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Chapter 1

1. Introduction

The World Health Organization defines cancer is a global disease that affects human
tissues or organs and is caused by the uncontrolled growth of abnormal cells in any part of
the human body. Cancer is known as a disease that is quite tricky to diagnose at an early
stage [1]. At low doses, ionizing radiation can be used to acquire details of patient’s
diseased organs, identify early stages of cancer such as multiple myeloma, osteolytic
lesions, bone fractures and so on, by means of radiographs or CT-scans and MRI; this
concept is known as diagnostic radiology. Other diagnostic methods are nuclear medicine
tests which utilizes the use of medical radioisotope to study the human organs, malignant

diseases [2].

Nuclear medicine, which is a medical specialty that is part of radiology that helps to
diagnose and treat diseases, utilizes prescribed dosages of radioactive sources either
administered orally or intravenously to patients to assess organ function, identify
anomalies, and treat diseases such as active infections. A wide range of diagnostic medical
radioisotopes were reported by Grupen et.al [3], amongst them, is technicium-99m which
is used in thyroid scan prior 3| treatment for thyroid cancer [4], *®F-FDG for PET/CT scan
which was reported to have shown excellent diagnostic performance in the identification
of soft-tissue, nodal, and visceral metastases during initial staging and follow-up, Yttrium
used to treat cancer, especially non-Hodgkin’s lymphoma and liver cancer, **!lodine,
3samarium and 32phosphorus are also used in radiotherapy and to name few, that;

181Cesium, palladium (1*Pd) and ?*radium are used in special cases [5].

Upon diagnosis, follows treatment which can either be chemotherapy, surgery and/or

radiation therapy or combination of these treatment modalities. Radiation therapy is a

1



cancer treatment that uses ionizing radiation such as x-rays, photons, neutrons and other
source of radiation to destroy cancer cells and reduce tumors by disrupting the DNA of the
cells, preventing them from growing and multiplying.

There are different types of radiation therapy such as external beam radiation therapy
(EBRT) [6] where the radiation source is delivered into the body directly to a tumor by
advanced treatment machines such medical linear accelerators, or internal radiation
therapy, in which the radioactive source is placed near cancerous cells by brachytherapy.
Targeted radionuclide therapy (TRT) or peptide receptor radionuclide therapy (PRRT) [7]
are also form of internal systematic radiation therapy as it employs a biological molecule
labelled with a medical radioisotope synthesized into a radiopharmaceutical to deliver a

radiation dose to the targeted diseased organs [8].

Radioisotope production is one of the fastest-growing sectors, owing to its impact on
medicine, particularly cancer. Produced radioisotopes by means of technologies such as
particle accelerator, cyclotrons or nuclear reactors etc. must meet clinical requirements
such as having highest specific activity, free of impurities i.e., be carrier-free, and should
not have toxicity. One of the characteristics of radiopharmaceuticals is that they must
undergo decay with a unique half-life and decay mode, so it can be eliminated from the
body with an effective half life time approximately equaling the examination time to
prevent subsequent exposure to the body [8]. Long half-lives are not useful in nuclear
medicine, even for therapy, because the delivered dose is governed by the patient's total
radiation exposure. The dose attributed outside the window for imaging or therapy needs

to be reduced, very long half-lives will deliver the majority of the dose outside that window

[9l.

A radionuclide of interest in this paper is *’’Lutetium which is radioligand therapy
that is still radiolabeled as Y"’Lu-DOTATATE as a treatment of GEP-NETSs, "’Lu-PSMA.-



617 for exploiting prostate-specific membrane antigen (PSMA), a receptor significantly
activated on prostate cancer cells [10]. Medical radioisotope *"”Lu can be produced by
cyclotron and at the nuclear reactor by direct method from irradiating Lu-176 targets or
indirect method prepared from ®ytterbium which is irradiated and transformed into ¥'"Yb,
which rapidly returns to *’Lu [11], [12].

1.1. Targeted Radionuclide Therapy: Lu-177 in nuclear medicine

Targeted radionuclide therapy (TRT) involves the use of radiopharmaceuticals designed to
specifically target cancer cells. These radiopharmaceuticals have rapidly grown in
popularity, with agents such as Y’Lu-DOTATATE, Y"Lu-PSMA, which targets PSMA, is
also emerging as an attractive strategy for metastatic castration-resistant prostate cancer,
with large late-phase clinical trials under way [13]. In contrast to conventional radiation
therapy, PRRT/ TRT therapies are categorized with the concepts of theragnostic — which
iIs a combination of diagnostic and therapeutic treatment, a comparison of with

conventional radiation therapy is shown in figure 1.1 [14].

Peptide receptor radionuclide therapy (PRRT) is a type of site-directed targeted
therapeutic strategy that specifically uses a cell-targeting protein (or peptide), identical to
the natural circulating hormone somatostatin, mixed with a small amount of radioactive
material, or radionuclide, to create a radiopeptide, a unique sort of radiopharmaceutical.
This radiopeptide travels and binds to neuroendocrine tumor cells after the intravascular
administration to deliver cytotoxic radiation to tumor cells. PRRT is a therapeutic option
for gastro-enteropancreatic neuroendocrine tumors (GEP-NETSs) that has scattered
throughout the human body, Neuroendocrine tumors (NETS) that develops in any organ or
tissue [15].
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Figure 1.1. Targeted radionuclide therapy demonstrating how theragnostic systems combine
diagnostic imaging (Ga-68-DOTATATE PET/CT) to detect the presence of a molecular target
(somatostatin receptors) in each patient. A patient who is found to be positive for a molecular

target is selected for therapeutic intervention, in this case Lu-177-DOTATATE [14].

The approval of Y’Lutetium-DOTATATE for clinical use by the United State Food
and Drug Administration (FDA) in January 2018 for the treatment of a type of GEP-NETs
was supported by the findings in the open-label phase 111 NETTER-1 trial wherein the two
clinical trial study incorporated about 229 patients that were affected with the somatostatin
receptor-positive GEP-NET that had advanced. In this clinical trial:

- Options involved 116 patients who received the treatment of 7’Lutetium-
DOTATATE at 7.4 GBq (200 mCi) every 8 weeks for up to 4 administrations with
drug octreotide long-acting repeatable (LAR) 30 mg by intramuscular injection
every 4 weeks and 113 patients received high-dose long-acting octreotide at 60 mg
by intramuscular injection every 4 weeks. Amongst other objectives in this study
was determining the period progression-free survival i.e., the period during which

tumors did not grow after treatment and it was found that progression-free survival
4



was longer for patients taking treatment with octreotide compared to patients who
received octreotide alone. In the second clinical study, 1,214 patients with the same
conditions were given ’Lutetium-DOTATATE, observations of complete or partial
tumor shrinkage was reported in 16% of a subset of 360 patients, evaluations were
made by the FDA [16]-[18].

Secondary end points included the objective response rate, overall survival, safety,
and the side-effect profile still to be under investigations and some reports have been
published [19]-[21] as well as prescription information pack [22]. The method of
administrating Lutathera has been widely adopted as Asti M. et.al [23] reported and
figure 1.2 is showing a gravity infusion method tubing connection scheme for

Lutathera administration.

NaCl 0.9% 250 ml

Amino acid solution
Lysine + Arginine 1 liter

e 1 drop every 3 seconds for the first
NLLEIE 15 minutes, followed by maximum
flow drop rate for the next 15
minutes to ensure a steady rate of
radioactivity infusion into the patient

Survey meter on top of g
' plexibox containing dose vial 1000 mi
? Amino acid
— ‘ infusion at
250 mifhe
for a total of

‘ 4 hours
|

Short needle{—* < Long needle

The long needle is
inserted first into the
Lutathera vial. it must
touch the bottom of the
vial and be held in place
for the complete
extraction of Lutathera

? solution

Figure 1.2. Gravity infusion method tubing connection scheme for
7L utetium-DOTATATE administration [23].



1.1. Problem statement

Radioisotope Lu-177 production process by using thermal neutrons in a nuclear
reactor is mainly preferred and explored for medical applications following the most
commonly routes adopted worldwide which are “direct” and “indirect” method; or by high

energy particle accelerators (cyclotrons) — less explored route.

By the direct method, Lu-177 is produced by irradiating enriched °Lu targets
wherein the results may contain long lived radioisotope Lu-177m and indirect method
offers the possibility to obtain non-carrier added Lu-177 by irradiating 1"®Yb targets using
enriched 1’®YDb; however, this process has drawbacks of needing chemical separation

methods for which some may not be suitable or in some cases it may be expensive.

The choice of natural or enriched target used for irradiation depending upon the type
of primary impurities they may pose, their abundance, neutron activation cross section and
half-life of the radionuclidic impurity formed, formation of the radionuclidic impurity must
be minimized or can be completely eliminated by proper choice of irradiation parameters
and post irradiation cooling of the permit decay of short-lived radionuclidic impurity. At a
nuclear reactor, the choice of high purity target materials, natural or enriched is important
as it may contribute start up chemical impurities, particularly when the elements of the
same group have to be separated in case of Lu and Yb as they are lanthanides, they put a

limitation on the purity of the final radioisotope product [12].

In this paper, non-carrier added Lu-177 will be extensively discussed in the other
sections, and for meeting the medical application requirements, separation process must

take place where firstly, radiochemical species are separated based on differences in



chemical characteristics by cementation methods, followed by purification process by

cation exchange chromatography.

1.2.  Aims and Objectives

- Produce non-carrier added Lu-177 by indirect method.

- Separate Lu from Yb targets by cementation method

- Prepare cation exchange column using Lewatit MonoPlus T215 resin for purification
of Lu from Yb target and Mercury cathode

- Analyze data by HPGe detector

- Analyze the chemical impurities in obtained Lu-177 using NAA

- Determine of radionuclide chemical purity of Lu-177, separation parameters,
theoretical activity of Lu-177

- Asses of n.c.a Y"LuCl; for radiolabeling for application in medicine

1.3. Goal:

The goal of this research is to achieve optimum production methods for Lutecitium-
177 radioisotope for nuclear medicine by cementation process at the nuclear research
reactor IRT-T

1.4.  Working hypothesis achievable specific activity and Irradiation yield

Non-carrier added Lu-177 can be produced at a TBq level through irradiation of
massive 176Yb targets. High SA can be achieved by using highly enriched "®Yb target
material, thus avoiding cold Lu and ""™Lu and, choice of separation method based on
cementation as method of choice for the separation of the two adjacent elements because

it is a very simple operation and not time-consuming method can easily separate targets



with big masses. Upon this process is a purification process by cation exchange

chromatography with Lewatit Monoplus TP 214 ion exchange resin.

1.5. Research Relevance

Production of radiopharmaceutical Lu-177 is one of the developing and growing medical
radioisotope in nuclear medicine, diagnosis, therapy, theragnostic applications. With the
approval of this radioisotope by the FDA in 2018 [22], this has paved a way for research
in this field and increasingly in education, research, radiochemistry (production of
radioisotope), cancer research institute, radiobiology research in biodistribution patterns of
Lu-177 before clinical trials. This research is relevant in the field mentioned above, in
particular to diagnostic, Lu-177 can be used to image biodistribution in vivo using a
PET/SPECT-CT, gamma camera, Imagine fusion: CT, MRI. Lu-177 treatments:
Radiopeptide drug used in PRRT: Lutetium-177 DOTATATE. Lutetium-177-PSMA
therapy is amongst the best methods for treating late-stage prostate cancer with metastatic
or treatment-resistant tumors. Lu-177-PRRT using Lu-177 DOTATATE; works in much

the same way, but is more effective in treating advanced stage neuroendocrine tumors.



Chapter 2: Literature Review

Introduction

Radionuclide manufacturing is an ongoing process that is subject to continual study and
development. Finding the most elegant approach to produce a radionuclide entails not only
identifying the optimal reaction pathway, but also taking into account every step of
production, from the generation of target materials to radionuclide separation and target
recycling. Nuclear reactors and particle accelerators are almost entirely used to produce

radionuclides needed in nuclear medicine.

