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Abstract
Radioimmunotherapy and the development of radiopharmacueticals is growing in its
diversity and applications as method for treating disseminated tumors, with occult
or manifest metastasis, at various locations of the body. 211At and 125I are two
compounds that have desirable traits for radioimmunotherapy. 211At has a half-life
of 7.2 hours and both modes of decay result in an α -particle. It is also desirable
because it decays to stable 207Pb. 125I has a half-life of 57.4 days and emits auger
electrons, which are extremely cytotoxic, and decays to stable 125Te.

Prostate specific membrane antigen (PSMA) is 100 kDa type II trans-membrane
protein highly expressed in prostate cancer and the vasculature of most solid tu-
mors. This makes it the target for a number of therapeutic strategies. A molecule
has been developed, ATE-P-1095 that when halogenated binds with high exclusivity
to PSMA. The purpose of this thesis was to maximize the synthesis and establish
the quality control for the radiohalogenation of ATE-P-1095 with 125I and 211At.

This was done by the electrophilic substitution of the trimethyl-tin group on the
ATE-P-1095 for 125I or 211At. The components of the reaction were varied to max-
imize the output and quality of the synthesis. The parameters used to establish
the quality control were radiochemical yield (RCY), radiochemical purity (RCP)
and specific activity (SA). RCY greater than 95% were obtained for 125I with a
maximum SA of 918.18± 36.24MBq/mg and 99% RCP. The 211At synthesis had a
maximum RCY of 85.6% with a SA of 230.16±MBq/mg and a 99% RCP.

After the quality control was maximized cell binding studies were done for 125I-MIP-
1095 and 211At-MAP-1095 to the LNCaP cell line. The cell binding experiments
showed B/T values between 6% -33% for both [ 125I]-MIP-1095 and [ 211At]-MAP-
1095. For both molecules the B/T went up as the concentration decreased. A
further decrease in concentration is likely to yield higher B/T or an increase in the
number of LNCaP cells.

Keywords: targeted therapy, radioimmunotherapy, prostate cancer, PSMA, radio-
halogenation, astatine-211, iodine-125.
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1
Introduction

1.1 Background

There are a variety of cancer treatments available today, ranging from surgery,
chemotherapy and external radiation therapy. A form of therapy that is growing
in its diversity and applications is targeted radiation therapy or radioimmunother-
apy (RIT). The premise is that an alpha or beta-emitting molecule, chosen based
on the size and density of the tumor, is attached to a molecule or antibody that
selectively targets the tumor or antigen specifically expressed on the surface of the
tumor cell. This can be a benefit for disseminated tumors with occult or manifest
metastasis at various locations in the body. The established treatment is currently
systemic chemotherapy, which is often toxic and can lead to chemotherapy-resistant
cells. The main objective of this thesis is to optimize the synthesis and subsequent
quality control of the radiolabeling of a molecule that targets prostate specific mem-
brane antigen (PSMA), which is overly expressed on the surface of prostate cancer
cells. This may provide an additional component in the treatment of disseminated
prostate cancer.

1.2 Prostate Cancer

An estimated 220,800 men will be diagnosed with prostate cancer in United States
in 2015, making it one of the most diagnosed types of cancer in men. Approxi-
mately 27,540 deaths will result from prostate cancer in the United States. It is the
second leading cause of cancer death in men [1]. The latency period for radiation
induced cancer is considered to be 5–7 years for leukemia, and for solid tumours
at least 10 years [2]. Due to the fact that men are living much longer with the
disease, clinical decision are important for selecting a treatment.These long-term
survivors experience a significant incidence of chronic health problems after their
treatment, including second primary cancer [3]. A second cancer is defined as a
histologically distinct cancer that develops after the first cancer [4]. The ability
to minimize relapse, maximize the efficiency of treatments while eradicating cancer
cells has become more challenging.

1



1. Introduction

1.3 Targeted Therapy
Targeted therapy has some distinct advantages over traditional radiation therapy.
Traditional external radiation therapy, via gamma radiation, can lead lead to high
doses to healthy tissue. The energy from the incident radiation is deposited primar-
ily at the surface of the body. As the gamma rays pass through the body energy is
attenuated in the healthy tissue and the gamma ray loses energy depending on the
distance of travel and the density of the material. Unless the tumor is on the surface
of the body the radiation absorbed in the tumor is usually less than, or equal to,
that of the surrounding healthy tissue. This is why doses need to be fractionated
and irradiation occurs from multiple locations. Targeted radiation therapy is an
internal therapy that has the potential to greatly increase the therapeutic window
by increasing the ratio of dose to tumor tissue verses healthy tissue. Critical organs
such as the liver, thyroid and kidneys are still important to take into account as
accumulation of the molecule often occurs in these organs.

The main types of radiation used in targeted therapy are beta emitting radionuclides
and alpha emitting radionuclides. Radiation type is selected based on the size of the
tumor: beta particles are used for tumors on the mm - cm scale, while alpha is used
for mm scale tumors and auger electrons are used for micrometastisis. This allows
for very concentrated dose due to the high linear energy transfer (LET) of these
types of radiation. A high LET means that the energy released from the radiation
is done so in a more concentrated volume then something with low LET, like gamma
rays or X-rays. Since the energy is concentrated it leads to a localized dose to the
tumor cell, and a reduced dose to healthy tissue. An important factor to consider
in both internal and external radiation therapy is the oxygen enhancement ratio
(OER). Gamma radiation causes most of its damage by indirect effects, such as the
hydrolysis of water in the body. These indirect effects need oxygen, which cause it
to be a limiting factor in epoxic tumors. Alpha radiation is not subject to the same
problem as its interactions with DNA are primarily through direct effects.

2



1. Introduction

Figure 1.1: The relationship between LET and RBE [5]

The short range of very energetic alpha emissions in tissue means that a large fraction
of that radiative energy goes into the targeted cancer cells, once a carrier, such as
a monoclonal antibody, has taken the alpha-emitting radionuclide to the tumor.
Alpha particles have an ideal radiobiological effect (RBE), shown in figure 1.1 due
to the ability to cause double-strand breaks in the DNA. There are three main
types of DNA damage, shown in figure 1.2: single-strand breaks, double-strand
breaks nonconsecutive, and double-strand breaks consecutive. Single-strand breaks
are easy for the body to repair, as are nonconsecutive double-strand breaks since
they are treated as 2 single-strand breaks. Consecutive double-strand breaks are
very difficult to repair and the cell often is not able to repair it or it is mis-repaired
as it involves complete sheering of the DNA. This can lead to a mutation or cell
death. This is more likely to happen during different stages of the cell cycle, meaning
that cells that divide frequently are more susceptible to radiation. Cancer cells are
rapidly dividing cells and are thus very susceptible to the effects of radiation.

3



1. Introduction

Figure 1.2: Three types of radiation induced DNA damage

There are multifaceted reasons RIT for solid tumor malignancies has been slower to
develop. Reasons for this are lack of specific antigens and antibodies optimized for
RIT, difficulties in linking radionuclides, shortfalls in readily available radionuclides
and the difficulty in clinical use[6]. Another issue with targeted therapy is attaching
the radionuclide to an antibody due to its large size and relatively long circulation
times in the body. This leads to larger doses to healthy tissue. A variety of methods
are being developed to combat this issue: one is a pre-targeting method where the
antibody binds to the antigen expressed on the tumor cell and then the radionuclide
attached to a linker is injected, which will bind to the antibody, another is to attach
the radionuclide to antibody fragments or to a small molecule designed to bind
exclusively to the specific antigen.

