y-labeled oxine in lipiodol are
provided on per organ (Fig.4.8a) and per gram basis (Fig. 4.8b). It is readily appar-
ent that the labeled preparation is not retained in the liver, but shows significant
90Y activity leakage into non-target regions. The leakage is observed as early as
24 hours post-administration (only 48.41+5.19% retention in liver) and steadily
increases with passage of time (only 23.84+2.61% retained in liver at 7 days). Criti-
cally, the most significant accumulation of leaked 90Y activity is in the bone, with
34.22+5.39% bone accumulation at 7 days. It is cause for serious concern, since it
will lead to non-targeted exposure of bone marrow to 90Y radiation. The extent
of leakage may be attributed to instability of the complexation between 90Y and
oxine, thereby causing release of free 90Y, which has an affinity for bone tissue. This
makes oxine in lipiodol unsuitable as a carrier of 90Y therapeutic dose for use in

treatment of hepatocellular carcinoma.
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Figure 4.8.: In vivo distribution profile of 90Y-labeled oxine in lipiodol in N1S1 orthotopic

tumor bearing SD rats, data given in terms of %ID a) per organ b) per gram (n=4).
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Fig.4.9 a and b show the in vivo distribution of 90Y-labeled Biorex 70 microspheres
in the tested orthotopic N1S1 tumor model in terms of per organ and per gram. It is
evident that the Biorex 70 preparation is effectively localized in the liver tissue, with
minimal leakage of 90Y activity to other organs. Even at 7 days post-administration
87.724+1.56% of injected dose is associated with the liver, indicating excellent stabil-
ity of the radiolabeled preparation. The association of 90Y activity with non-target
regions is also minimal. Throughout the period of study, accumulation of 90Y activ-
ity in the bone remains low, with only 0.56+0.97%ID bone activity measured at 7
days. This suggests that the preparation is unlikely to cause significant non-targeted

dose to critical organs if used for therapy.
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Figure 4.9.: In vivo distribution profile of 90Y-labeled Biorex 70 microspheres in N1S1 ortho-

topic tumor bearing SD rats, data given in terms of %ID a) per organ b) per gram (n=4).
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4.3.4. Biological Efficacy Studies

4.3.4.1. Liver Tissue Histology

Tab. 4.1 gives the % weight of tumor to total liver weight for the different treatment

groups, which provides insight into the effect on tumor dimensions of exposure to

the cold and 90Y-labeled preparations.

Time points 1D 2D 5D ™D
Avg | £ | SD | Avg | = | SD | Avg | £ | SD | Avg | £ | SD
Cold Oxine 31.03 | £ | 228 | 26.02 | £ | 3.17 | 23.23 | £ | 2.21 | 26.80 | £ | 3.75
90Y-Oxine 2868 | £ | 3.38 | 2455 | £ | 3.09 | 23.89 | £ | 1.77 | 23.28 | &+ | 4.65
Cold Biorex 70 | 24.49 | £ | 491 | 25.16 | £ | 3.13 | 23.28 | &+ | 2.38 | 23.63 | &+ | 1.22
90Y-Biorex 70 | 27.33 | &£ | 2.52 | 2233 | £ | 3.06 | 13.50 | £ | 2.83 | 11.76 | £ | 1.05

Table 4.1.: Comparison of treatment groups in terms of percentage ratio of N1S1 tumor weight
to total liver weight (n=4).

Comparison studies were performed with unlabeled “cold” oxine in lipiodol to as-
sess biological efficacy of the 90Y-labeled product. The leakage of the preparation
from the region of interest quite obviously diminished the therapeutic impact of the
complex. As seen from Tab.4.1, the ratio of tumor weight to total liver weight of
orthotopic N1S1 tumor in animals treated with 90Y-labeled oxine in lipiodol was
23.2844.65% at 7 days p.i. while animals administered with cold lipiodol in oxine

showed tumors of only marginally higher average weight ratio (26.8+3.75%).