1.6. Production of radionuclides

The primary distinction between the two techniques of production is that nuclear
reactors bombard targets with neutrons, whereas particle accelerators bombard targets with
a variety of charged particles (e.g., hydride ions, protons, deuterons, and alpha particles).

Other important factors in nuclear reactor production are the following [24], [25]:

- Neutrons energy as well as neutron flux,

- Target material characteristics and the intended reaction’s activation cross-section.

Nuclear reactors produce neutrons as a result of nuclear fission processes, nuclear fusion
and/or neutron activation. Neutron activation reactions are (n, y) or (n,o)) and (n,y) is the

most common, thus producing isotopes of the target material, for example [24], [25];

EC or BetaPlus

T1/2=17h
124 y, +(n,y) 125 v, (T1/ r)a 125 |



Nuclear reactor-produced radionuclides are usually neutron-rich, and thus decay mainly by
- decay by the nuclear reaction:

41X — LAX' +  _9B+antineutrino

By Nuclear fission, the nucleus of an atom is split in this process, resulting in the nuclei of
lighter atoms and neutrons. The mass of the produced products is lower than the original
mass. For example, production of lodine-131 from irradiation of TeO, enriched with Te-
130 [24], [26].

Wre 4 fn— WMo (41) > Y1 + 4y

(t1/2 = 25 mins) (t1/2 = 8.02 days)

lodine-131 in the form of sodium iodide (Nal) or can also be attached to a pharmaceutical
to form meta-iodobenzylguanidine (MIBG). The radioactive isotope of iodine (T1/2=16.9),
Is used for brachytherapy purposes, it has an advantage of treating several kinds of cancer:

prostate, lung, eye, brain [27].

Particle accelerators. Cyclotrons

Radionuclides can be produced in cyclotrons (or other particle accelerators) by
accelerating heavy charged particles (e.g. p,a, d) to bombard stable nuclei. In cyclotron,
these radioactive isotopes can be produced 18F, %’Ga, 121, °’Co, 2°'Tl. Example of nuclear
reactions [24], [28].

EC or BetaPlus EC

(T1/2 ~ 1sec) 123 y, (T1/2=2hr) 123 |

124 Xe + (p,2n) 123 Cs

Radionuclide generator systems.
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A radionuclide generator is yet another source of producing radionuclides for medicinal
applications. In a radionuclide generator, A resin-bound, longer-lived parent radionuclide
decays producing a chemically distinct daughter nuclide, which may then be readily
separated from the parent. In nuclear medicine, the 99Mo/99mTc generator is the most

commonly available. Nuclear reaction is shown below [25], [26]:

By
99 99m 99
1> Mo — a3 1€ - i3Tc +vy

t1/2 = 66 hr (t1/2 =6 hr) (t1/2 = 2.1x105 yr)

The v is weak and is the detected in the scan

When determining the radioisotope yield, the following parameters are taken into

consideration:

Activity of radionuclide and targets.

Activity, A, is the term used to measure the decay rate of a radionuclide. Activity is
measured in Curie (Ci) = 3.7 x 10%° dps Becquerel (Bq) = 1 dps, Becquerel (Bg) =1 dps 1
Ci=3.7x10%° Bq

Activity, A=AN

The activity of a sample is based on the total number of radioactive atoms, N, and the

probability of each atom undergoing radioactive decay.

A=0.693/T

Units of A are 1/time (1/sec, sec-1 or per second)

11



The decay constant, A, represents the probability that a radioactive atom will decay and is
Is proportional to nuclide’s half-life. Half-life is described as the time it takes for the

amount of radioactive material to decrease by one half [26].

T =0.693/ A

Radioactive decay

dN' N
dt
N(t) = Nye ™

Multiplying both sides by decay constant, A,
AN(t) = Nye ™t then recall A = AN to get activity.

Radioactive Activity decay is then given by

At) = A4, - e™
Another important term to discuss when producing radioisotopes is specific activity, which
Is the activity per unit mass given by the formula. Specific activity has the following terms,

- Atoms per Gram. This is the number of atoms of a radionuclide in one gram. It is
defined by

_ 6.02 x 10%° atoms/mole
B Ay, g/mol

- Decay constant, A, =0.693 /T % (hr., sec)
Therefore, Specific activity (Sa) can de denoted as:
SA =A-N
=X - 6.02 x 1023 /Ay, (dps. gram™)
Typical units: Ci/kg or Bg/g

Determination of radioisotope yield

12



When a target is exposed to radiation in a reactor, the resultant radioisotope begins to
decay with its own half-life, allowing the activation per second net growth rate of active
atoms to be calculated [25]:

dN'

W:(p'aact'NT — AN’

where A N'indicates the decay rate of product nucleus, where N+ is the total number
of atoms present in target, ¢ is neutron flux, oac IS activation cross-section, N’ the

number of activated atoms, A is atomic weight of the target [26].

Determination of radionuclidic purity

Therapeutic radionuclides require a high level of radionuclidic and chemical purity.
During the labeling of a radiopharmaceutical, impurities of other chemical elements might
compete with the radioisotope for binding sites or ligands, reducing the effectiveness of
the procedure. The chemical purity must also meet the in vivo application standards. The
inclusion of radionuclidic impurities in a patient's body is an unneeded burden, and long-

lived impurities impede waste disposal [26], [29], [30].

Choice of target material

When choosing an irradiation target material in a reactor, unstable or flammable
substances should not be irradiated in the reactor. To facilitate post-irradiation processing,
the target should be in chemically acceptable state such as oxides. Mercury in its elemental
form is not allowed to be irradiated in many reactors along with the majority of reactor
components are composed of aluminum, which can produce an amalgam when aluminum
comes into contact with mercury. Under irradiation, targets should remain stable, it should
not disintegrate into gaseous products when exposed to irradiation. Irradiation of generally
unstable compounds, such as hydrocarbons, is only authorized under very strict

circumstances. To avoid the creation of undesired radionuclides, high purity targets should
13



be irradiated. Enriched target materials allow radioisotopes with higher specific activity to
be produced [26] .

Target encapsulation

Prior to delivering target materials into the reactor, they must be appropriately
enclosed in appropriate containers. The encapsulation material and method will be
determined by a variety of factors, including the physical form of the target (solid, liquid,
or gas), the target's characteristics, the duration of irradiation, the design of the irradiation
assembly in the reactor, the type of coolant used in the reactor, the proposed post-
irradiation handling, and the radioisotope's intended use. Aluminum, zircaloy, and stainless
steel are the most frequent encapsulating materials. The bulk of targets, however, are
encased in aluminum capsules. The following are some of the reasons why aluminum was
chosen as the material for making irradiation capsules:

- The cross-section of absorption is small (aluminum is essentially translucent to
neutrons) because radioisotopes generated in aluminum capsules have a limited half-
life, post-irradiation treatment and disposal are simple.

- Because of the target's high thermal conductivity, heat created in the target may
quickly be transferred to the coolant.

- By cold welding a cover to the container with the desired material inside, an air/water
proof container may be created. This has the benefit of preventing oxidation and
degradation of the targets by not exposing them to extreme heat capsules that have
been cold welded [26].

Target processing

14



- Irradiation targets of choice are produced in chloride form solutions in a hot cell that

is appropriately insulated for processing the irradiated target [26].

Neutron Activation analysis and impurity detection.

During nuclear activation reaction, target interact with object subjected to particles
they bombardment with. Targets used in nuclear research in most cases are made of the
enriched isotopes, they contain different various dimensions, thickness, physical (solid,
liquid, gaseous) and chemical (elemental, compound or alloys) forms. Processing of these
targets and product of radioisotope obtained for detection of impurities by gamma

spectrometry and NAA is very essential in determination of radionuclidic purity[31].

Dispensing, testing and quality control/assurance

Purity of radionuclides and radionuclide identification of the 177Lu product is
examined using an HPGe detection device and gamma ray spectrometry. The y-
spectrometry with germanium detectors is a non-destructive technique which is extensively
used to determine the radioactive concentration of natural and artificial radionuclides in

the environment [26].

Radiochemical purity.

The target material's radionuclidic purity must be more than 99 percent. The proportion of
total radioactivity in a sample contained in the desired chemical form is analyzed by using
a calibrated well type ionization chamber, the radioactivity of the target in the ampoule is
determined. The purpose of y-ray spectroscopy in NAA is for measuring the energies and

intensities of the photons emitted by the radionuclides. In general, a y-ray is emitted from

15



the sample and enters the detector, where it goes through a number of interactions

ultimately resulting in the ionization of the germanium atoms in the detector crystal [26].

1.7. Nuclear Reactor Production of Lu-177

Lutecium -177 can be produced via two different pathways in the reactor is using thermal
neutrons to obtain high specific activity. These methods are based on neutron irradiation
of either enriched "®Lu (direct production) or ®Yb (indirect route) using '"®Lu,Os or
176Ynh,03 as target material. Figure 2.1 shows reaction pathways to produce lu-177. Other

methods producing Lu-177 by cyclotron is discussed in section 2.5.

176LU n, 'Y 177Lu 177mLu
(2.5%) » (6.5 days) (106.4 days)
Direct route.
Carrier Added
A
k=]
S . s
s 2 Requires sophisticated
3 2 radiochemical
g 8 separation procedure.
g 5
176, n,y 177,
(12.79%) > (1.9hr)

Figure 2.1. Lu-177 Production Methods at Nuclear Reactors.
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1.8. Properties of Radionuclide Lutecium -177

Lutetium-177 is a rare earth metal in the lanthanide series containing 71 protons and
106 neutrons known to have - and a y-emissions with a physical half-life that is about 7
days, and as the most supported value by the Decay Data Evaluation project from 2004 is
6.647 days which is inline recent measurements of 6.7 days which decays to three excited
states and the ground state of Hafnium-177 at the energy of 0.49 MeV by beta minus decay
[32], [33].

The energy B energy of Y’Lu can be classified as "low" or "medium" to be
recognized from B-emitters that has high energy such as Y and 3!l and this characteristic
Is advantageous due to the penetration ability B-particles to be strongly distributed locally
in tissue up to 0.23 mm thus allowing destructions of cancerous cells. Nuclear decay
scheme is shown in figure 1.3. where emission of B-particles with reaches maximum
energy, Emax 0f 497 keV which account to about 79.3%, 384 keV that is 9.1%, and 176 keV
making up 12.2% leading to formation of "’Hf. A simplified decay scheme is shown in
figure 2.2. [6], [34], [35].

3213 keV

208keV!
104% | 1
v v
1129 keV |
5.2% :

=

1129 ke 8

0key L

— 0, =
p:100% Q=498 3keV 177Hf,, 100 150

Conversion scheme and gamma spectrum of lutetium 17"Lu.
Figure 2.2. A simplified decay scheme which accounts for the major f—- particle and vy-
photon emissions from 177Lu [6], [34], [35].
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Other suitable radiotherapy applications involve the two main Lu-177 y photons of 113
keV (~6.4%) and 208 keV (~11%) for nuclear imaging and localization invivo, post-
therapy imaging where doctors can be able to see that radiation has been delivered to the
intended areas of disease and also allows for response evaluation with subsequent cycles
[36].

Additionally, Lu-177 is used for the treatment of advanced prostate cancer [37] when
linked with molecules targeting the prostate specific antigen (PSA) and somatostatin
expressing gastroenteropancreatic neuroendocrine tumors [38] and other clinical trial were

carried out and reported by Hofman et.al and Tagawa ey.al respectively [39], [40].

1.9. Direct route production of Lu-177

With a reasonably high specific activity, 1’’Lu can be generated directly by neutron
capture on "®Lu in nuclear reactors. By irradiation of a 1Lu target, a long-lived isomer is
co-produced by the competing Y°Lu (n, y) ¥""™Lu reaction which lowers the radionuclidic
purity of ’Lu preparations obtained and complicates the disposal of radioactive "’Lu
waste in hospitals [6]. This method of manufacturing necessitates the use of enriched target
material since the natural abundance of °Lu is only 2.6%, Lu,Os enriched in Y®Lu up to
approx. 60—-80% are commercially available A downside of this production process is that
only carrier-added "’Lu preparations can be obtained because stable *"°®Lu isotopes
(though burned-up to some extent) are found in the target[41]. High-flux reactors can attain
the highest achievable specific activity, which is around 70% of the theoretical value [26],
[42].