1.4 Radionuclides

1.4.1 Iodine
The half-life of 125I is 59.4 days, it is the second longest lived isotope of iodine. The
biological half-life is 120-138 days for unbound iodine and an effective half-life of
42 days[7]. It is a radionuclide produced in a reactor through the bombardment of
xenon gas. A simplified version of the 125Xe decay chain is shown in equation 1.1.

125
54Xe

t1/2=16.9h

EC−−→ 125
53I

t1/2=59.41d

EC−−→ 125m
52Te

t1/2=57.4d

IT−−→ 125
52Te

stable
(1.1)
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1. Introduction

125I decays by electron capture, with a decay energy of 0.186 MeV, to the excited
state of 125Te, which has a half-life of 57.4 days. 125mTe decays via isomeric
transition to stable 125Te [8]. The Auger effect is when electron vacancies resulting
from the internal conversion are filled by rearrangement of electrons in the outer
shell until the valence shell is reached. Auger electrons are extremely cytotoxic and
result in double-strand breaks if released in close proximity to the genome [9].

1.4.2 Astatine
211At decays by a double branch pathway, shown in figure 1.3. Each of the decay
branches yield an α-particle. The first branch (58.2%), 211At decays by electron
capture to 211Po, which quickly decays to stable 207Pb via α-decay. The second
branch (41.8%) involves direct α-particle emission to 207Bi. 207Bi undergoes electron
capture to stable 207Pb. [8] The range of the α particles in tissue is between 48 to
70 µm.

Figure 1.3: Simplified decay scheme for 211At

The valence states of astatine are similar to those of iodine: -1, 0, +1, +3, +5 and
+7. A special property of astatine is self-irradiation effects at high concentrations
[10] and the high LET radiation may induce self-radiolysis and different oxidation
states may occur simultaneously [10]. The radiotoxicity of 211At is classified as class
II, or high radiotoxicity, together with 125I [11].

1.5 Prostate Specific Membrane Antigen
An antibody generator, abbreviated antigen (Ag), is a structural substance which
serves as a target for the receptors of an adaptive immune response [12]. PSMA is a
100 kDa type II transmembrane protein that is highly expressed in prostate cancer
and the vasculature of most solid tumors, making it the current target of a number
of diagnostic and therapeutic strategies [13]. The role PSMA plays in prostate can-
cer is still unknown. The higher expressing tumors have been associated with faster
progression and a great percentage of patients suffering from relapse [14].

5



1. Introduction

Radiolabeled monoclonal antibodies that bind to the extracellular domain of PSMA
were shown to accumulate in PSMA-positive prostate tumors in animals [15]. They
hold promise for tumor detection and therapy, but clinical successes have been lim-
ited in large part because large molecules exhibit poor permeability in solid tumors
and slow clearance from the circulation system. Low molecular weight compounds
tend to have higher permeability into solid tumors and have more rapid tissue distri-
bution and faster blood clearance [16] A series of novel halogen-containing glutamate
urea heterodimers based on glutamate-urea-lysine were designed and synthesized
by Molecular Insight Pharmaceuticals, Inc.[17]. From these, a small molecule was
identified, halogenated ATE-P-1095, that binds with high affinity to PSMA and
accumulates in metastatic prostate cancer [17].

1.6 Aims of this Thesis
The main objective of this master thesis is to optimize the synthesis and subse-
quent quality control of the radiolabeling of a stannylated precursor abbreviated
as ATE-P-1095. It can be subjected to destannylation, with 125I and the alpha
emitter 211At. This PSMA targeting molecule MIP-1095/MAP-1095 labeled with a
radioactive alpha emitter can be used for target alpha therapy, which may provide
an additional component in the treatment of disseminated prostate cancer.

The first stage of the experimental plan is to develop a protocol to radiolabel the
ATE-P-1095 with 125I. An initial protocol for synthesis with 125I and 211At was
developed based on previous experiments with 131I. The necessary components for
the synthesis are dissolving the ATE-P-1095 residue in an aqueous solution, adding
an oxidizing agent and the radionuclide, incubation, and then adding a nonradioac-
tive iodine compound to substitute the rest of the remaining trimethyl-tin groups on
the MIP-1095/MAP-1095. Another compound needs to be added (such as trifluoric
acid) to remove the protecting groups from the MIP-1095/MAP-1095, which were
introduced to the molecule to obtain chemoselectivity. The solution is then diluted
and ran through a column. The desired product sticks to the column and can be
eluted with ethanol.

The solvents, iodination compounds and oxidizing agents are varied to obtain a
high specific activity and radiochemical purity of the product to make it suitable
for medical use. The product removed from the column is analyzed with radio-high
performance liquid chromatography (HPLC) and a NaI well detector to establish
the quality control of the molecule. Methods of separation such as thin layer chro-
matography (TLC) will be investigated. After the desired specific activity and
radiochemical purity have been obtained the protocol for 211At was developed. Cell
binding assays were done with both the iodinated and the astitinated compounds
at room temperature and in ice to evaluate the binding efficiency of the molecule.
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2
Methods

2.1 Reference Compound
An initial experiment was conducted to establish the baseline HPLC spectra for the
reference compound. The reference compound is a nonradioactive iodine labeled
MIP-1095. 5 mg of MIP-1095 was dissolved in 1 ml of 95% ethanol. A 20 µl sample
was injected into the HPLC and eluted with a gradient of 95%, 0.1% TFA in MilliQ
water and 5%, 0.1% TFA in ACN over 30 minutes.

Another experiment was conducted with the reference compound to establish if the
I-MIP-1095 sticks to the Bond Elute Plexa column. A mass of 4.31 mg of I-MIP-
1095 was added to 50 µl 1% acetic acid (HAc) in methanol. This was diluted to 1
ml with 95% ethanol, split in a half and each volume was then diluted further to 1.2
ml. The first volume was analyzed directly on the HPLC. A volume of 25 µl was
injected into the HPLC and ran with the afore mentioned parameters. The second
volume was put on a Bond Elute Plexa column activated with 3 ml of 20% ethanol
in MilliQ water solution. The 1.2 ml of solution was passed through the column
and collected. The product was analyzed on the HPLC using the same method as
the initial sample. The peak area of the spectra were compared to establish the
percentage of compound sticking to the column without further elution.

2.2 Radiohalogenation
A series of radiolabelings was done with 125I and 211At. The method of labeling
used is the electrophilic substitution of the radioactive iodine or astatine for the
trimethyl-tin group on the ATE-P-1095. Figure 2.1 illustrates the substitution reac-
tion for a radioactive iodine species. Appendix A has the final labeling procedures
for 125I-MIP-1095 and 211At-MAP-1095.
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2. Methods

Figure 2.1: Electrophilic substitution reaction for the addition of iodine or astatine
to to form MIP-1095/MAP-1095

2.2.1 Iodine-125
Two stock solutions of the ATE-P-1095 precursor molecule in chloroform were pre-
pared with concentrations of 8.87 mg/ml and 7.14 mg/ml. The first step was to
take 5 µl of stock solution and evaporate the chloroform under a stream of nitrogen.
The residue was then dissolved in 12 µl of 1 % acetic acid in methanol. Approxi-
mately 10 MBq to 30 MBq of Na[ 125I] solution was added with 1 µl of 10 mg/ml
chloramine-T in MilliQ water to oxidize the iodine. Next, a varying amount of ex-
cess of (1 mg/ml N-iodosuccinimide in 1% acetic acid in methanol was added to
substitute the remaining tin groups. It was then incubated with gentle agitation for
1 minute at room temperature. The solution was then resolved in 0.5 ml of neat
trifluoric acid to remove the tert-butyloxy carbonyl (BOC) protecting groups and
incubated with gentle agitation for 15 minutes at room temperature. Table 2.1 is
a summary of the varied experimental parameters for each experiment. During the
incubation the Bond Elute Plexa columns were activated with 2-3ml of 20% ethanol
in MilliQ water.