Histopathological sections of liver tissue from both sets of experiments are presented
in Fig. 4.10. Examination of the sections does not show any significant gross changes
in the tumor tissue in animals treated with 90Y-labeled oxine in lipiodol in com-

parison to administration with the cold preparation, suggesting that on account of

126



4.3 RESULTS

leakage of 90Y activity from the liver, there is no significant impact of the therapy

in the tumor.

Figure 4.10.: Histological sections of N1S1 tumor tissue from animals administered with (1a-
4a) cold oxine in lipiodol for 1, 2, 5 and 7 days and (1b-4b) 90Y-labeled oxine in lipiodol for the

same time intervals.

In the studies for biological efficacy of 90Y-labeled Biorex 70 microspheres performed
by comparison with cold Biorex 70 microspheres in terms of effect on tumor tissue
and other parameters it was observed that while ratio of tumor weight to total liver
weight in the animals injected with cold preparation was 23.634+1.22% at 7 days,
it reduced significantly to 11.76+1.05% in the experimental set administered with
90Y-labeled preparation, indicating positive therapeutic effect of the beta-emissions
from the radiopharmaceutical (Tab.4.1). The effect on tumor histology is seen in
Fig.4.11. While cold Biorex 70 shows some embolic effect in terms of tissue damage
surrounding the blood vessels, significantly more extensive damage and cell death is
seen in the 90Y-treatment group, especially at 5 and 7 days post-injection. This is

expected to be more pronounced in an actual clinical scenario where the radiolabeled
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preparation would be administered specifically through the hepatic artery into the

regions of neo-angiogenesis.

Figure 4.11.: Histological sections of N1S1 tumor tissue from animals administered with (la-
4a) cold Biorex 70 microspheres for 1, 2, 5 and 7 days and (1b-4b) 90Y-labeled Biorex 70

microspheres for the same time intervals.

4.3.4.2. Serum Biochemistry

Biochemical assays were performed on the sera of tested animals (from blood col-
lected at the time of sacrifice) to assess impact of the treatment on relevant serum

parameters, the results of which are presented here.

For both 90Y-incorporating and cold preparations of oxine in lipiodol and Biorex 70
microspheres, mean serum bilirubin level (Fig. 4.12) is seen to decrease in comparison
to the mean value observed for N1S1 development control for 3 weeks and 4 weeks,

but it may be noted from Fig. 4.6a that this is generally within the limits of standard
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deviation for the control values, and suggests that any impact of the treatment on

liver function relating to serum bilirubin level is not definite.
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Figure 4.12.: Impact of 90Y-based radio-embolic treatment on serum bilirubin levels of N1S1-

tumor bearing Sprague-Dawley rats (Compared against mean value of relevant controls).

The impact of treatment on liver function enzymes AST/SGOT and ALT/SGPT is
shown in Fig.4.13a and Fig. 4.13b respectively. In the case of 90Y-labeled oxine in
lipiodol, there is initially a significant increase in the levels of both SGOT and SGPT
(402.75+48.361U /dl and 253.75+73.261U /dl respectively, at 24 hours p.i.) and after
which they fall (SGOT 232+74.141U/dl, SGPT 67.5+12.41U/dl at 7 days p.i.) to
levels closer to those observed for N1S1 tumor controls (SGOT 186+31.311U/dl,
SGPT 60.04+9.0IU/dl at 4 weeks tumor development). This may be a result of leak-
age of the preparation from the site of embolism into the liver tissue (causing greater
preliminary cell damage and enzyme release into the bloodstream) and subsequent
loss of activity from the liver (leading to the fall in enzyme levels). In the case of
90Y-labeled Biorex 70 microspheres and the cold preparations, the increase in the
levels of these enzymes is seen to be more moderate and sustained. Considering the

significant impact of radiolabeled microsphere treatment on tumor size and tissue
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histology, it suggests that the cell damage from the microspheres is more controlled
due to its stable retention in the liver capillaries and causes a less acute spike in

serum levels of liver function enzymes in comparison to 90Y-labeled oxine in lipiodol.
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Figure 4.13.: Impact of 90Y-based radio-embolic treatment on a) SGOT and b) SGPT levels of

N1S1-tumor bearing Sprague-Dawley rats (Compared against mean value of relevant controls).