Target processing
- For processing the irradiated target, radioactive "’Lu produced as "’LuCl; in HCI

solution in a suitably shielded hot cell is required [26].
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Impurity details.

The target decays for 3 days after irradiation for a change in activity of *™Lu (half-life
3.664 h) induced by the side reaction [26].

Requirements for the final product

The irradiation times necessary to reduce the creation of the long-lived ¥"™Lu
generated by the competing *"®Lu (n, y)Y""™Lu reaction might restrict the specific activity
of lutetium-177 directly synthesized from enriched lutetium-176. The indirect approach
yields the most radiochemically pure lutetium-177 for these reasons [26], [42]. A. Golabian
et.al [43] exploring the feasibility of *’’Lu production at Isfahan Miniature neutron source
reactors (MNSRs) by irradiation Lutetium (>99.98 chemical purity) with thermal neutron
flux 5 x 10'*n.cm?s* at 4 minutes irradiation time leading to maximum resulting in ’’Lu
production of 723.5 mCi/g after 27 cycles. The two naturally occurring isotopes of lutetium
are 175Lu (97.4 percent) and "®Lu (2.6 percent), although only *”Lu is actually "stable."
With a half-life of 4x10%° years, 1"°Lu decays through beta decay. The possible neutron
capture reactions co-occurring during the irradiation of a Lu,O;3 target are simplified in
figure 1.5 (in black arrows) [44].

y V \6\‘
_1> 1761, 77y i>

1‘ neutron capture reaction

. .
=

Figure 2.3. Neutron capture reaction affecting the ”'™Lu production.
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The blue and black boxes indicate unstable and stable nuclides, respectively. Blue
arrows indicate radioactive decay and black arrows indicate neutron capture reaction
[44].

A nuclear reaction for the direct production of Lu -177 is given as:

176 Lu (Tl,Y) — 177 Lu

By direct route production, *Lu absorbs neutron and produces /"*®Hf which result as the
carrier in the target system (nuclear decay chain is shown in Figure 2.2). 177Lu's
effectiveness is unaffected by the presence of "18Hf (1V) (111) The specific activity of -

labeling processes is reduced when hafnium atoms accumulate [6], [12].

According to a study conducted at Oak Ridge National Laboratory, it is possible to
achieve specific activities of 1,8502,405 GBg/mg (50-65 Ci/mg) by irradiation in high flux
reactors like the HIFR reactor to obtain Lu-177 with specific activity values of >7401,110
GBg (20-30 Ci)/mg in medium flux reactors using an enriched 176Lu target up to
approximately 60-80 percent [45], [46].

Direct production entails weighing 6 mg of natural Lu,O3; powder > 99.99 percent,
isotopically enriched Lu,Os (60.6 percent Y°Lu) and irradiating it for 7 days at a thermal
neutron flux of 3x102n.cm?2.s?, the irradiation target was then dissolved in varying
concentrations; for example, N |_y,03 in 1 M HCI gentle warming inside a lead-shielded
plant, the resulting solution was evaporated to nearing dryness within a lead-shielded plant
before being reconstituted in double distilled water. Following that, a known aliquot was
extracted for radioactivity content and radionuclidic purity evaluation. The Enriched Lu,O3
was then dissolved in 0.1 M HCI, and a known aliquot of this solution was carefully
evaporated to dryness in a quartz ampoule; the ampoule was then flame sealed and
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irradiated after being placed within an aluminum container and irradiated under the same

circumstances. Then chemical processing of the enriched Lu,O; target resulted in
approximately 110 TBg/g (3000 Ci/g) of ’’Lu, while natural Lu,Ozin ~ 4 TBqg/g (108 Ci/qg)
of "Lu conditions [30], [45], [46]. M.R.A. Pillai [30] performed this study and compared

these production logistics.

Obtaining Lu-177 at different neutron flux parameters are graphically shown in in

figure 2.4 and summarized Table 2.1. Neutron flux values utilized in optimizing Lu-177m

synthesis, as well as a graph showing 177mLu production as a product of irradiation

duration at various thermal flux levels. The target consists of commercially available
84.44% "°Lu enriched Lu,O3 [44].

"ML u activity produced per g target (TBq)

Figure 2.4.

@=2*10*ncm?s?

@ =8*10“¥ncm? st

Time (Days)

Production of Lu-177 at different neutron flux parameters [44].
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Table 2.1 - Neutron flux values used to optimize ''™ production

Nuclear Reactor

Neutron flux (n.cm?2.s™)

High- Flux Reactor (HFIR), ORNL, Oak Ridge,
U.SA

Thermal flux: 2.5x10% (In black)

High- Flux Reactor (ILL), Laue Langenivin

Institute, Grenoble, France,

Thermal flux: 1.5x10%° (in red)

High- Flux Reactor (BRS), SCK.CEN, Mol,
Belgium

Thermal flux: 2.1x10'* & Epithermal flux: 2.1x10* (in
Purple)

Thermal flux: 8.4x10™° & Epithermal Flux: 8.4x10 (in
Blue)

1.10. Indirect Production of Lu-177

The medical radioisotope ’Lu can be produced in a carrier-free through beta decay of

177y produced by neutron capture on enriched "®Yb targets using enriched "®Yb,0s

targets in a nuclear reactor forming short-lived intermediate radioisotope Yb-176 that has

a half-life, T, = 1.9 h), which degenerate in the following manner [47]:

176Yb (n, Y) 177vp (Bf) — 7y

The “indirect” technique is optimum for the preparation of *'’Lu without carrier as in the

above shown two stage reaction with the stable isotope Yb-176. For the effective

implementation of the scheme 176Yb — 177Lu, the initial ytterbium with the minimum

content of 1"4Yb is required, from which stable isotopes of lutetium are formed during the
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irradiation and '"’Lu can be dissociated from the target material Yb-176 including
intermediate radionuclide Yb-177 to obtain n.c. a’’Lu [47], [48].

175vp n,y 176Yb n,y 77 u

(97.40%) 6.6 b (2.60%) 2090 b (6.64 d)

B B

174vh n, y 175v'h 176y n,y 7yp
e
(31.89 %) 63 b (4.194) (12.89%) 2.85b (1.91hr)

Figure 2.5. Nuclear reaction production of n.c.a Lu-177. Production can also be started by irradiating

Yb-174 (green arrow)

In comparison to direct route, Dash.A et.al. [6] raised some concerns with direct
route because the potential use of enriched 1"®Lu targets is significant due to the quantity
of 18Lu natural abundance of 2.6 percent of 1’°Lu in the non-enriched target. In comparison
to the predicted SA value of 4.07 TBq (110 Ci)/mg, the specific activity of 1’’Lu generated
via direct route is typically equivalent to 740-1,110 GBq (20-30 Ci)/mg; however, this
might imply that around 25% of the atoms are 177Lu and the remaining 75% are non-
radioactive contaminating Lu-175/176 atoms [41]; hence, the greatest attainable SA that
can be produced is through high-flux reactors to reach 70% of the theoretical value [6].
The theoretical specific activity of ‘carrier-free (CF)’/ n.c.a ’Lu is calculated from the
following equation to determine the theoretical production yield, where A is the decay
constant, Na is Avogadro’s constant, M is the molar mass and ty is the half-life [6], [12];

oa dN N = In (2)N,
Car T TyM
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o 0.693-6.023 - 1023
CF ™ 6.65-24-3600 X 177

0.693 - 6.023 - 10%°
(6.65-24 -3600-177

The higher the specific activity that may be obtained, the greater the thermal neutron flux,

Bq/g

SAcr =

Bg/mg = 4.104 TBq/mg = 110.91Ci/mg

reaction cross section, and target isotope enrichment [29], [41].

Bilewicz et al. used an indirect method to irradiate natural Yb,O3 with great chemical
purity (99.999 percent). At the nuclear reactor Maria in Wierk, Poland, *""Lu radiotracer
was created by neutron irradiating a Lu,Os target at a neutron flux of 3x10%** n.cm. s for
6 hours. Only 1 mg Yb remains in the solution after precipitation and separation of YbSO4;
the specific activity of the 177Lu obtained was 700 MBqg mg-1 from 50 mg of 176Yb
irradiated target. A very successful and versatile approach for the separation of Y'7Lu from

irradiated Yb targets[6] was devised and the overall recovery of 177Lu was 73% [49].

By irradiating a variant of natural ytterbium ((12.7% "®Yb, 31.8% 1"4Yb, and 0.13%
174Yh), Lebedev N et.al produced n.c.a }"’Lu from these targets. 200 mg of high chemical
purity 99% ytterbium oxide Yb,03; were bombarded for 6 hours at a neutron intensity of 2
x 10'2 cm2s?in this study. They also irradiated 12.4 mg of 94.72% enriched %Yb as
178Yh,03 for two days using a neutron source of 2 x 10 n.cms?, yielding 8.1 GBq
(activity) 1’Lu one day after EOB [50].

At the National Research Centre Kurchatov Institute %8Yb and 1®Yb targets were
irradiated at the IR-8 pool-type research reactor in a form of Yb (NO3)s in quartz ampoules.
The flux density and neutron fluence in the location of samples were (7.43 + 0.64) x
1083cm2.stand (2.91 +£0.28) x 10*°cm2.s. the flux density and neutron fluence were (7.43
+0.64) x 108cm=2.stand (2.91 £ 0.28) x 10*%cm2.s?, respectively. Furthermore, within the
sensitivity of the gamma-ray spectrometer, radionuclides *"7Lu, 9Yb, and ®Yb were
detected in the composition of the sample of ’®Yb. The admixture of the long-lived
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radionuclide ¥"™Lu was not detected. the electrolysis and cementation were carried out in
special-purpose electrolyzers, resulting in a 177Lu yield of 70%. The purification factor
across four stages (10° —10°) provides the possibility for the use of the obtained *"’Lu for
the labeling of conjugates possessing an effect of targeted delivery[47].

The scientist worldwide apply different production parameters such as methods of
obtaining Lu-177 (n.c.a/c.a), choice of target, irradiation times, different neutron flux
conditions at nuclear reactor or cyclotron route at different, separation methods, target
process etc. to production of n.c.a Lul77 gradually increasing. Since the approval of Lu-
177 in medicine, different countries are investing various way to obtain this medical
radioisotope that is applicable in clinical trials and overall therapy, diagnostics in nuclear
medicine. At the IRT-T reactor, TPU scientists were the first in Russia to produce the
first experimental batch, the university carried out internal audit and certification, after
which the drugs were sent to the consume to synthesize radioisotope ’Lu. The IRT-T
research reactor has the ability to create ’Lu both directly and indirectly. This
demonstrates the relevance of TPU in the Tomsk Regions and throughout Russia, since it
can create the *"7Lu radioisotope that may be delivered to hospitals for use in cancer therapy

using nuclear medicine [51].

SAFARI-1 nuclear research reactor of the South African Nuclear Energy
Corporation (NECSA)[26] is one of the countries of producing radioisotope *’Lu, and
commercially available from Nuclear Technology Production (NTP) group [52].

At SAFARI-1 reactor lu-177 was produced by irradiating 1 g of 99.56% enriched
176Yb as Yh,0j3 at a neutron flux of 5.94E14 n/cm2/s for 6-14 days and direct and indirect
route was compared. By the direct route,100 pg of 82% enriched 176Lu processed in Lu
(NOg3)s resulted in specific activities 105.3 and 100.2Ci/mg 6- and 14-day irradiation
periods; and by indirect route and 19.5 and 27.8Ci/mg after two days' decay after EOB.
After, 14 days decay specific activity decreased to 93.4 and 80.4Ci/mg for the indirect route
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and 6.4 and 9.7Ci/mg for the direct route. In conclusion, specific activity for n.c.a *’’Lu at
least 3.6 times higher than for c.a Y’’Lu c.a. Furthermore, the 177mLu factor of 1E+04 was
lower in 177Lu n.c.a.[53].