Table 2.1: Summary of varied parameters for the [ 125I]-MIP-1095 labeling exper-
iments
* stock concentration of 7.14 mg/ml

The solution was diluted to a volume of 5 ml with MilliQ water and a 50 µl to 75
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µl sample was taken for radio-HPLC analysis. The reaction mixture was added to
the Bond Elute Plexa column and washed with 2-3 ml of of 20 % ethanol in MilliQ
water. An air filled syringe was used to gently force the solution through the Bond
Elute Plexa column. The product was then eluted with 500 µl of 95 % ethanol. The
activity of each of the components of the system, along with the samples, product
and waste were recorded using a NaI well detector. Then the product was analyzed
with a radio-HPLC as shown in Lindegren et al [18] to determine radiochemical pu-
rity. Briefly, A reference cell and an analytical cell were used to form a dual-flow cell
constructed from two PEEK capillary coils to fit into the well of a NaI(Tl) detector.
The flow is directed from the injector to the reference cell allowing on-line detection
of the total amount of injected radioactivity prior to entering the HPLC column.
The radioactivity eluted from the column is then detected in the analytical cell.
This allows on-line quantification of the radioactivity passing through the system,
as well as the standard HPLC spectrum. Both of the spectra were recorded using
Max software.

2.2.2 Astatine-211

The astatine labeling follows a similar procedure to the iodine labeling due to the
similarities in the chemistry of the two elements. The same stock solutions of ATE-
P-1095 in chloroform were used. The same amount of stock solution, 5 µl, was
evaporated to dryness and dissolved in 12 µl of 1 mg/ml NIS in 1 % acetic acid
in methanol. The NIS solution was used, instead of just the 1 % acetic acid in
methanol, to activate the 211At since chloramine-T would cause over-oxidization.
The 211At was obtained by the steps outlined in Aneheim et al [19] and Lindegren
et al [20]. 209Bi targets are activated using 29 MeV alpha particles to create 211At
at the PET and Cyclotron Unit at Copenhagen University Hospital, Denmark. The
targets are comprised of a 20 µm bismuth layer on an aluminum backing and sealed
with 5 µm aluminum layer. The thin aluminum layers are removed from the backing
using a mechanical scraping device and the astatine is isolated from the bismuth by
dry distillation at 670 ◦C in a tube furnace. The astatine is evaporated and the
vapor is condensed in a chemically inert plastic capillary cooled to −79 ◦C. The
condensed astatine is eluted from the capillary with chloroform and portioned into
suitable vials and evaporated to dryness for further processing.

Astatine solution containing between 8 MBq- 20 MBq of activity was evaporated to
dryness under a stream of nitrogen. The astatine residue is dissolved in the ATE-
P-1095 solution. The solution was incubated for 1 minute with gentle agitation.
Additional excess NIS is added, between 0-20 µl to substitute the remaining tin
groups and then incubated with gentle agitation for another minute. To remove the
BOC-protection groups 0.5 ml of neat TFA was added and the solution was incu-
bated for 15 minutes with gentle agitation. The Bond Elute Plexa columns were
activated using 2-3 ml 20% ethanol in MilliQ water. Table 2.2 is a summary of the
varied experimental parameters for each experiment.
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Table 2.2: Summary of varied parameters for the [ 211At]-MIP-1095 labeling ex-
periments

The solution is diluted to a volume of 5 mL with MilliQ water and a 50 µl to 75 µl
sample was taken for HPLC analysis. The reaction mixture was added to the Bond
Elut Plexa column, activated with 20 % ethanol in MilliQ water. The remaining
liquid was purged from the column using an air filled syringe and the final product
was eluted with 95 % ethanol and analyzed in the same was as the iodinated samples.

2.3 Cell Binding

A series of LNCaP cell binding assays were conducted with 125I and 211At. LNCaP
cells are androgen-sensitive human prostate adenocarcinoma cells derived from the
left supraclavicular lymph node metastasis [21]. The LNCaP cells were maintained
in a RPMI-1640 medium and supplemented with 10 % fetal bovine serum. Three
concentrations of 211At-MAP-1095 were prepared and one concentration of 125I-
MIP-1095. The cells concentration was 1×107 to 2×107 cells in a 1.5 ml volume of
growth medium. This was diluted to a final volume of 3 ml with growth medium. A
stock solution was created with 7.6 µl of astatine product (At-8) diluted in 600 µl of
growth medium. 100 µl was diluted 5x and 100 µl was further diluted to a final dilu-
tion of 25x. An initial solution of 4.1 µl of iodine product (I-7) and 600 µl of growth
medium was used for the 125I trials. Each of the experiments were done in triplicate.

75 µl of the prepared radioisotope solution was added to 200 µl of cell solution.
A Wizard 1480 automatic gamma counter was used to establish the amount of
radioactivity added to the solution. Then, cells were agitated at room temperature
for two hours. After incubation, the cells were centrifuged for 5 minutes at 30,000
rpm, the fluid was drained and the cells were washed. Since, the cells were not
sticking properly to the walls of test tube phosphate buffered solution (PBS) was
used instead of the growth medium to wash the cells. After adding 200 µl PBS, the
solution was agitated gently and then centrifuged for 5 minutes. The solution was
removed from the cell pellet and the cells were measured in the gamma counter to
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obtain the bound over total. shown in Equation 2.1.

B/T = Abound − Atube

Atot

(2.1)

Abound is the activity bound to the cells, it is what is remaining after the washing
and removal of excess fluid from the cells. Atot is the initial activity added to each
test tube. Atube is the activity bound to the test tube. This was obtained by remov-
ing the cells from the test tubes of the highest concentrations experiments, washing
them with PBS, and measuring the activity.

Another series of cell binding experiments were conducted to determine if the ra-
dioisotope was being internalized and the expelled from the cell. It was prepared
similarly to the previous experiments. The cell concentration was 1×107 per ml in a
4 ml volume. A stock solution of 125I-MIP-1095 was prepared from 10 µl of product
(I-7) in 1200 ml volume of growth medium. Then, 200 µl of the stock solution was
diluted with 800 µl of growth medium. 100 µl of stock solution and 300 µl of cell
solution was added to 6 vials, each of the experiments were done in triplicate, and
the diluted solution was added into 6 more vials. The vials were counted to deter-
mine the initial radioactivity and then 3 vials with the stock concentration and 3
vials with the diluted concentration were kept at room temperature and the remain-
ing 6 vials were placed in an ice bath. The cells were allowed incubate with gentle
agitation for two hours. After the incubation the cells were centrifuged, washed and
counted in the same way as the previous experiments. B/T values were obtained
for each of the experiments.

2.4 Optimization and Quality Control

A series of calculations were done for each experiment to establish the quality control
and improve optimization of the radiohalagenated MIP-1095/MAP-1095 synthesis.

2.4.1 Specific Activity
Equation 2.2 is the specific activity, or specific radioactivity (SA), which is defined
as the decay rate A per unit amount of w of an element or compound [22]. In this
case w is the amount of ATE-P-1095 added to the system. The SI unit for specific
activity is Bq/kg.