As with the results of N1S1tumor development (Fig.4.6b), serum alpha-fetoprotein
levels show the best correlation with tumor spread (Fig.4.14). In the case of animals
administered with 90Y-labeled Biorex 70 microspheres, the mean level at 7 days p.i.
is less than half that of N1S1 4 weeks control, corresponding with reduced tumor
dimensions in those animals. In the case of the other tested preparations (cold
Biorex 70 micropsheres, cold oxine in lipiodol and 90Y-labeled oxine in lipiodol),
the drop in serum alpha-fetoprotein levels is much less, suggesting a lower impact
of the embolic treatment. The levels are still significantly above normal on account
of residual tumor tissue but this demonstrates that the sustained presence of 90Y
activity gives a measurable therapeutic effect in the tested model for hepatocellular

carcinoma.
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Figure 4.14.: Impact of 90Y-based radio-embolic treatment on serum alpha-fetoprotein levels

of N1S1-tumor bearing Sprague-Dawley rats (Compared against mean value of relevant controls).

4.4. SUMMARY

Of the two 90Y-labeled preparations tested for possible application in therapy of
hepatocellular carcinoma, Biorex 70 microspheres appear to be quite suitable. They
show excellent 90Y-labeling yield and stability of labeled product, stable retention
in the region of interest in the tested model, and demonstrate therapeutic effect as
seen from measurement of relevant parameters in the period of study. Thus Biorex
70 microspheres show good potential to be taken up for further examination towards

possible use in the clinic.
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A. BIOLOGICAL EFFICACY
AND TOXICITY STUDIES

Overview

This appendix is devoted to describing the assays common to the chapters on de-
velopment of radiopharmaceuticals for sentinel lymph node (SLN) detection and
liver cancer therapy. For SLN detection, these assays were used for determination
of possible acute toxicity reaction from the unlabeled “cold” ligands, while in the
case of liver cancer therapy, they were employed in assessing the biological efficacy
of the therapeutic regimen with the tested radiopharmaceutical preparations. The

tests described in this appendix fall into 3 major categories:

1. Hematological Studies - These tests are for assessment of effect of the

preparation on blood parameters.

2. Biochemical Studies - These tests are primarily for the assessment of effect
of the preparation on various liver function parameters. They include serum
glutamate oxaloacetate transferase (SGOT) / asparate transaminase (AST),

serum glutamate pyruvate transferase (SGPT) / alanine transaminase (ALT),
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serum total bilirubin, serum albumin.

3. Histological Examination - Examination of tissues exposed to the prepara-
tion under study after necessary fixing and staining procedures to assess tissue-
level phenomena like disruption of cellular architecture, presence of apoptotic

/ necrotic lesions, inflammation reaction etc.

A.1. Hematological Studies

Whole blood was collected from the animals by cardiac puncture in plastic BD
Vacutainer® tubes (Beckton Dickinson, India) containing potassium salt of EDTA
as a clot inhibitor and assayed hematology-wise on the same day. The following
hematological parameters were measured in the whole blood samples: red blood cell
(RBC) count, whole white blood cell (WBC) count, differential WBC count, platelet

count, hemoglobin determination.

Blood cell counts were performed by hemocytometry using Neubauer’s Chamber
slide. Hemoglobin concentration was measured using the Drabkin’s reagent method.
Drabkin’s reagent contains sodium bicarbonate, potassium ferricyanide and potas-
sium cyanide. In the reaction with alkaline cyanide and ferricyanide, hemoglobin
in most forms in the blood is rapidly converted to cyanmethemoglobin. This can
be measured colorimetrically at 540nm. Whole blood was reacted with Drabkins’s
reagent as per the kit instructions and allowed to stand for 15-20 min at RT. The
reaction mixture was then read at 540nm and plotted on a standard curve generated
using cyanmethemoglobin standards to obtain the concentration of hemoglobin in

the blood sample.
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A.2. Biochemical Studies