1.11. Other methods of producing Lu-177: Cyclotron

Cyclotron produced medical radioactive isotopes quite expensive compared to nuclear
reactor methods. Alternative method of producing *’Lu by cyclotron can be achieved
cyclotron although this method is limited due to the costly operation [54]. This production
route is relatively less explored because of the low batch yields of the process which is
unsuitable to meet the clinical demands. Nevertheless, it is feasible approach to produce
177Lu of equivalent quality without depending on nuclear reactors to fulfil the
requirements of research and development laboratories and academic institutions. The
nuclear reaction routes are further compared in figure 2.6. by (A) cyclotron via "®Yb (d,
n) ¥’Lu and Y®Yb (d, p) Y""Yb—""Lu reactions and (B) nuclear reactor via ’®Lu (n,

v) ’Lu and ¥%YDb (n, v) Y""Yb—1""Lu reactions [55].
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A. Cyclotron route A. Nuclear Reactor route

Lu 175

Figure 2.6 - Production of "Lu in (A) cyclotron vs (B)Nuclear Reactor

The production process necessitates deuteron bombardment of enriched ytterbium-176
targets with sufficient energy to obtain high specific activity Lu-177 leading to undesirable
contaminant lutetium-177m being beyond detection limits. The deuteron induced nuclear
reactions to produce n.c.a ’’Lu radioisotopes by using the stacked-foil activation method
were studied by various researchers at slightly different parameters and reported the and
reported the excitation functions which is described as the relationship between the energy

of an electron and its ability to excite an atom to a particular excited state [56].

Hermanne et al. [57] performed their experiments with two stacks of high purity
natural Yb foils that were 30um thick were irradiated at energies of 21 and 15 MeV
respectively, Manenti et al., Khandaker et al., and Kambali [58]-[60] shared their
experience by irradiating of four to five Yb targets of different thickness, inserted between
the Aluminum foils, at different incident energies and times. The excitation functions of

the reactions direct and indirect reactions including measurements of °Lu, 1™y
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and ®*"Lu using different natural Yb foil thickness and as well as different irradiation

energies.

Nuclear reactions:
178D (d, n) Y"Lu (direct route)
178¥h (d, p) Y"Yb—1""Lu (indirect route)

Excitation function reactions studied:

natural
Yb (d, n)169,170,171,172,173,l74g,174m,176m,177gLu

natural Yb (d, p)169,175,177Yb

Upon analysis excitation functions, Manenti et. al [58] reported 177™Lu was not formed
neither in the case of indirect reaction nor in cases of direct reaction, that it was possible to
calculate that the ratio between the activity at EOB of /"™ and 17"9Lu which was smaller
than 0.0045% at irradiation time of 2hrs.

Kambali [60] measured the EOB yields for the direct route production and it was 0.519
MBg/UA h, and 181.1 MBqg/pAh for indirect route reaction by using simulation method
using the TALYS code, which is a nuclear reaction computer program which simulates
basically all types of nuclear reactions. In this simulation process, deuteron was the main
particle used in the calculations and simulations while the target of interest would be
enriched 1’®Yb. The range and stopping power (energy loss) of deuteron in 1’6Yb target was
simulated using the Stopping and Range of lon in Matter (SRIM) code version 2013 and
the calculated EOB yield, where Indirection production shows greater significant results

that the direction production of Lul77 with corresponding deuteron energy [60].
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Figure 2.7. (Left): Comparison of TALY S-calculated nuclear cross-sections for
178¥h(d,n)}""Lu and 1®Yb(d,p) ¥"Yb — ¥’Lu nuclear reactions. (Right): Calculated EOB
yields

of 16Yb(d,n)!""Lu and "®Yb(d,p) ¥"Yb—1""Lu nuclear reactions [60].

Overall conclusions emphasized was that the best all methods of productions have
advantages and disadvantages and thus in order to enhance the overall yield of */Lu and
minimize the radionuclidic impurities due to extraneous Lu radioisotopes, highly enriched
176D target must be used. Furthermore, the authors [58]-[60] emphasized that production
of Lu-177 via cyclotron route by the indirect route reaction has the potential to minimize

177m_y impurity which has a half-life of 160.5 days.

1.12. Radiochemical Separation methods of Lu-177

The lutetium obtained by the indirect method must be modified from the irradiation
ytterbium target. The quality of the /’Lu preparation achieved is highly impacted by the
separation procedure used. Separation methods of Lu-177 upon irradiation of highly
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enriched Yb or Lu targets is often characterized by physical and chemical properties of
elements [61] and choice of separation methods such as cementation, chromatography -
ion exchange, solvent extraction, cation exchange chromatography, vacuum filtration etc.
Different separation methods for separating Lu from Yb have been successful researched
and different authors reports that these separating neighboring lanthanides is challenging
because of their chemical similarity [50], [62]-[65].

Table 2.2 — The Physical and Chemical properties of ytterbium and lutetium

Yb Lu
Electronic configuration | [Xe]4f 14 6s? [Xe]4f 15d16s2
lonic radius Ln®*" (pm) | 86.8 86.1
lonic radius Ln?" (pm) | 114 -
Eo Ln3Ln (V) | -2.267 2.255
Eo Ln*Ln?* (V) | 1.05 -
Solubility in Hg | High Low

The heaviest lanthanide is lutetium, while the lightest is ytterbium. Because they are
nearby trivalent lanthanides, their chemical characteristics are quite similar, the mass ratio
YDb/Lu in the irradiation target can be as high as several thousands, making Lu-Yb
separation a difficult procedure. The fundamental differences between Yb and Lu are the
existence of a reasonably stable oxidation state +2 for Yb as well as the high solubility of
metallic Yb in mercury [6]. Unlike lutetium, the oxidation state 2+ of ytterbium is
extremely stable due to the full-filed 4f subshell [6], [61].

The main reason greatly complicating the separation is, however, the presence of ytterbium
in macro quantities (tens of milligram), while lutetium is found in the target only at
microgram levels. Depending on the irradiation conditions and target material
characteristics, the mass ratio of ytterbium to lutetium can be in the range of several

hundreds to several thousands.
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With regard to the intended lutetium application the requirements on the separation are
quite strict:
- Reduction of the amount of ytterbium down to < 100 ng, implying decontamination
factors from ytterbium higher than 10°
- Very high chemical (< 500 pg of metals like Ca, Cu, Zn, Al, Fe, Pb per 1 Ci of 177Lu)
and radionuclidic purity (< 0.1% 175Yb) of the lutetium fraction.
- High recovery of lutetium (ideally > 85%).

In this research, cementation as well as electrochemical (electro-amalgamation)
separation process are extensively discussed, and further, purification processes of

obtaining n.c.a Lu-177.

1.12.1. Cementation process

The cementation procedure entails subjecting the target to a suitable acid, most often
HCI solution. Following this, the n.c.a *’’LuCls is purified, and the Yb-target is recovered.
Contact electrochemical displacement of alkali metal amalgams and acetate, citrate, and
other rare earth metal compounds is used in cementation to achieve practical and successful
results. The cementation procedure usually includes two processes for separating lutetium
from ytterbium: first, cementing an ytterbium acetate—chloride solution to sodium
amalgam Na (Hg), and then electrolysis of the ytterbium solution in a separate electrolytic
cell.

In cementing an ytterbium acetate—chloride solution to sodium amalgam, the Na
(Hg) was prepared with electrodes 5 ml mercury and 10 cm2 Pt-foil at the cathode and
anode as (12 V) respectively. Water and ethanol were used to wash the Na (Hg) recovered.
The sodium content of the amalgam was tested by dissolving 500 mg of amalgam in 5 mL
of 0.1M HCI, followed by titration of the remaining HCI with 0.1M NaOH. The following
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equation was used to compute the molar concentration of Na in amalgam where: m —mass
of amalgam V — volume of NaOH solution used in titration, d — density of amalgam ~13.2
g cm=3[49].

~_(0.05-V x0.1)d

NA —

m

Marsh. J et.al [66]-[69] documented the separation of distinct lanthanides with sodium
amalgam in the 1942, 1943 years, and as science advances, scientists are now be able to
further investigate and refine these separation procedures. Upon irradiation of natural
Yb,03(99.999%) at neutron flux of 3x10** n. cm™. s* for 6 hr. Bilewicz et al. The
dependence of YbSO4 precipitation on H,SO,4 concentration has been studied to achieve
the target procedure.

To get 177Lu radiotracer, Lu,O; targets were also treated under the same
circumstances. Sample of 57 mg Yb,O3z was poured in 6 mL H,SO,, following that ’Lu
tracer was dissolved into the solution. Next, the 5M of sodium amalgam was then gradually
added to the solution. After 5 minutes, when a green precipitate of YbSO, was formed, the
mercury was separated. According to the reaction, in these conditions most of Lu3+

remains in solution [49].

Yb3* + Na(Hg) + SO %, —»YbSO,4 + Na*

Next the solution was immediately filtered through a paper filter, and the green precipitate
was separated. According to Bilewicz et.al, the dependence of YbSO, precipitation on
H,SO, concentration resulted that 2-5M H,SO, is ideal for successful Yb separation.
Following the precipitation and separation of YbSO4, about 1 mg of Yb remained in the
solution and the overall ’’Lu recovery is 73% because "’Lu co-precipitated with YbSO,

in a modest proportion leading to about 25% of the total ”’Lu being co-precipitated with
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YbSO, during the procedure. The separation process was performed in the apparatus
presented in Fig. 2.8 [49].

Figure 2.8. Cementation Process apparatus showing installation for YbSO4 separation. 1
— sodium amalgam, 2 — precipitated YbSO4, 3 — 177Lu solution, 4 — mercury.

In another report by Barkhausen [70], cementation process was optimized for the

separation of n.c.a.177Lu from 200 mg ytterbium target based on the selective reductive

separation of ytterbium with sodium amalgam followed by cation-exchange purification.

The reduction is described by the following reaction:

Yb3* 4+ Na = Yb?* + Nat

Hydrochloric acid is used to process the irradiation Yb,Os3, next, sodium acetate was
introduced into the solution, then with addition of sodium amalgam for 90 seconds.by this
process, lutetium can be obtained with a separation yield of 75% with decontamination
factor from Yb of 10°. However, special attention has to be paid to the removal of mercury
compounds which are introduced into the lutetium fraction during the mixing with

amalgam
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In other research explored by Lebedev et al, the cementation methods applied to
process for separate of n.c.a. Y’’Lu involved a target Yb,03 with mass of 200 mg dissolved
in 1.4 ml 4 M HCI. Then, to a total amount of 6 ml of pH =~ 3.4, 3 ml 4.5 M CH3;COONa
and H,O were added. This mixture was poured into a specially designed mixing vessel.
Then 4 mL of Na (Hg) amalgam (0.4 percent Na) was poured., and for 90 seconds, the
solution was stirred. The amalgam is removed from the system. In order to preserve the pH
at 3.4, 0.2 ml 8 M CH3COOH was introduced before to the next cementation. Each of the
subsequent cementation cycles is extended by 30 seconds. After four cementation cycles,
almost 99 percent of the ytterbium was removed from the aqueous solution. By
precipitating, the n.c.a ’Lu was separated from this solution and processed as the
hydroxide using 4 M NaOH. he n.c.a 177Lu was precipitated from this solution and treated
as a hydroxide using 4 M NaOH. The hydroxide was then centrifuged and diluted in 2.5
mL of 0.1 M HCI. After adding 2.5 mL of 4.5 M CH3COONa to a new vessel, four further
cementations with 3 mL of Na (Hg) each are done. The quantity of Yb (I11) in the solution
Is decreased to around 0.01-0.02 percent of the starting mass after this treatment. while

around 85-5 % of the n.c.a ’’Lu remains in the solution [71].