SA = A

w
(2.2)

A high specific activity is important for medical purposed to minimize the amount of
material that needs to be injected into the patient. Large doses are often needed for
cancer treatment, in the GBq range, thus making it necessary to maximize specific
activity.
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2.4.2 Radiochemical Yield
Radiochemical yield is the yield of a radiochemical separation expressed as a fraction
of the activity originally present (Aint) [23]. The amount of desired product from
the radiochemical separation is determined by the activity of the eluent from the
column, Aelute.

RCY = Aelute

Aint

(2.3)

It is important to maximize the output of the experiment, or the RCY, due to 211At
limited availability and to reduce costs and labor requirements for the synthesis.

2.4.3 Radiochemical Purity
Radionuclide impurities can arise from variations in beam energy during irradiation
or low separation factors during chemical processing. Radionuclide identity and
purity were checked with a NaI(Tl) detector. The radionuclide purity of 125I and
211At does not decrease with time based on the half-life since both radionuclides decay
to stable elements. The chemical identity was checked by HPLC. The combination
of radionuclide purity and chemical identity is referred to as radiochemical purity
(RCP). For the purpose of these experiments the RCP is defined in Equation 2.4.

RCP = aproduct

aproduct + aaop

(2.4)

Where aproduct is the peak area of the desired product and aaop is the peak area of
all other peaks observed in the radio-HPLC spectrum.
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3
Results

3.1 Reference Compound
The reference I-MAP-1095 compound was used as a reference for the baseline HPLC
spectrum. The compound has a very clear, solitary peak, at 15 minutes. This peak
will shift to approximately 20 minutes if there are air bubbles in the system. Figure
3.1 illustrates a 20 µl sample of nonradioactive I-MAP-1095.

Figure 3.1: HPLC spectra for a nonradioactive I-MIP-1095

To establish the amount of labeled I-MIP-1095 that sticks to the column the refer-
ence compound was measured before and after passing through a Bond Elute Plexa
column, shown in Figure 3.2. The peak area for each of curves was evaluated and
compared to determine the amount of I-MIP-1095 removed from the column. The
ratio of the peak area shows that only 54% of the I-MIP-1095 was recovered from the
column. This could pose a problem for the recovery of the radiolabeled I-MIP-1095,
but is likely due to a heterogeneous sample split. The shifting of the peak is caused
by small bubbles trapped in the column.
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Figure 3.2: HPLC spectra for a nonradioactive I-MIP-1095 before and after passing
through a Bond Elute Plexa column

3.2 Iodine

Since 125I was readily available, it was used first to optimize the protocol. A variety
of experiments were conducted to show how the specific activity, radiochemical yield
and the radiochemical purity were influenced by the amount of oxidizing agent for
the 125I , the amount of Na125I added, and the amount of excess NIS added. Table
3.1 is a summary of all the results of the 125I labeling experiments.

Table 3.1: Summary of all I-125 labeling experiments
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3.2.1 Radiochemical Purity
During experimentation three main parameters were established for each trial: ra-
diochemical yield, specific activity and radiochemical purity. While the RCY and
RCP were influenced by varying the amount of oxidizing agent, excess NIS solution
and the initial activity, the RCP was largely unaffected. Figure 3.3 is a comparison
plot between Trial I-5 (large amount of excess NIS solution), Trial I-6 (highest initial
activity) and Trial I-7 (reduced chloramine-T concentration). The only variation in
the plots comes with the activity of the sample, largely influenced by the injection
volume into the column.

Figure 3.3: A radio-HPLC spectra comparing the influence of excess NIS solution,
high radioactivity and low oxidant concentration on the RCY of [ 125I]-MIP-1095

3.2.2 NIS
The first thing varied was the amount of excess NIS used to substitute the re-
maining tin groups. A range of values between 0 µl and 22 µl were used in the
experiments, which has been converted to the molar amount. Figure 3.4 shows the
correlation between the amount of excess NIS and the radiochemical yield obtained
from the experiment. The amount of excess NIS was not found to have a substan-
tial influence on the RCY. There is a deviation from the 99% radiochemical purity
in the first experiment, an NIS amount of 17 nmol. This is most likely due to
an inadequate flow rate through the column due to a poor connection between the
air-filled syringe and the column.

An upward trend is observed for the amount of excess NIS added and the specific
activity obtained. A 10x increase in the amount of excess NIS shows an increased
specific activity of 1.78x. The correlation between the amount of excess NIS and
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the specific activity is small, and is more likely due to the inadvertent increase in
the initial amount of Na125I.

Figure 3.4: A comparative plot showing the influence of excess NIS on the radio-
chemical yield and specific activity of [ 125I]-MIP-1095

3.2.3 Initial Activity
The amount of radioactivity was varied in each experiment, both intentionally and
unintentionally. A volume of 3 µl varied between 0.08 nmol and 0.249 nmol. The
activity was used to calculate the molar amount of 125I. In figure 3.5 a doubling of
of the initial activity results in almost a doubling of the specific activity. Then, an
initial volume of 6 µl was added, which resulted in 5x increase from the lower values.

There does not appear to be any correlation between the amount of initial 125I
and the radiochemical yield at these small volumes. There is a slight decrease from
>0.99 to 0.97 observed during the experiments. This is most likely due to material
attenuation seen in the iodine experiments. The reaction vial was a glass tube, while
the product was collected in a plastic Eppendorf tube initially. After it became clear
that there was some material attenuation observed in the measurements, the sam-
ples and products were collected in the glass vials.

A surface contour plot illustrates the dependence of specific activity on the amount
of excess NIS and the initial amount of 125I, shown in Figure 3.6. The experiments
with the highest specific activity were mostly dependent on the initial amount of
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Figure 3.5: A comparative plot showing the influence of the added activity on the
radiochemical yield and the specific activity of [ 125I]-MIP-1095

125I, but there does appear to be a range of NIS solution amounts where it is enough
to substitute all remaining methyl-tin groups on the molecule and not be too much
where it will be competitive with the 125I.

Figure 3.6: A surface contour plot showing the influence of excess NIS and the
initial activity on the radiochemical yield and specific activity of [ 125I]-MIP-1095

3.2.4 Oxidant
Chloramine-T was chosen as the oxidizing agent because the hypochlorite released
from chloramine-T forms iodine monochloride (ICl). ICl rapidly undergoes elec-
trophilic substitution with activated aromatic rings and is widely used for the incor-
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poration of iodine to peptides and proteins. Figure 3.7, shows a peak radiochemical
yield and specific activity at 44 nmoles of chloramine-T. Higher values caused over
oxidation of the 125I while smaller amounts of chloramine-T were not adequate
for proper oxidization of 125I. This volume corresponded to a 1 µl of 10 mg/ml
chloramine-T in MilliQ water solution.