For serum, whole blood was collected from the animals by cardiac puncture and
taken into silicone-coated BD Vacutainer® tubes containing clot activator, and al-
lowed to stand for sufficient time to allow seum to separate out. Serum was stored
at -80°C till the time of assay. From the serum samples the following liver func-
tion assessment parameters were measured: Asparate aminotransferase (AST) /
serum glumatate oxaloacetate transaminase (SGOT) activity, alanine aminotrans-
ferase (ALT) / serum glumatate pyruvate transaminase (SGPT) activity, serum

albumin and serum bilirubin concentration.

AST / SGOT catalyzes the following reaction: Aspartate + a-ketoglutarate — ox-
aloacetate + glutamate. The kit for measurement of serum AST activity contains a
substrate mixture (aspartate and o-ketoglutarate) and a color reagent in the form of
a diazonium salt that selectively reacts with oxaloacetate to form a colored product
that can be estimated photometrically at 530nm. Serum samples were reacted as
per the kit protocol. The colored product was read at 530nm and compared with a
control containing a calibrated value of AST activity to obtain the activity of AST

in the sample.

ALT / SGPT catalyzes the following reaction: Alanine + o-ketoglutarate — pyru-
vate + glutamate. The kit for measurement of serum ALT activity contains a sub-
strate mixture (alanine and a-ketoglutarate) and 2,4-dinitrophenylhydrazine. Pyru-
vate formed in the SGPT-catalyzed reaction selectively reacts with 2,4-dinitrophenylhydrazine
to form 2,4-dinitrophenylhydrazone complex. This is dissolved using the color de-
veloper reagent containing 0.5N sodium hydroxide and the resultant solution is read
spectrophotometrically at 505nm. Serum samples were reacted as per the kit proto-

col. The colored product was read at 505nm and compared with a control containing
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a calibrated value of AST activity to obtain the activity of AST in the sample.

The colorimetric assay kit for estimation of serum albumin uses bromocresol green
(BCG) dye reagent that reacts with albumin to give a colored complex with an
absorbance maxima at 620nm. The sample was measured against a standard curve

prepared using known stock solution of albumin provided in the kit.

The kit for estimation of total bilirubin in serum uses an aqueous diazotized sulfanilic
acid reagent to modify bilirubin in the sample to an azobilirubin colored product
that can be measured colorimetrically at 550nm. The absorption of the product is
directly proportional to the concentration of total bilirubin and comparison with a

standard as provided in the kit gives a value of bilirubin concentration in the sample.

A.3. Histological Examination

Gross sections of the relevant tissues were taken and subjected to fixing as described

in the relevant sections for SLN detection and liver cancer therapy.

Histological blocks were prepared using the standard protocol for paraffin block
making as follows: The fixed tissues were immersed in a graded series of ethanol
baths of increasing concentration (70% - 95% - absolute ethanol). They were then
immersed in xylene for clearing. Finally molten paraffin wax was added over the
tissues placed in suitable orientation and allowed to cool and harden for formation
of the paraffin tissue blocks. These were stored at room temperature and taken for

making slides as required.

Using the paraffin blocks, <bu thick sections were taken for making slides. These
slides were stained with the established Hematoxylin - Eosin staining procedure. The
active staining component of hematoxylin is its oxidation product hematin. Hematin

in acidic conditions binds to the lysine residues of nuclear histones, thereby staining
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the chromatin. In the procedure hematin stain was allowed to saturate, and then
rinsed off with tap water, giving a bluish-purple tint to the nuclei. The extent of
hematin saturation was then reduced to clear the background, using 0.3% acidified
alcohol as a differentiator. After washing off the differentiator with tap water, eosin
was used as a counter-stain, which colors the other cellular components pink. After
eosin staining the stained sections were dehydrated by exposure to absolute ethanol

and xylene, then mounted with coverslips for histological examination.
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