In the formation of ytterbium amalgam, ytterbium is reduced to a bivalent state and
then to a metal. The rate of cementation by sodium amalgam is increased by adding
chloride ions in the form of their sodium or potassium salts to the solution. It has been
well known that the cementation of aqueous ytterbium solutions on sodium amalgam
occurs quickly when the pH of the working solution rises from 3 to 6 and above, based on

the duration of contact with the amalgam, the starting pH, and the stirring technique.
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1.12.2. Electrochemical (electro-amalgamation) separation process

This is the process that entails the selective reduction of Yb** to Yb?" [6] and
preferred transfer onto a mercury cathode, which takes use of Yb2capacity +'s to create
amalgams with Hg. This technique is appealing for the following reasons: An analysis of
the redox potentials of Yb and Lu suggests that Yb may form the bivalent state, but a stable
bivalent state for Lu is unknown. While Yb2+ is known to amalgamate, Lu3+ is not. As a
result, aqueous electrolytes make it difficult to deposit Lu on the Hg cathode. Because of
its high hydrogen over-voltage, this method allows for electrolytic reduction of Yb3+ to
YDb2+ in a moderately acidic solution. This property ensures that Yb2 is not reoxidized.
[72].

A mercury-pool cathode electrochemical route invented by Chakravarty et al.
[73] is considered on two-cycle electrolysis in lithium citrate medium. The
electrolytic reduction of Yb*" in acidic pH could be described by the following
reactions:

Yb% + e — Yb?*
Yb% + 2e” — Yh?

The overall potential for this reaction is EO= - 2.27 V

In a lithium citrate medium, *”"Lu was separated from a *’’Lu/Yb solution using
a two-cycle electrolysis technique. For the quantitative deposition of Yb in the
presence of 177Lu, the initial electrolysis was carried out for 50 minutes at pH 6 in
the 177Lu/YDb feed solution with a voltage of 8 V with a platinum electrode as anode
and mercury as cathode. Fresh electrodes were used for the second electrolysis, which
was done under the same circumstances as the first. Gamma ray spectrometry and
atomic absorption spectrometry were used to assess the radionuclidic and chemical
purity of 17Lu [73].
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Figure 2.9: Illustration of ELM process
In another process of ELM separation method, the irradiated target was mixed into 1mL
0.05N HNO3. This solution includes 1°Yb, *¥Yb and ""Lu was mixed with 15mL lithium
citrate (0.15M) as an electrolyte. By using a constant potential of 10V and adjusting the
pH of electrolyte to 6-7 for 45 minutes, electrolysis was done. The final production yield

ELM procedure was 88.83%, the production process is shown in figure [74].
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Figure 2.10. Electro-amalgamation process

In a similar technique, P. P. Boldyrev et al. conducted cementation studies utilizing
ytterbium with a natural isotopic composition target *°Yb with a 10 Bq activity. The
solution had a volume of 10 mL and a concentration of 1 mg/mL of ytterbium, they
measured the solution flow rate of 5.5 mL/min, and the amalgam content was 0.3 wt%
sodium [75]. Tarasov et.al [76] Tarasov et al. conducted this this strategy using a
prototype unit for electrolytic separation of ytterbium from lutetium in a "hot" cell
was built. The unit's major constructive components are as follows and shown in
figure:

- Quartz electrolysis cell with three platinum cathode current lead wires at the

bottom. The electrolyte had a capacity of 250 mL and the mercury had a volume
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of 100 mL for electrolysis. The surface area the electrolyte and mercury was 95
cm?,

- A platinum wire helical anode is inserted in the electrolysis cell cap. Also, on
cap were also mounted a tiny electromotor to stir mercury, a laboratory
thermometer (or a thermocouple) to control the temperature of the electrolyte,

and a sampling tube to collect electrolyte samples [76] .

By using this prototype unit, ’Lu and ®Yb radioactive tracers were used to investigate
the optimum condition for galvanostatic extraction of ytterbium into mercury cathode. In
this process, electrolytes were made up of solutions comprising 0.10-0.15 mol/L lithium
citrate and 0.4 g/L ytterbium chloride. The ideal cathode current density was determined
to be between 25 and 40 mA/cm2, and after 3-5 hours of electrolysis, the ytterbium

isolation coefficient reached 99%.

Figure 2.11: The prototype device for electrolysis-based separation of ytterbium and

lutetium on a mercury cathode [76].
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1.12.3. Other methods of separating Lu-177

Extraction chromatography (EXC) separation is a separation technique that combines
the selectivity of solvent extraction with the simplicity and efficiency of column
chromatography [77]. Two columns, marked as column 1 and column 2, were prepared to
determine the best conditions for this Lu/Yb separation. 0.1N nitric acid was used to wash
10 g of LN2 resin (25-53um particle size) and 10g DGA resin (50-100um particle size) for
24hrs [77].

Well-washed LN2 resin and DGA resin were used to fill columns (1) and (2),
respectively. The columns were then controlled with 50 mL of distilled water, 50 mL of
0.1N HNO3 for column (1), and 0.05N HCI for column (2), followed by another 50 mL of
distilled water. The irradiation target (in 0.1N HNO3) was loaded at a flow rate of 2 ml/min
on the column (1), washed with 0.1N HNO3 and 1.5N HNO3, and eluted with 4N HNO3.
The eluted solution was collected in a 5mL bed volume and examined using the HPGe
detector for Yb and Lu radionuclides. This method resulted in an overall output of 82
percent 177Lu [77].

Satoshi Watanabe et.al. [78] conducted experiments on the methods of reversed-phase
ion-pair liquid chromatography in order to separate NCA *’Lu from macroscopic amounts
of the Yb target, providing the labeling yield of the Lu-177-labeled antibody increased
from < 5 to 88 %. Approximately 1.1 GBq of 177Lu (end of bombardment) can be
produced by irradiating 2 mg of 1®Yh,03 for 10 days at 1.9x10*ncm2s-! with 2.85barn at
the cross section of 176Yb. This quantity is sufficient for animal experiments designed to
investigate the therapeutic effects of 1'’Lu-labeled antibodies. For the production of177Lu
on larger scale for human therapies, a method capable of separating more than several tens
of mgof!’®Yh,0s is required. Therefore, a two-step separation method will be necessary in

which the rough separation of 1’’Lu from Yb, such as solvent extraction or electro-chemical
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separation, is first performed, and is followed by purification using the reversed-phase ion-

pair liquid chromatography technique developed in this study [78].

1.13. Purification of Lu-177

Ytterbium (YD) is a rare-earth element and in the earth's crust, is a mixed composite oxide
mineral resource. Ytterbium metal has a high vapor pressure and is hard to refine and
contains large amounts of volatile elements and impurities. The purification and recovery
of ytterbium in the Lu-Yb-Hg involves the method of high temperature saturated
dissolution, low temperature recrystallization, high temperature reduction and
vaporization-based removal of impurities. lon exchange (IE) is a water purification
technique that removes dissolved pollutants from water and other liquid solutions. This
approach can also be used to purify liquids in radiochemistry labs. lon exchangers are high-
molecular-weight compounds that are insoluble in water and a variety of other solvents and

capable of exchanging their own active ions for those from the surrounding electrolyte.

The TK221 Resin is composed of a diglycolamide and phosphine oxide. principal
uses of TK221 Resin lies in purification and conversion of heavy lanthanides such as Lu
from highly concentrated acidic solutions into dilute HCI (usually 0.05M HCI) conditions.
t enables the elution of Lu, for example, in a lower volume than DGA, N Resin[79]. It is
also crucial in the purification of Lu-177. Because lanthanides are often extremely well
held at 3M HCI concentrations, heavy lanthanides can be eluted in dilute HCI [79], [80].

According to Lebedev et al. [50] (see section 2.4), ¥"Lu was separated from the residual
Yb (111) (30 g) using cation exchange chromatography. La/177Lu, Yb/(OH); co-precipitate
the n.c.a }"’Lu. The hydroxides were treated in 0.1 M HCI after centrifugation to eliminate

any potential mercury complexes HgxCly. Lanthanides are absorbed from this solution on
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the head of an Aminex A6 column (2.0 80 mm). After the resin has been converted to NH**:
177 u was eluted with 0.07 M -HIB at pH 4.7. In the presence of 50 g Yb (I11), n.c.a *""Lu
may efficiently separate, corresponding to the effectiveness of the cementation cycle. With
Yb(Il1) contaminations of 0.1 percent of the original Yb(III) traces, i.e. 10 ng Yb(IlI) for
the 10 g Yb(IIl) experiment, around 90% of the n.c.a Y’Lu may be separated for low
beginning levels of 50 g Yb(lII). If just the maximum of the n.c.a ’’Lu elution peak of
roughly 80% is taken into account, the quantity of Yb (l11) can be lowered to 1 ng [50],
[81].

The purification of Y’Lu/Yb using Lewatit® MonoPlus TP 214, which is a macroporous
resin with chelating thiourea groups designed for the selective removal of mercury,
precious metals of the platinum group, gold and silver. It is macroporous, beige/opaque,
styrene resin with mean bead size of 0.55 +/- 0.05 mm. The bead sized of Lewatit®
MonoPlus TP 214 are mechanically and osmotically more stable than ion exchange beds
with a heterodisperse bead size distribution. Additionally, this resin is suitable for the
removal of mercury (Hg) and recovery from Yb/Lu solution. Other applications of using
this resin are in the in mercury from ground water metal separation and recovery in
hydrometallurgy, e.g. for gold (Au), silver (Ag) and platinum metals (Pt, Pd, Ru, Rh) as
well preconcentration of palladium(ii) ions from hydrochloric acid - sodium chloride
solutions [82], [83].

1.13.1. Neutron Activation Analysis

The physical phenomena upon which NAA are based are the properties of the nucleus,
radioactivity, and the interaction of radiation with matter. The NAA method relies on
the measurement of either these characteristic prompt or decay gamma rays for

identifying elements and determining their amounts present in samples. The
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concentrations of trace elements in a sample can be calculated with equations provided
the reaction rates, detector efficiency curve, half-lives, and decay schemes of the

radionuclides are known [31], [84].

1.14. Quality control of Radiopharmaceutical.

The (radio)/pharmaceutical component should be free of any impurities, toxicity or
physiological effects. The radiopharmaceutical should not disassociate in vitro or in vivo
and should be readily available or easily compounded. Impurities originates from drug
substance synthetic processes in the starting materials and intermediates, reagents, ligands
and catalysts, by-products of the synthesis, products of over-reaction. Radiochemical
impurities arise from decomposition due to the action of solvent, change in temperature or
pH, light, presence of oxidizing or reducing agents and it is important to have quality
control radiopharmaceuticals. Radiopharmaceuticals must undergo strict quality control
and measurements includes radiochemical purity test, chemical purity and biological tests.
(Ganesh, 2018). Currently, most referenced gamma spectrum analysis by HPGe detector
for radioisotope Lu-177 without impurities after separation from targets is shown in figure
12 [62].

The accumulation of 177mLu and concerns:
Radiation dose: As hospitals use their *’’Lu for radiopharmaceutical manufacture up
to one week after EOB, the ""™Lu/177Lu ratio is expected to be increased. The typical

therapeutic dosage of 177Lu is between 7 and 9 GBq. When the "™Lu/*""Lu ratio is 0.02
percent, a dosage contains roughly 1.4-1.8 MBq 177mLu [6].
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Laboratory waste: The loss of radioactivity throughout the radiolabeling procedure
and treatment is generally 2-5% of the 177Lu activity, corresponding to levels of 28-90
kBg 177mLu. Because of the legal emission limit for 177mLu waste (10 Bqg/g), all
laboratory radioactive waste must be collected separately and delivered to a radioactive
waste management facility to decay. With a half life of 160.1 days, 177mLu requires a

significant amount of time to decay [6].

Waste water: After receiving 177Lu-labeled octreotide, a patient excretes roughly
80% of the supplied dosage (1.45 MBq 177mLu) through urination. The patient-excreted
activity in urine and feces must be held in waste water, where 177mLu can accumulate in
the radioactive waste water storage tanks. The highest allowable radioactive content of
177mLu in municipal sewage, according to European radiation safety regulations, is 50
kBag/m3. This implies that radioactive waste water from holding tanks must be heavily
diluted before being discharged into the local sewage system. The presence of 177mLu in
radioactive waste water holding tanks may exceed activity limitations alone or in

combination with other nuclides (sum activity) and must be examined in each situation [6].