Figure 3.7: A comparative plot showing the influence of the amount of oxidant,
chloramine-T, on the radiochemical yield and the specific activity of [ 125I]-MIP-1095

3.2.5 Column Flow Rate
The column flow rate was found to have a large influence on the radiochemical yield.
Agilent Technologies recommends a column flow rate of 1 ml/min for the Bond Elut
Plexa column. Due to missing the proper adapters for the column, the first trial had
a higher flow rate through the column, closer to 2 ml/min. This applies to the flow
rate for putting the solution on the column, and the elution of the product from
the column. Figure 3.8 illustrates the difference for radiochemical yield between the
faster flow rate and the normal flow rate, below 1 ml/min. A radiochemical yield
of 0.7 was obtained for the fast flow rate, while a value of 1.0 was obtained at the
slower flow rates. At the faster flow rate slightly more radioactivity was observed in
the wash, due to insufficient time for the [ 125I]-MIP-1095 to react with the column
material, and less product was eluted because adequate solvation of the [ 125I]-MIP-
1095 was not obtained at the higher flow rate.
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Figure 3.8: A comparative plot showing the influence of the column flow rate on
the radiochemical yield [ 125I]-MIP-1095

3.2.6 Molecular Degradation

The experiment with the highest radioactivity (38.3 MBq) was measured after 3
weeks to see if any molecular degradation was occurring due to self-irradiation or
other factors, shown in figure 3.9. The radio-HPLC spectra showed minimal differ-
ences between the sample analyzed right after the synthesis and the sample analyzed
after 3 weeks. The sample is stable long after synthesis which when combined with
the relatively long half-life of 125I is ideal for use in a medical facility. It can be
stored and kept on-hand instead of having to wait for it to be produced.

Figure 3.9: A comparative plot showing differences between [ 125I]-MIP-1095 di-
rectly after synthesis and after 3 weeks.
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3.3 Astatine
Due to the method of production for 211At and its short half-life it was only available
for experimentation every 2 weeks. After preliminary work with 125I experiments
were conducted with 211At. An oxidizing agent was not used for 211At since it is
prone to over-oxidizing. The amount of excess NIS was varied, the initial amount
of stock ATE-P-1095 and the amount of 211At added.

Table 3.2: Summary of all 211At labeling experiments

3.3.1 Radiochemical Purity
The comparison of the radiochemical purity for the 211At-MAP-1095 trials was not
as direct as the [ 125I]-MIP-1095 trials. While only a single desired peak appeared at
15 minutes, the baseline was extremely noisy in the majority of the later trials. This
could be due to the lower activities injected into the raido-HPLC because of the
poor RCY obtained in the majority of the experiments causing the concentration of
211At to be very small. Figure 3.10 shows a comparison of the RCP for Trial At-2,
Trial At-7 and Trial At-9.

3.3.2 NIS
There were two sets of experiments conducted with 211At in which the amount of
excess NIS solution was varied. The first set of experiments were conducted with
a stock ATE-P-1095 in chloroform that yielded 43 nmoles of ATE-P-1095 when 3
µl of solution were used in the experiment. The second was another stock solution
that yielded 54 nmoles of ATE-P-1095 for the same volume of solution. Excessive
amounts of excess NIS solution were used in the first set of experiments, figure
3.11. The peak occurred at, the lowest value 86 nmoles of excess NIS solution, for
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Figure 3.10: A radio-HPLC spectra comparing the influence of excess NIS solution,
high radioactivity on the RCP of [ 211At]-MAP-1095

both specific activity and the radiochemical yield. There was an inverse relation-
ship between the variables, as the specific activity and radiochemical yield continued
decreasing as the amount of excess NIS increased. This is probably due to compet-
itive binding between the iodine from the NIS and the 211At. The molar amount
of NIS exceeded the amount of 211At by many orders of magnitude.
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Figure 3.11: A comparative plot showing the influence of excess NIS on the ra-
diochemical yield and specific activity of [ 211At]-MAP-1095 with a starting molar
amount of 43 nmoles MAP-1095

The second set of experiments yielded a peak radiochemical yield and specific ac-
tivity at 56 nmoles of excess NIS solution, shown in figure 3.12. The highest radio-
chemical yield obtained with the higher concentration, 54 nmole of ATE-P-1095, was
only 50% compared to over 80% for 43 nmole of ATE-P-1095 experiments. The peak
occurred at a lower molar concentration of excess NIS solution for the experiments
with higher molar concentrations of ATE-P-1095. This is unexpected since the in-
creased amount of ATE-P-1095 would need more iodine molecules for substitution.
Increased radiochemical yields and specific activities might have been achievable at
the lower molar concentration of ATE-P-1095 with molar concentrations of excess
NIS solution closer to that of 211At to prevent competitive binding.

There was also large inconsistencies in the astatine labeling experiments as two ex-
periments with the same parameters with an excess of 72 nmoles and 75 nmoles
yielded a 45% difference in the radiochemical yield. The only difference was the
wash volume used to activate the columns and after adding the reaction solution to
the column, 2 ml versus 3 ml. The wash volume amount did not appear to influ-
ence the iodine labeling results but could have a more substantial influence on the
astatine labeled molecule. More experiments would need to be run in triplicate to
establish the experimental error of the system as it appears to be large.
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Figure 3.12: A comparative plot showing the influence of excess NIS on the ra-
diochemical yield and specific activity of [ 211At]-MAP-1095 with a starting molar
amount of 54 nmoles ATE-P-1095

3.3.3 Initial amount of 211At

Changing the initial amount of radioactivity increased the specific activity of the
iodine labeled compound substantially and had minimal effect on the radiochemical
yields of the process. The amount of 211At was doubled to get a starting activity
of 20 MBq instead of 10 MBq. This increase in activity lead to severely decreased
radiochemical yields and specific activity. Multiple elutions were done in an attempt
to recover more radioactivity from the column but no significant amounts of radioac-
tivity were recovered. Nearly 60% of the initial activity remained in the column at
the end of the experiment, with about 13% coming out in the waste.
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Figure 3.13: A comparative plot showing the influence of the molar amount of
211At on the radiochemical yield and specific activity of [ 211At]-MAP-1095

3.4 Comparison between 211At and 125I

The chemistry of 211At is not as well defined as 125I. It was originally believed
that since 211At is a halogen that it behaves like iodine. Since it is the heaviest
of all the halogens it is expected to exhibit a more electropositive character and it
is considered to have some metallic properties, like polonium. This could explain
some of the differences in the results obtained from iodine and astatine. While the
radio-HPLC had very similar results for both iodine and astatine there were some
noticeable difference in the UV spectrum. Both compounds had single peaks at 15
minutes if there was no air in the column, but there was tailing in the majority of io-
dine labeled compound and more chemical impurities noticeable in the UV spectrum.
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Figure 3.14: A comparative plot showing the differences in the HPLC spectrum
between [ 211At]-MAP-1095 and activity of [ 125I]-MIP-1095

There were also minor difference in the radiation spectrum. Many of the astatine
spectra had a larger amount of noise, especially at the lower activities. The low
activities achieved with astatine lead to smaller overall peaks and thus more notice-
able background radiation.

Figure 3.15: A comparative plot showing the differences in the radiation spectrum
between 211At-MAP-1095 and activity of [ 125I]-MAP-1095
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3.5 Cell Binding
A series of cell binding assays were conducted for both astatine and iodine. All of
the experiments were done in triplicate and an average value was used to calculate
the B/T . The experimental error ranged from 1%-4% for the [ 211At]-MAP-1095
and below 1% for the [ 125I]-MIP-1095. The full data set for both experiments can
be found in Appendix D.

The stock solution of [ 211At]-MAP-1095 was diluted by a factor of 5 and 25 yielding
3 different concentrations. For [ 125I]-MIP-1095 one concentration was used follow-
ing the same procedure used for [ 211At]-MAP-1095 stock solution. The solution of
125I-MAP-1095 in ethanol had a higher initial concentration then the [ 211At]-MAP-
1095 due to better RCY for the experiment. This lead to a higher concentration
stock solution for the [ 125I]-MIP-1095. 211At has a very short half-life compared
to 125I so to achieve the same radioactivity less 211At is needed when the solution
is fresh. Table 3.3 is a summary of the average counts before and after binding, as
well as the average B/T , for 211At and 125I at room temperature.

Table 3.3: Summary of cell binding labeling experiments for 211At and 125I at
room temperature

The highest B/T for [ 211At]-MAP-1095 was seen at the lowest concentration and
decreased as the molar amount of [ 211At]-MAP-1095 in the solution increased, shown
in figure 3.16. This is conducive with what was expected as there are more avail-
able binding spots for the [ 211At]-MAP-1095 at lower activities. The amount of
radioactivity sticking to the test tubes was found to be around 0.5% for the highest
concentration of [ 211At]-MAP-1095 and was not considered to be a significant con-
tributing factor to the bound activity.
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Figure 3.16: A comparative plot showing the influence of the amount of 211At on
the B/T of [ 211At]-MAP-1095 to LNCaP cells.

The [ 125I]-MIP-1095 yielded a fairly high B/T in comparison to [ 211At]-MAP-1095,
25.6%, even thought the amount of[ 125I]-MIP-1095 was 3-5 orders of magnitude
higher. Another set of experiments were conducted with [ 125I]-MIP-1095 to see
the influence of concentration and temperature on the cell binding. Some cells in-
ternalize certain molecules and then excrete them. This can lead to lower overall
B/T if the time frame in which this occurs is less than that of the incubation time.
Internalization can be minimized or slowed if the cells are put in an ice bath dur-
ing the incubation. Table 3.4 is a summary of the average counts before and after
binding, as well as the average B/T , for 125I at room temperature and in an ice bath.

Table 3.4: Summary of cell binding labeling experiments for 125I at room temper-
ature and in an ice bath

There was a 16% difference in the B/T at the high concentration between the room
temperature and the ice bath. The difference grew to 45% for the lower concentra-
tion in favor of the room temperature binding. Figure 3.17 shows a comparison at
the two concentrations for the two temperatures. The small difference at 70 pmole
of [ 125I]-MIP-1095 is likely due to there being a limited number of binding spots
per individual [ 125I]-MIP-1095 molecule. There was likely minimal internalization
and excretion of the 125I, but the same conclusion cannot be drawn for 211At due
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to the differences in the way the radionuclides interact with the body.

Figure 3.17: A comparative plot showing the influence of the temperature on the
B/T of 125I-MAP-1095 to LNCaP cells.

The concentrations for each of the [ 125I]-MIP-1095 cell binding experiments con-
ducted at room temperature were compared in Figure 3.18. The [ 125I]-MIP-1095 cell
binding experiments exhibited results similar to the [ 211At]-MAP-1095 cell binding
experiments in regard to the influence of concentration on the B/T . There appears
to be a linear fit to the [ 125I]-MIP-1095 cell binding curve, where as the [ 211At]-MAP-
1095 cell binding curve appears to follow an exponential trend. A direct comparison
cannot be made since the order of magnitude of the concentrations differs so greatly.
A series of 125I-MIP-1095 cell binding studies at lower concentrations could provide
a more complete picture.

Figure 3.18: A comparative plot showing the influence of the amount of 125I on
the B/T of [ 125I]-MIP-1095 to LNCaP cells.
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3. Results

The relatively low binding yield for each of the experiments, and the increased
binding for lower concentration solutions is explained by the ratio of the number of
[ 125I]-MIP-1095 and [ 211At]-MAP-1095 molecules to the number of LNCaP cells,
shown in Table 3.5. The first set of experiments were done with an initial cell
concentration of 6.67×106 to 1.33×107cells/ml which was further diluted to 3.33×
106 to 6.67× 106cells/ml. This led to a very low cell count per test tube, each tube
only had 200 µl of cell solution, in comparison to the number of [ 125I]-MIP-1095
and [ 211At]-MAP-1095 molecules. As the ratio decreases the B/T values increase.
An ideal binding experiment would be one in which the cells were in excess.

Table 3.5: Summary of calculations for the ratio of the number of 125I-MIP-1095
and 211At-MAP-1095 molecules to the number of LNCaP cells.

The same trend can be seen in the second set of experiments testing the inter-
nalization of the [ 125I]-MIP-1095 and [ 211At]-MAP-1095 molecules in the LNCaP
cells, shown in Figure 3.6. The initial LNCaP cell concentration was higher (1 ×
107cells/ml) and a volume of 300 µl was added to each of the vials. This resulted in
a number of cells per experiment that was 2-4x the previous experiments. However,
this did not appear to have a huge influence on the results since the concentration of
the [ 125I]-MIP-1095 was more than 2x higher than the previous experiments. There
was a slight improvement in the B/T for the x5 dilution which yielded a lower ratio
of bindable molecules to LNCaP cells.

Table 3.6: Summary of calculations for the ratio of the number of 125I-MIP-1095
molecules to the number of LNCaP cells.

3.6 Comparison with K. Maresca
A comparison was done with the results obtained from K. Maresca [17]. Briefly,
ATE-P-1095 was radiolabeled with 123I and 131I via Na123I and Na131I. Iodegen
was used as the oxidant and the boc-protecting groups were removed using TFA.
The lead compounds were radioiodinated in ≥ 60% radiochemical yield with >95%
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3. Results

radiochemical purity following purification by reverse phase high pressure liquid
chromatorgraphy with a specific activity of > 4000 mCi/µmol[17]. In comparison
with the results obtained in these experiments of radiochemical yields ≥ 95% with
radiochemical purities ≥ 99% and a maximum specific activity of 694 mCi/µmol.
The large difference is specific activity is likely due to the differences in half-lives
between the iodine species and the amount of initial radioactive NaI. The half-life
of both 123I and 131I are 13.22 hours and 8.02 days in comparison to 60 days for
125I making them substantially more radioactive for smaller masses.
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4
Conclusion

High radiochemical purities are achievable for both [ 125I]-MIP-1095 and [ 211At]-
MAP-1095. RCP greater than 99% were observed for all [ 125I]-MIP-1095 experi-
ments and equally high RCP values were observed in the majority of [ 211At]-MAP-
1095 experiments, though there was a lot of noise in observed in the baseline making
absolute quantification of the RCP for [ 211At]-MAP-1095 difficult in some exper-
iments. The RCP is a very important aspect of quality control for a radiophar-
maceutical, impurities can have unwanted side affects and may result in increased
radiation dose to healthy tissue.

The radiochemical yield for the [ 125I]-MIP-1095 experiments did not appear to be
influenced heavily by the amount of excess NIS solution, the oxidizing agent con-
centration or the amount of Na[ 125I] added to the system. It did exhibit signs
of dependence on the flow rate of the solution and eluent through the Bond Elute
Plexa column. For the [ 125I]-MIP-1095 synthesis RCY near 100% were obtained
for nearly all experiments. The synthesis of [ 211At]-MAP-1095 did not yield the
same consistent results in regards to RCY as its [ 125I]-MIP-1095 counterpart. A
RCY of 85.6% was obtained showing that it is possible to get good yields from the
synthesis, but reproducibility of this was low and most of the values for RCY were
around 30%. The RCY for [ 211At]-MAP-1095 can likely be increased by substan-
tially reducing the amount of excess NIS used. This will minimize the competitive
binding between iodine and 211At.