While the radiation dose to patients from *""™Lu (0.01 percent —0.02 percent) is
insignificant [53], the problem of safe handling and disposal of residual quantities of 1’"™Lu
by hospital users may emerge as a major roadblock, which can hardly be avoided, in
principle, through the storage of radioactive wastes that is customary in hospitals. Despite
the disadvantages listed above, 1’Lu acquired through the (n,) approach is favored by many
hospitals because to the cost-effective availability of adequate quality and quantity on
demand [6]. This can be seen as the window of opportunity to lay the basis for realizing
the widespread radiopharmaceutical use of *’’Lu.
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177u metastable and its complications in radiolabeling
By the irradiation of 178Lu target, an effect of producing a long-lived radionuclide *"™Lu
that has a half-life of 160d, which can be a disadvantage in such way that the radionuclidic

purity of Lu-177 may pose have waste management problems in the hospitals [85].

Owing to the low cross-section (~7 b) of the Y®Lu (n, y) ¥"™Lu reaction the yield of
7my is mostly low under most irradiation conditions, furthermore, medium flux
conditions the level of Y"™Lu in Y’Lu is less than 0.02% and thus may be seem as not
significant issue, but "™Lu being a radionuclidic impurity, it can absorbed in the tissues
where the uptake of Y'’Lu-based radiopharmaceutical occurs and period of absorption of
can be much more prolonged compared to 1"’Lu due to longer half-life [85].

Moreover, if metabolization of the targeting agent occurs, free ¥’’™Lu can be excreted
or skeletal uptake may occur. In other aspect waste management of impurities tend
problematic and hence in each countries waste disposal protocols have to be adhered to
[86]. For instance, if small amount of uCi of *’™Lu would be present in a curie of Y’Lu
used in a nuclear medicine clinic, the containment and post-decay release of the radioactive
waste generated has to be carefully managed by design of appropriate delay tanks [87]. The
Figure 2.12 (a) shows gamma spectrometry without impurity detected figure 2.12 (b) with
177m_y impurity detected if the end product of Lu has the long-lived impurity
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1.15. Protocol of Lu-177-DOTATATE radiolabeling and Biodistribution control

Upon Lu-177 production whereby target material Lu,O3; (99.99%) is accurately
weighed by analytical balance, this target is contained in quarts ampoule, then placed in
aluminum containers that are used for irradiation. Duong Van Dong et. al [88], Samina
Roohi et.al.[89] reported production and radiochemical processing of 1"7Lu in the form of
17 uClj; salt by the method wherein:

- Typically, 100mg of iso-topically enriched Lu,Ogstarget (52% in °Lu) was
dissolved in concentrated HCI to get LuCls.

- The resulting solution was then dried in a quartz tube in desiccators and reconstituted
with ultrapure water - dried it again, sealed the tube in aluminum sheet for
irradiation.

- The sample was irradiated at a thermal neutron flux of 1.5x10%*n.cm2s for 18 hr.

- The irradiated target was allowed to cool for 12 hr and dissolved in gently warm HCI
solution (pH 3-4) followed by cooling to room temperature and filtering through
0.22mm Millipore filter paper to obtain pure *’LuCls. Thus, obtained *"’LuCl; could
be used for therapeutic dose of 177Lu-DOTATATE [88], [89].

Combining the radionuclide Y7Lu with the somatostatin analogue DOTA-TATE,
[Y""Lu] Lu-DOTA-TATE delivers ionizing radiation specifically and selectively to tumor
cells expressing SSTRs [38]. Radiolabeling and mechanism is shown in figure 13 and it is
vital to note that [*"Lu] Lu-DOTA-TATE should be produced in a GMP (Good
Manufacturing Practice)-compliant automated radiosynthesis by reacting n.c.a. (no-carrier
added) [*""Lu] LuCl; with DOTA-TATE under suitable condition[38].

46



Binding of [177Lu]Lu-DOTA-TATE TO

Cancer cell expressing SSTR

SSTR

ap
v v v

I I I D s

Internalization of [177Lu]Lu-
DOTA-TATE and decay

- &

SSTR  [177Lu]Lu-DOTA-

Figure 2.13 - Radiolabeling mechanism of [*"’Lu] Lu-DOTA-TATE

The labeling of DOTATATE kit with Y’Lu involves the freeze-dried cold kit of
DOATATAE reconstituted with sterile water and diluted to a pH of 5 followed by the
addition of *"LuCls solution with increasing DOTATATE concentration such as 1,2,3,4,
or 5 times as compared to *’Lu. Following the preparation of "Lu-DOTATATE and
cooling at room temperature, the radiochemical mixture was subjected for quality control
analysis using chromatography process [89]. According to Duong Van Dong et. al [88],
radiolabeling with DOTATATE was carried out by the demonstrations in figure 2.14.

The characterization of the labelled conjugate and the complexation yield were
determined by paper chromatography in 50% aqueous acetonitrile. The radiochemical
purity of the labelled product was estimated by PC, TLC and HPLC analysis using the
gradient elution technique described above. After preparation of Y’LU — DOTATATE,

Optimization studies of ”’Lu labelling of DOTATATE various parameters such as ligand
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concentration, incubation time and temperature, stability, quality control, labeling

efficiency, measuring can be carried out[88].

Solution A Solution B

10 ug of DOTATATE
[0.4 mg/mL in 0.4M sodium
acetate at pH 4.51

l

The final reaction mixture

Solution C of "L uCls (Solution A + solution B + solution C) is incubated
_ at 80-90°C for 30 min, keeping the reaction volume
The pH of the *"LuCls solution S at 200 pL, the amount of DOTATATE was varied

100 uL of 0.4M sodium acetate
containing 40 mg/mL of 2,5-
dihydroxybenzoic acid at pH 4.5

is adjusted to 3—4, and 25 uL of this from 5 to 100 pg in order to determine the optimal
solution (containing 0.25 pg of Lu, ligand concentration for obtaining maximum
20 Ci/mg) complexation

Figure 2.14. Protocol of Lu-177-DOTATATE radiolabeling and Biodistribution control

Biodistribution of Lu-177

Biodistribution is fundamental to identifying target organs and anticipating safety
and efficacy, tracking where compounds of interest travel in an experimental animal, and
Duong Van Dong et. al and Roohi et.al [88], [89]. studied the biodistribution pattern of
177 u labeled FDK of DOTATATE in normal rats each weighing 40-50 g in a group of 3-
5 where the 1’Lu-DOTATATE solution prepared above was further diluted with saline to
25 MBq activity/mL. An aliquot of 200mL of *"Lu-DOTATATE solution was then
administered in animals through the tail vein of rats. In both reports, reported radiochemical
purity is more than 99%, in vivo biodistribution studies in normal mice revealed that the
177Lu-DOTATATE have suitable pharmacokinetic properties [88], [89].

In summary, understanding the radiochemical properties of Lu-177 helps researchers

improve methods to treat cancer and other related diseases, the more studies performed,
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the more research that is done, the more likely it is to improve on finding the treatment for

the cancer.
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Chapter 6: Financial Management

Introduction

This section outlines the comprehensive description and analysis of the financial and
economic aspects of the work performed when producing radioisotope Lu-177. In this work,
the indirect route for production N.C.A. *""Lu by irradiating the natural Yb,03 >99.99% and
enriched Lu,O3 target material at neutron flux of 2.0 x 10 n.cm?. s for 30 minutes at
Nuclear Research Reactor IRT-T for application in nuclear medicine was carried out. The
main objective in this study was to apply radiochemical separation methods based on
cementation processes for separating Lutetium from Ytterbium targets, followed by
purification using cation exchange chromatography with Lewatit MonoPlus T214 resin.
Radiochemical measurements were carried out using HPGe detector and trace amounts of Hg
and Yb were detected, further to achieve a radioisotope with no impurities, purification
process was applied and radiochemical assessment by the neutron activation analysis which
resulted in a pure product with no mercury and small amount of Yb that is negligible. The
produced radioisotope N.C.A "Lu is suitable to application in nuclear medicine, treatment
and diagnosis of cancer education, radiobiology (biodistribution pattern of ’’Lu in rats),

Research in modelling experiments and clinical measurements.

6.1.  Financial management, resource efficiency and resource saving

Financial management is the effective handling of money through planning, organizing,
directing and controlling funds in any corporation or company with the aim of solving
planning and preparation of research work, budget calculation for research work and
development of evaluation of commercial potential. The purpose of this section discusses the
Issues of competitiveness, resource efficiency and resource saving, as well as financial costs

regarding the object of study of this Masters' thesis. Competitiveness analysis is carried out
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for this purpose. SWOT analysis helps to identify strengths, weaknesses, opportunities and
threats associated with the project, and give an idea of working with them in each particular
case. The development of the project requires funds that go to the salaries of project
participants and the necessary equipment, a complete list is given in the relevant section. The
calculation of the resource efficiency indicator helps to make a final assessment of the

technical decision on individual criteria and in general

6.2. Pre-research analysis

The research perspective of production of Lu-177 by indirect irradiation of Yb,03 and Lu,O3
targets is sought to establish the end product medical radioisotope n.c.a *’’LuCls for modeling
experiments. Upon irradiation, Yb,03 and Lu,O3 targets are processed into radioactive tracers
Yb,Cl; and Lu,CL3 respectively, after this; n.c.a Y’LuCls was produced by indirect route
method using the non-radioactive Yb,Oj3 solution activated with radioactive tracers and Hg.
Next, Yb and Lu must undergo separation process by cementation methods then purification
process by cation exchange chromatography using Lewatit MonoPlus T214 resin to further
purify Yb from mercury and recover Yb for new production. Radiochemical analysis was
then performed using HPGe detector and Neutron Activation Analysis methods. This research
Is meant for researchers in hospital clinical measurements and modelling experiments nuclear
medicine departments, researchers in high institution of learning for and education for
studying biodistribution of ’Lu (in rats) to improve the best optimal production routes of
7 u. Assessment of the commercial value of the development is dependent the production
process depends on production route, separation methods, purification process, separation
factor, achieving the highest specific activity and purity of the radioisotope as different
radiopharmaceutical companies and nuclear research reactors are performing same
investigation and preferably by direct route production and the drawbacks of the direct

procedure involves long-lived Lu-177m (160d) which is an unwanted impurity, in conclusion,
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the indirect route a method chosen in this research provides a medical radioisotope with no
long-lived Lu-177m (160d).

Potential consumers of the research results: Target market and segmentation

To study consumers of research results, it is necessary to segment the market. The target
market that would be interested in the outcomes of student’s investigation research results of
producing of Lu-177 includes university institutions for nuclear medicine, radiobiology,
oncology research departments for studying the biodistribution of Lu-177; hospital would use
the results for treatment of cancer clinical trials and radiopharmaceutical companies for which
Is also segmented into diagnostic and therapeutic by application of Lu-177 in oncology,
cardiology, neuroendocrinology, nephrology, musculoskeletal, respiratory and others,

hospital would use the results for treatment of cancer, clinical trials.

6.3. Competitiveness analysis of technical solutions

In order to find sources of financing for the project, it is necessary, first, to determine the
commercial value of the work. Analysis of competitive technical solutions in terms of
resource efficiency and resource saving allows us to evaluate the comparative effectiveness
of scientific development. It is important to analyze possible technical solutions and choose
the best one based on the considered technical and economic criteria. Evaluation map analysis
and criteria for Y’’Lu-produced at the nuclear research reactor IRT-T by irradiating Ytterbium

(Yb) and Lutetium Lu targets in the form of Yb,03 and Lu,Os is characterized by:

- Equipment and materials: availability of resource to produce Lu-177, reagents, materials
and Equipments.

- Determination of theoretical yield of Lu-177: a measure of the amount of Lu-177 can be
produced under same conditions (natural origin of target, same neutron flux density, mass

of target and time of irradiation);
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- Separation Process: ease of separation methods of Lu from Yb targets and purification
process of Yb from mercury tracer.

- Degree of Impurities: measure of impurity via neutron activation analysis by acquiring
gamma spectrometry after separation and purification using HPGe detector (GX1018
Canberra).

- Determination of radionuclidic purity - purity of obtained Lu-177

- Safety: measure of safety throughout the production/work process

- Development cost: Project cost

- Development prospects the ability of the project to develop successfully in the future in

the required area.