The maximization of the specific activity for [ 125I]-MIP-1095 was obtained through
varying the amount of excess NIS solution, the oxidizing agent concentration or the
amount of Na[ 125I] added to the system. Unlike the RCY yield, the specific activity
showed sensitivity to the amount of excess NIS and the concentration of chloramine-
T, favoring a moderate amount of each. The SA had the highest sensitivity to the
amount of Na[ 125I] added. The increase of Na[ 125I] to 3x the value added to all
prior experiments, increasing the activity from an average of 10 MBq to 30 Mbq,
resulted in a 3x increase in SA. This indicates that the specific activity could be
increased further as the amount of Na[ 125I] is the limiting factor.

Large specific activities were also something that was not readily obtainable with the
[ 211At]-MAP-1095 experiments. This is likely due to the poor RCY of the majority
of the experiments. Most of the radioactivity remained bound to the column or,
at times, was lost in the waste stream. The influence of the amount of excess NIS
solution on the RCY and SA indicated that the ideal values were when the molar
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4. Conclusion

amount of excess NIS was almost equal to the molar amount of added ATE-P-1095
but no definite conclusions can be made. The increase of the amount of 211At exhib-
ited the opposite behavior of the [ 125I]-MIP-1095 synthesis. The increase of 211At
by 2x reduced both the RCY and the SA by 3x. This indicated that the limiting
factor was not the 211At.

The cell binding experiments showed B/T values between 6% -33% for both [ 125I]-
MIP-1095 and [ 211At]-MAP-1095. For both molecules the B/T went up as the
concentration decreased. This was expected as the ratio of [ 125I]-MIP-1095 and
[ 211At]-MAP-1095 molecules to the LNCaP cells was a 3-8 orders order of magni-
tude difference. There was an insufficient number of binding spots for each of the
[ 125I]-MIP-1095 and [ 211At]-MAP-1095 molecules. The internalization of the [ 125I]-
MIP-1095 was also examined. Two identical binding experiments were conducted,
one at room temperature and one in an ice bath. Putting the cells on ice can slow or
stop the internalization and excretion of the [ 125I]-MIP-1095 from the LNCaP cell.
The B/T values for the room temperature experiments at the diluted concentration
were double the B/T values for the diluted concentration experiments kept on ice
during the incubation period, indicating that the [ 125I]-MIP-1095 was not being
excreted from the cell. This might not be the case for [ 211At]-MAP-1095 as the two
molecules could have different physiological behaviors in the body.

Overall high specific activities, radiochemical yield and a high radiochemical purity
was achievable for [ 125I]-MIP-1095. This is promising for use in treating micrometas-
tases in prostate cancer due to the Auger electrons emitted during decay and that
it is more readily available than 211At because of its long half-life. The [ 125I]-MIP-
1095 proved to be stable with no degradation for weeks at a time so it can be made
in larger quantities and stored until needed. Experimentation showed that a high
radiochemical purity can be achieved for [ 211At]-MAP-1095, and relatively high ra-
diochemical yields and specific activities were shown to be possible. With further
experimentation yielding a deeper understanding of the mechanisms and synthesis
of [ 211At]-MAP-1095 better yield and higher specific activities can be obtained.

Future recommendations would be to substantially decrease the amount of NIS in
the 1% acetic acid in methanol added in the second step of the astatination protocol.
This should decrease the competitive binding between the iodine from the NIS and
the 211At. All of the radiohalagenation experiments should done run in triplicate
to establish the amount of experimental error as it appears to be rather large for
the 211At labelings. More cell binding studies should be done with either increased
numbers of cells or reduced concentration of the [ 125I]-MIP-1095 and [ 211At]-MAP-
1095. This will ensure there is enough binding spots available for the [ 125I]-MIP-1095
and [ 211At]-MAP-1095.
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A
Iodination Protocol

Reagents:
ATE-P-1095
Methanol
Chloramine-T
Ethanol
N-iodosuccinimid (NIS)
Acetic Acid (HAc)
Na125I
MilliQ Water
Triflouric Acid (TFA)
Citrate Buffer pH 5.5

Equipment:
Eppendorf tubes (0.5 mL and 1.7 mL)
Borosilicate reaction vials (1.1 mL)
Bond Elut columns
Plastic syringe
Syringe - Column adapters
Pipettes and tips (0-200 microliters)

Preparatory Work:
In advance

• 1% HAc in Methanol ( 25 mL)

• 0.1% HAc in MilliQ water ( 50 mL)

• 0.1 M Citrate pH 5.5 ( 500 mL)

• 20% Ethanol in MilliQ water

• If necessary make a stock solution of ATE-P in chloroform (1 mg/mL)

Right before

• 10 mg/mL Chloramine-T in MilliQ water ( 1 mL)

• 5-10 mM ( 1 mg/mL) in NIS 1% HAc in Methanol ( 1 mL)
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A. Iodination Protocol

• Wash Bond Elute column with 20% Eth/Water mixture (2-3 pre-dilution so-
lution volumes = 2mL)

Instructions:

1. Add ATE-P-1095 in chloroform to a glass reaction vial and evaporate to dry-
ness under a stream of nitrogen

2. Dissolve residue in 12 µl 1% HAc/Methanol

3. Add 1 µl Chloromine-T solution

4. Add Na125I

5. Add 3 µl excess of NIS over ATE-P-1095 to substitute remaining tin groups

6. Incubate at gentle agitation for 1 minute at room temperature

7. Resolve in 0.5 mL neat TFA to remove the tert-butyloxy carbonyl protecting
groups

8. Incubate at gentle agitation for 15 minutes at room temperature

9. Dilute with 5 mL MilliQ water

10. Optional to take a midpoint sample for the HPLC

11. Add the reaction mixture to the Bond Elute column

12. Wash the column with 20% ethanol/water mixture - (2-4 pre-dilution solution
volumes = 2 mL)

13. Dry the column with air in the syringe

14. Elute product with 500 µl of 95% ethanol

15. Evaporate with nitrogen stream and resolve in 0.1 M Citrate buffer pH 5.5
(For Injection)
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B
Astatination Protocol

Reagents:
ATE-P-1095
Methanol
Ethanol
N-iodosuccinimid (NIS)
Acetic Acid (HAc)
211At/chloroform
MilliQ Water
Triflouric Acid (TFA)
Citrate Buffer pH 5.5

Equipment:
Eppendorf tubes (0.5 mL and 1.7 mL)
Borosilicate reaction vials (1.1 mL)
Bond Elut columns
Plastic syringe
Syringe - Column adapters
Pipettes and tips (0-200 microliters)

Preparatory Work:
In advance

• 1% HAc in Methanol ( 25 mL)

• 0.1% HAc in MilliQ water ( 50 mL)

• 0.1 M Citrate pH 5.5 ( 500 mL)

• 20% Ethanol in MilliQ water

• If necessary make a stock solution of ATE-P in chloroform (1 mg/mL)

Right before

• 10 mg/mL Chloramine-T in MilliQ water ( 1 mL)

• 5-10 mM ( 1 mg/mL) in NIS 1% HAc in Methanol ( 1 mL)
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B. Astatination Protocol

• Wash Bond Elute column with 20% Eth/Water mixture (2-3 pre-dilution so-
lution volumes = 2mL)

Instructions:

1. Add ATE-P-1095 in chloroform to a glass reaction vial and evaporate to dry-
ness under a stream of nitrogen

2. Dissolve residue in 12 µl NIS (1 mg/ml) in 1% HAc/Methanol

3. Add 211At in chloroform to a clean vial and evaporate to dryness under a
stream of nitrogen

4. Incubate at gentle agitation for 1 minute at room temperature

5. Add 3 µl excess of NIS over ATE-P-1095 to substitute remaining tin groups

6. Incubate at gentle agitation for 1 minute at room temperature

7. Resolve in 0.5 mL neat TFA to remove the tert-butyloxy carbonyl protecting
groups

8. Incubate at gentle agitation for 15 minutes at room temperature

9. Dilute with 5 mL MilliQ water

10. Optional to take a midpoint sample for the HPLC

11. Add the reaction mixture to the Bond Elute column

12. Wash the column with 20% ethanol/water mixture - (2-4 pre-dilution solution
volumes = 2 mL)

13. Dry the column with air in the syringe

14. Elute product with 500 µl of 95% ethanol

15. Evaporate with nitrogen stream and resolve in 0.1 M Citrate buffer pH 5.5
(For Injection)
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C
Radio-HPLC Spectra

Figure C.1: HPLC spectrum for product A, conducted on 2015/02/02, [ 125I]-MIP-
1095
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C. Radio-HPLC Spectra

Figure C.2: HPLC spectrum for product B, conducted on 2015/02/02, [ 125I]-MIP-
1095

Figure C.3: HPLC spectrum for sample A, conducted on 2015/02/02, [ 125I]-MIP-
1095
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C. Radio-HPLC Spectra

Figure C.4: HPLC spectrum for sample B, conducted on 2015/02/02, [ 125I]-MIP-
1095

Figure C.5: Radio-HPLC spectrum for the product, conducted on 2015/02/11,
[ 211At]-MAP-1095
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C. Radio-HPLC Spectra

Figure C.6: Radio-HPLC spectrum for the product 1 immediately after synthesis,
conducted on 2015/02/18, [ 211At]-MAP-1095

Figure C.7: Radio-HPLC spectrum for the product 2 immediately after synthesis,
conducted on 2015/02/18, [ 211At]-MAP-1095
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C. Radio-HPLC Spectra

Figure C.8: Radio-HPLC spectrum for the product 1 three hours after synthesis,
conducted on 2015/02/18, [ 211At]-MAP-1095

Figure C.9: Radio-HPLC spectrum for product 1 immediately after synthesis,
conducted on 2015/03/04, [ 211At]-MAP-1095
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C. Radio-HPLC Spectra

Figure C.10: Radio-HPLC spectrum for product 2 immediately after synthesis,
conducted on 2015/03/04,[ 211At]-MAP-1095

Figure C.11: HPLC spectrum for reference molecule before entering the column
conducted on 2015/03/18, MIP-1095
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C. Radio-HPLC Spectra

Figure C.12: HPLC spectrum for reference molecule before entering the column,
a second verification, conducted on 2015/03/18, MIP-1095

Figure C.13: HPLC spectrum for reference molecule after entering the column
conducted on 2015/03/18, MIP-1095
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C. Radio-HPLC Spectra

Figure C.14: Radio-HPLC spectrum for product 1 immediately after synthesis,
conducted on 2015/03/18, [ 125I]-MIP-1095

Figure C.15: Radio-HPLC spectrum for sample 1 immediately after synthesis,
conducted on 2015/03/18, [ 125I]-MIP-1095
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C. Radio-HPLC Spectra

Figure C.16: Radio-HPLC spectrum for sample 2 immediately after synthesis,
conducted on 2015/03/18, [ 125I]-MIP-1095

Figure C.17: Radio-HPLC spectrum for product 1 immediately after synthesis,
conducted on 2015/03/25, [ 211At]-MAP-1095
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C. Radio-HPLC Spectra

Figure C.18: Radio-HPLC spectrum for product 2 immediately after synthesis,
conducted on 2015/03/25, [ 211At]-MAP-1095

Figure C.19: Radio-HPLC spectrum for sample 1 immediately after synthesis,
conducted on 2015/03/25, [ 211At]-MAP-1095
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C. Radio-HPLC Spectra

Figure C.20: Radio-HPLC spectrum for sample 2 immediately after synthesis,
conducted on 2015/03/25, [ 211At]-MAP-1095

Figure C.21: Radio-HPLC spectrum for product 1 immediately after synthesis,
conducted on 2015/03/27, [ 125I]-MIP-1095
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C. Radio-HPLC Spectra

Figure C.22: Radio-HPLC spectrum for product 2 immediately after synthesis,
conducted on 2015/03/27, [ 125I]-MIP-1095

Figure C.23: Radio-HPLC spectrum for product 1 immediately after synthesis,
conducted on 2015/04/01, [ 125I]-MIP-1095
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C. Radio-HPLC Spectra

Figure C.24: Radio-HPLC spectrum for product 2 immediately after synthesis,
conducted on 2015/04/01, [ 125I]-MIP-1095

Figure C.25: Radio-HPLC spectrum for product 3 immediately after synthesis,
conducted on 2015/04/01, [ 125I]-MIP-1095
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C. Radio-HPLC Spectra

Figure C.26: Radio-HPLC spectrum for product 1 three weeks after synthesis,
conducted on 2015/04/01, [ 125I]-MIP-1095

Figure C.27: Radio-HPLC spectrum for product 2 three weeks after synthesis,
conducted on 2015/04/01, [ 125I]-MIP-1095
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C. Radio-HPLC Spectra

Figure C.28: Radio-HPLC spectrum for product 1 immediately after synthesis,
conducted on 2015/04/08, [ 211At]-MAP-1095

Figure C.29: Radio-HPLC spectrum for product 1 immediately after synthesis,
conducted on 2015/04/08, [ 211At]-MAP-1095
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C. Radio-HPLC Spectra
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D
Cell Binding

Table D.1: Comprehensive list of At-211 and I-125 cell binding experiments at
room temperature

Table D.2: Comprehensive list of I-125 cell binding experiments in an ice bath and
at room temperature
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D. Cell Binding
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E
Error Propagation

The error analysis was done for the specific activity following the GUM method
using a Kratgen spreadsheet. The error for the RCY for labeling experiments and
the B/T for the cell binding experience were found to be less 0.1% and are not
reported here. The working equation for the specific activity is given in Equation
E.1.

SA = A
mAT E

Vtot
Vexp

(E.1)

A is the activity of the 125I or the 211At eluted from the column, mAT E is the
mass of the ATE-P-1095 in the stock solution, Vtot is the total volume of the stock
solution and Vexp is the volume of stock solution used in the experiment. The errors
were assumed to be mAT E = 0.0001g due to the scale, Vtot = Vexp = 1% for properly
calibrated micropipettes and A =

√
counts. Table E.1 contains a summary of the

uncertainty analysis.
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E. Error Propagation

Table E.1: A summary of the uncertanties (unc), relative uncertainty (rel. unc.)
and the range (U) in the specific activity (SA) calculations.

XXIV


	List of Figures
	List of Tables
	Introduction
	Background
	Prostate Cancer
	Targeted Therapy
	Radionuclides
	Iodine
	Astatine

	Prostate Specific Membrane Antigen
	Aims of this Thesis

	Methods
	Reference Compound
	Radiohalogenation
	Iodine-125
	Astatine-211

	Cell Binding
	Optimization and Quality Control
	Specific Activity
	Radiochemical Yield
	Radiochemical Purity


	Results
	Reference Compound
	Iodine
	Radiochemical Purity
	NIS
	Initial Activity
	Oxidant
	Column Flow Rate
	Molecular Degradation

	Astatine
	Radiochemical Purity
	NIS
	Initial amount of  211At

	Comparison between  211At and  125I
	Cell Binding
	Comparison with K. Maresca

	Conclusion
	Bibliography
	Iodination Protocol
	Astatination Protocol
	Radio-HPLC Spectra
	Cell Binding
	Error Propagation