The criteria were evaluated using position of the research and competitors and evaluated for
each indicator on a five-point scale, where 1 is the weakest position and 5 is the strongest.

Analysis of competitive technical solutions is determined by the formula:

C= zPlWl

Where C - the competitiveness of research or a competitor; Wi— criterion weight;
Pi — point of i-th criteria.

In this research study, Cementation process — Pil, Electrochemical method — Pi2,

Table 1 - Evaluation card for comparison of competitive technical solution

Competitiveness

Evaluation criteria Criterion Points
Weight
By B Ci Ci
1 2 3 4 5 6
Technical criteria for evaluating resource efficiency
1. I_Demand for materials and 0,05 3 4 0.6 0.8
equipment
2. Yield of Lu-177 0,19 4 3 0,12 0,18
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3. _Ease_ of separation and 0,06 5 3 0,24 0,24
purification

4. Degree of Impurities 0.04 3 4 0.16 0.15
5. Safety 0,06 4 3 0,24 0,18
6. Radionuclide purity 0,2 5 2 1 0,4

Economic criteria for performance evaluation

1. Development cost 0,2 2 4 0,4 0,8
2. Development prospects 0,2 4 2 0,8 0,4
Total 1 30 25 3,56 3,15

Pi1and Pj; are the electrochemical and cementation method respectively used in the separation
of Lu 177 from impurities. Ci; and Cj, are the competitors in the radio pharmaceutical
industries using direct separation methods where the end product has impurities of Lul77m.
In summary, produce n.c.a Lu-177, the indirect route was chosen by irradiating highly
enriched Yb and Lu target is very expensive, and cementation process as a method of
separation Lu from macro-element of Yb is relatives faster and has mercury as the impurity
at the end of the production process, however; with following purification process by cation
exchange resin using Lewatit MonoPlus T214 resin, the it is possible to obtained a

radioisotope with no mercury.

6.4. SWOT Analysis

Complex analysis solution with the greatest competitiveness is carried out with the method
of the SWOT analysis: Strengths, Weaknesses, Opportunities and Threats. The analysis has
several stages.

The first stage consists of describing the strengths and weaknesses of the project,
identifying opportunities and threats to the project that have emerged or may appear in its

external environment.
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Strengths: These are the factors that characterize the competitive side of a research project.
Strengths indicate that a project has a distinctive advantage or special resources that are
special in terms of competition. In other words, strengths are the resources or capabilities
available to the project management that can be effectively used to achieve the goals set. At
the same time, it is important to consider the strengths both from the point of view of the

project management and from the point of view of those who are still involved in it.

Weaknesses: This describes a flaw, omission, or limitation of a research project that
hinders the achievement of its goals. This is something that does not work well within the

project or where it has insufficient capabilities or resources compared to competitors.

Opportunities: These are any preferred situation in the present or future that occurs in the
project environment, such as a trend, change, or perceived need that supports the demand for

a result that allows the project management to improve their competitive position.

Threat: This is any undesirable situation, trend or change in the environmental conditions
of a project that is destructive or threatening to its competitiveness in the present or future.
The threat may be a barrier, restriction, or anything else that may cause problems, destruction,
harm, or damage to the project.

The SWOT analysis of the research is described in Table 2.

Table 2 - SWOT analysis

Strengths: Weaknesses:

S1. Declared efficiency
and energy efficiency
of technology.

S2. Environmental
friendliness of the
technology.

S3. Lower production cost

W1: Limited time to collaborate with
theragnostic ~ and radiobiology
department to research more about
biodistribution of Lu-177 in rats.
W2. Lack of some of necessary
equipment for electro-amalgamation.
Wa3: Duration of data analysis was
very long
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compared to other
technologies.

S4. Availability of budget
funding.

S5. Qualified stuff.

W4:  Attending conferences in
medium language of instruction.

Opportunities:

O1. Use of the innovative TPU
Nuclear research reactor IRT-T.
O2: Data analysis for Neutron

Activation  Analysis  using
equipment HPGe (GX1018
Canberra).

0O3: Optimization of separation
and purification process to
recycle Yb from Hg tracer.

O4: Promising technology
production of Lu-177

O5. Emerging use of medical
radionuclide Lu-177 in nuclear
medicine.

The possibility of

using the measurement
results in further

research in various fields
of  science (nuclear
medicine and theragnostic
departments)

Training of nuclear medicine
technologists, radiation biologist,
medical physicist to work with

radiopharmaceuticals in hospitals.

Carrying out biodistribution of Lu-
177 in local radiobiology laboratories
will help increase the interest in
research and speed the process of
clinical trials.

Threats:

T1: Radioactive substance. All
the reagents and radioactive
substance are handled by
qualified stuff

T2: Separation technique of
using cementation  process,
which  introduces  mercury
which may occur in impurity.
T3: Developed competition of
production technologies.

T4. Restrictions on the export of
technology.

Improving the quality

of separation methods will
increase competitiveness
in the market.

Training with nuclear engineers to
produce medical radioisotopes

In conclusion, the challenges are not difficult to solve, and in the near future they can easily
be solved with increasing experience through research.

SWOT matrix

It is needed to identify the strengths and weaknesses of the research project to the external

environmental conditions to determine the need for strategic changes. For this it is necessary
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to build the project matrices to helps to understand the various combinations of relationships
between the areas of the SWOT matrix. It is possible to use this matrix as one of the bases for
evaluating strategic choices. Each factor is marked "+" (meaning a strong match of strengths

to capabilities), " - " (meaning a weak match).

Table 3 - Strengths and Opportunities Project Matrix.

S1 S2 S3 S4 S5
01 + + + + +
02 + + + - +
03 + - + - +
04 + - - + -
05 - - - - +

01S1S354S5, 02515254, 03515354, O5S5.

Analysis of this interactive spreadsheet showed correlated strengths and opportunities:

Table 4 - Weaknesses and Opportunities Project Matrix

W1 W2 W3 W4
O1 - - - -
02 - + - -
03 - - - n
04 - - - +
05 + - - ¥

The correlations of weaknesses and opportunities are as follows: O1W5, O2W2, O3W4,
0O4W4, O5W1W4. The next step in project analysis is to identify the correlation of strengths

and threats.

Table 5 - Strengths and Threats Project Matrix

S1 S2 S3 S4 S5
T1 - - + - +
T2 + + + - +
T3 + - + + -
T4 - - - - -

119




The correlations of threats and strengths are as follows: T1S3S5, T2S51S2S3S5,
T3S1S3S4. The next step in project analysis is to identify the correlation of weaknesses and

threats.

Table 6 - Strengths and Threats Project Matrix

W1 W2 W3 W4
T1 - - - - T1
T2 - + + - T2
T3 - - + - T3
T4 : . : T4

The correlations of threats and strengths are as follows: T2W2W3, T3W3.
Based on the results of the analysis of this matrix, it can be concluded that

the difficulties and challenges that this research project may face are offset by the existing
strengths of the research.

6.5. Project Initiation

This section describes the initial goals and content and fix initial financial resources.
The internal and external stakeholders of the project are determined, which will interact and
influence the overall result of the scientific project. Information about the stakeholders of the
project, the hierarchy of project goals and criteria for achieving goals is presented in the table

below.

6.5.1. The goals and results of the project

This section describes stakeholders of the project in table 7. The Project stakeholders
are persons or organizations that are actively involved in the project or whose interests may
be affected both positively and negatively during the execution or as a result of the completion
of the project.
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Table 7 — Stakeholders of the project

Project stakeholders

Stakeholders of the project expectations

Medical centers and
pharmaceutical companies, nuclear
and scientific centers.

Convenient in usage for low-cost and efficient technology
for the production of Lu-177;

High chemical purity and isotope extraction yield

High radioisotope purity

TPU nuclear reactor IRT-T and
other nuclear research Institutions
producing radioisotopes, and
Radiopharmaceutical

To produce radioisotopes with high specific

activity using direct and indirect route for

nuclear medicine applications.

Use the produced yield of *"7Lu for

preparations of  biodistribution studies and
radiopharmaceuticals.

Patients with cancer

The acquired results could be a ground breaking finding
for research in TPU and starting clinical trial with Lu-177.

South African government
companies that produce
radioisotopes

To use knowledge and experience

gained to put in the resources of South Africa,

producing the isotope of interest for nuclear medicine,
oncology and theragnostic research.

Information about the hierarchy of project goals and criteria for achieving goals is

given in the table below.

Table 8 — Project goals and results

Project goals

Production of n.c.a Lu-177 at the IRT-T research reactor for

application in nuclear medicine.

Expected results of | Separation of Lu-177 from a Yb target, determination of impurities of

the project the resulting Lu-177.

Acceptance criteria | Satisfactory radionuclide purity and degree of Lu-177 separation from
of the project result | the Yb,O3 target

Requirements to the

Project completion on time

project results

Stability of technological equipment

The efficiency of the equipment used
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Possibility in usage

6.5.2. The organizational structure of the project.

This section discusses working group of this project, the role of each participant in this
project, and the functions performed by each of the participants as well as their labor costs in
the project. Table 9 shows working group of the project. In the course of the scientific project,
in addition to the master's student, a number of specialists are involved:

* Project Manager - responsible for the implementation of the project within the specified
resource constraints, coordinates the activities of the project participants. In most cases, this
role is performed by the head of the master's thesis.

* Project executor- the master’s student responsible for scientific research.

Table 9 — Working group of the project

Participant Rol_e_ in Functions Labor time, hours.
Position

Mere P. A Executor Work on project implementation 77 days x 7hours

Ushakov Coordination of work activities and | 48 days x 7 hours
Consultant . : . :

l.A. assistance in project implementation

Total 875 hrs.

6.6. Project Limitations.

Project limitations are all factors that can be as a restriction on the degree of freedom of the
project team members.

Table 10 — Project Limitations and assumptions

Factor Limitations/assumptions

1. Project budget 1,700,100 RUB

TPU, Laboratory for isotopic Analysis and
Technologies

2. Project timeline: 1 February 2022 — 31 May 2022

1.1 Source of budgeting
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Date of approval of the project
management plan

Date of pass of reactor 15 March 2022 — 31 May 2022

2.2 Project completion date 04 June 2022
As a result of the initialization of the project, the goals and expected results were

1 February 2022

formulated, the stakeholders of the project and the financial framework were identified, which

Is very important for the successful completion of the project and its implementation.

6.6.1. Planning of scientific and technical project management

The planning process group consists of the processes that are carried out to determine the
overall content of the work, clarify the goals, and develop the sequence of actions required to
achieve these goals. The scientific project management plan should include the following:

I. Hierarchical structure of project activities: Detailing the enlarged work structure. In
the process of creating an HWS, the content of the entire project is structured and
defined.

Ii. Deadlines for the project stages: As part of planning a science project, you need to build

a project timeline and a Gantt chart. Project schedule is in table 11.

Table 11. Project Schedule

Duration,

Ne | Job title working Start date Date .Of Participants
completion
days
1 Development of
technical assignments Consultant,

3 days 14/02/2022 | 16/02/2022

and calendar planning Executor,
of research.
2 Place of the on-job
performance at nuclear | 1 day 15/03/2022 | 15/03/2022 | Consultant,

research reactor IRT-T

123



Literature review 10 days 16/03/2022 | 29/03/2022 | Executor
4 Preliminary calculations, Executor
consultations, choosing | 10 days 21/03/2022 | 29/04/2022 ’
: . Consultant
working Equipments.
> f;fg;ga?fgzg;ga&i%‘;;‘ 5days | 04/04/2022 | 11/04/2022 | Executor
6 - Production of Lu-177
- Separation of Lu from Consultant
YD targets, preparation | 3 days 14/04/2022 | 18/04/2022 Executor ’
of szClg, LUC|3, '
tracers
7 Preparation of cation
exchange resin column 1 days 21/04/2022 | 21/04/2022 Consultant,
resin column and flow test Executor.
rate.
8 - Preparation of Non-
radioactive Yb,0s
target and activation
solution with tracer
LuCl3, YbCI3, Hg. 14 qavs | 25/04/2022 | 2810472022 | CONsultant,
- Purification of Executor.
radioactive activated
aliguot solution.
- Gamma spectrum
analysis of aliquot.
9 Online consultations:
- Gamma spectrum
analysis results,
- Detection of impurities Consultant,
by Neutron Activation 3 days 29/04/2022 | 3/05/2022 Executor
Analysis
- Pre-Defense
Preparation
10 | Data and results analysis | 2 days 4/05/2022 | 05/05/2022 | Executor
11 (éonsultatlon for Rre- 3 days 06/05/2022 | 09/05/2022 Consultant
efense Presentation /Executor
121 pre-defense Preparation |5days | 06/05/2022 | 11/05/2022 | <onsultant
Executor
13 | Pre- defense 1 day 12/05/2022 | 12/05/2022 | Executor
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141 Final thesis write-up 10days | 16/05/2022 | 27//05/2022 | Consultant,
Executor
15 | Completion of thesis and | 1 5 .0 | 16/05/2022 | 04/06/2022 | Executor
submissions
16 | Master’s thesis defense 1 day 24/06/2022 | 24/06/2022 | Executor
Total days Executor 77 days
Total days: Supervisor 48 days

Table 12 shows a Gantt chart, which is a type of bar chart that illustrates a project schedule.

This chart lists the tasks to be performed on the vertical axis, and time intervals on the

horizontal axis. The width of the horizontal bars in the graph shows the duration of each

activity.
Table 12 - Gantt chart

Activities

Parti | To

cipa day
nt S

Duration of the project

Februa
ry

March April

May

June

12/ 34|1|2

31411234

123/4|1

- General
supervision,

research and technical
assignments.

Calendar planning of

Familiarization  with
Nuclear research
reactor IRT-T and
radiochemistry labs

Literature review

Preliminary
calculations,
consultations, choosing
working Equipments.

C,E |10

irradiation targets
(Yb203 & LU203)

Preparation of

C,E |5
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- Production of Lu-
177

Separation of Lu from

YDb targets, preparation

of Yb2C|3, LUC|31

tracers

C E

Preparation of cation
exchange resin column
resin column and flow
test rate.

C.E

- Preparation of Non-
radioactive Yb,0;
target and activation
solution with tracer
LuClI3, YbCI3, Hg.

- Purification of
radioactive
activated aliquot
solution.

Gamma spectrum

analysis of aliquot.

C E

Online consultations:

- Gamma spectrum
analysis results,

- Detection of
impurities by
Neutron Activation
Analysis

Pre-Defense

Preparation

C,E

10

Data and results
analysis

11

Consultation for Pre-
defense Preparation

C E

12

Pre-defense
Preparation

13

Pre- defense

14

Final thesis write-up

10

Nk
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15 | Completion of thesis
and submission CE15 —‘
16 Master’s thesis defense | E ’

- E - Executor

C -Consultant

6.7. Scientific and technical research budget

When planning the budget of scientific research, it should be ensured that all types of planned

expenditures necessary for its implementation are fully and reliably reflected. In the process

of forming the budget, the planned costs are grouped according to the items presented in the

table 13; following grouping of costs by items such as:

Costs for raw materials, purchased parts and semi-finished goods;
Costs for special equipment for scientific experiments;

Expenses for the basic and add salaries of the theme performers;
Costs for social security pays;

Other direct costs;

Energy cost;

Overhead costs.

6.7.1. Calculation of cost material

This type includes the cost of all materials, raw materials, purchased components and

semi-finished products used and consumed in the development of a research project. The

value of material costs is calculated according to the current price lists or contractual prices.

The value of material costs includes transportation and procurement costs (3-5 % of the price).

The same article includes the costs of documentation processing (office supplies, ranking of

materials). The results for this article are entered in Table 9.
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The calculation of material costs may be also carried out according to the formula:
Cm = (1+ kT) ) 2:11 Pl ) Nconsi

where C_ - cost for raw materials, purchased parts and semi-finished goods, rubles;

M _ the number of types of material resources consumed in the performance of
scientific research;

N.. — the amount of material resources of the i-th species planned to be used when
performing scientific research (units, kg, m, m?, etc.);

P — the acquisition price of a unit of the i-th type of material resources consumed
(rub. /units, rub. /kg, rub. /m, rub. /m?, etc.);

k; — coefficient taking into account transportation costs.

Prices for material resources can be set according to data posted on relevant websites

on the internet by manufacturers (or supplier organizations).

Table 13 - Costs for raw materials, purchased parts and semi-finished goods

Cost of
Size of material : Sum, rubles
Materials unit (Price per Quan_tlty of (Total cost of
i material used :
unit, material used)
rubles)
Yb,0; (powder) 10g 6521,89 19.1 mg 12.45
Lu,O3 (powder) 5¢9 24729,49 11.6 mg 57.97
Hydrochloric acid, 36.5 — 500 ml 13884,43 40 ml 1110.75
38%
Lewatit MonoPlus T214 ion 100 g 5785,05 1g 57.85
exchange resin,
macroporous
Aluminum foil 1 roll 1851,22 1 roll 1550,83
Filter paper 500 EA 2728,11 3 316,13
Cotton wool 1 pack 65,8 1 pack 65,8
A4 printer paper 500 595.00 100 119
Pipette 1EA 24419.02 1 24419.02
Measuring cylinder 2EA 9743.25 2 9743,25
Flacon 60 EA 12544.43 4 836.89
Pipette tips 1000EA 9737.05 30 292.11
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Chromatography Gravity 1EA 12239.96 1 12239.96
column
Glass beaker 4 3723.93 4 3729.93
Scissor 1EA 852.53 1 852,53
Total costs for materials 73855,17 42875,93
Total costs of material used and considering transportation cost (5%), 44075.93
Cn

6.7.2. Cost for special equipment for scientific experiments

This article includes all the costs associated with the purchase of special equipment
(instruments, control and measuring equipment, stands, devices and mechanisms) necessary
for carrying out work on a specific topic. The cost of special equipment is determined

according to the current price lists, and in some cases at the agreed price.
Calculation of the Depreciation

Depreciation is not charged if an equipment cost is less than 40 thousand rubles; its cost is

taken into account in full. If available equipment is used, then to calculate depreciation:

A= Cinitial*Ha
100

A - annual amount of depreciation; C;,;;i4;- initial cost of the equipment; T, - life expectancy

H, = 1TOO - rate of depreciation;

(o) §

Table 14a - Depreciation of special equipment

. Quantity Life Depreciation for the
Ne Equipment of TOt"flI cost  of expectanc | duration of the
identification . equipment, rub. .
equipment y, year project, rub.
5 HPGe detector | 1 400,000.00 5 2,191.78
(GX1018 Canberra)
3 | Heating Oven 1 150,000.00 10 82.19P
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4 Analytical laboratory 172,942.65 10 189.53
scales

5 Cementation  process | 1 200,000.00 10 273.97
Equipments

5 Electro-amalgamation | 1 100,150.00 10 54.88
equipment

7 | Fume hood 85,290.00 10 233.67

g | Water distiller 1 60,000.00 10 49.32

9 Adjustable volume | 1 21,646.00 10 29.65
pipette

10 | Drying oven 1 100,000.00 10 109.59

11 | Retort stand 1 2,526.00 10 2.77

Total - 1,333,554.65 - 5,239.26 P

6.7.3. Cost for basic and add salary

This article includes the basic salary of scientific and engineering workers, workers
of model workshops and experimental production facilities directly involved in the
performance of work on this topic. The amount of salary expenses is determined based on the
labor intensity of the work performed and the current system of remuneration. The basic
salary includes a bonus paid monthly from the salary fund (the amount is determined by the
Regulations on Remuneration of Labor). The calculation of the basic salary is summarized in
Table 17.

This section includes the basic salary of participants directly involved in the
implementation of work on this research. The value of salary costs is determined based on
the labor intensity of the work performed and the current salary system
The basic salary (Sp) is calculated according to the formula:

Sp=S5-Tw ’
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where Sb — basic salary per participant; T, — the duration of the work performed by the
scientific and technical worker, working days; Sq - the average daily salary of a participant,
rub.
The average daily salary is calculated by the formula:
Sm'M
Sq = 7

Where S,,, — monthly salary of a participant, rub.; A — the number of months of work
without leave during the year, months; at holiday in 48 days, M = 11.2 months, 6 day per

week; F,—valid annual fund of working time of scientific and technical personnel (251 days).

Table 11. The valid annual fund of working time

Working time indicators Executor Supervisor
Calendar number of days 365 365

The number of non-working ) -

days 50 52
weekend 14 14
holidays

Loss of working time
- vacation 48 48
- isolation period - )

- sick absence

The valid annual fund of 251
i i 251
working time

Monthly salary is calculated by formula:
Sm = Spase " (Kprem + Kpon +1) - Kreg
where S, — base salary, rubles;
Kprem — premium rate (equal 0,3);
K, — bonus rate (equal 0,25);

K4 — regional rate (for Tomsk region is equal 1,3).
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Table 12. Calculation of the basic salaries

s s T, WorkW
base, ; h, base,
Performers | Koonus |Kpremium Kreg o Wq, rub.|days (from|
Rubles rub. rub.
table
Consultant [358800.00(0,25 |0,3 46540,00 (1597,45|48 52715,85
1,3

Executor (8720 11336,00 |642.53 |77 50759,887

Total 103475.74
Basic salary

The basic salary is calculated according to the following formula:
Whase =s,4-T,
where w, .. — basic salary per participant;
T,, — the duration of the work performed by the scientific and technical worker,

working days; S; - the average daily salary of a participant, rub.

Additional salaries
The Additional salaries are calculated on the basis of 10-15% of the base salary of workers:

Wadd = KEgxtra " WBase

where W,,,— additional salary, rubles; Kg,.,— additional salary coefficient (10%),W} e

additional salary, rubles;

Table 13 — Salary of scientific research project performers.

Executors Salary
Basic | Additional
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Consultant 52715,85 5727,59
Executor 50759,87 5057,99
Total payments at article Cgy 10785.58

Social security pays

Social security pays (so-called labor tax) to extra-budgetary funds are compulsory
according to the norms established by the legislation of the Russian Federation to the state
social insurance (SIF), pension fund (PF) and medical insurance (FCMIF) from the costs of
workers.

Payment to extra-budgetary funds is determined of the formula:

Psociar = kp - Wpase + Waaa) 9)
where k, — coefficient of deductions for labor tax.

In accordance with the Federal law of July 24, 2009 No. 212-FL, the amount of
insurance contributions is set at 30%. Institutions conducting educational and scientific

activities have rate — 30.2%.

Table 15 - Labor tax

Coefficient of | Consultant Executor
deductions

Salary, rubles 5787,44 55835,86
Labor tax, rubles | 1747.81 16862.43

6.8. Scientific and industrial business trips

This article includes the travel expenses of scientific and production personnel
associated with the direct implementation of a scientific research project, the amount of which
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Is assumed to be 10% of the main and additional salaries of all personnel engaged in the

implementation of this topic.

6.8.1. Pays for work performed by other firms

This item includes the cost of counterparty work, i.e. work performed by third-party
organizations and enterprises on the order of this scientific and technical organization, the
results of which are used in a scientific research project. In addition, this item of expenditure
includes the payment of consultations, the use of the Internet, etc. The amount of these costs

Is determined according to the contractual terms.

6.8.2. Overhead costs

Overhead costs include other management and maintenance costs that can be
allocated directly to the project. In addition, this includes expenses for the maintenance,
operation and repair of equipment, production tools and equipment, buildings, structures, etc.

Overhead costs account from 30% to 90% of the amount of basic and additional salary
of employees.

Overhead is calculated according to the formula:

Cov = kov * Whase + Waaa)

where ko, — overhead rate.

Table 16 - Overheads cost

Consultant | Executor |
Overhead rate 40%
Salary, rubles 57987,44 55835,86
Overhead, rubles 23194,98 22334,34
Total 45529.32
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Other directed costs

Energy cost for equipment calculated using the formula:
C= P, P F,

where: P,; is the power rate (5.8 rubles per kWh)

P is the power of equipment

F,q is the equipment usage time

Table 17 — other directed costs

Power Power of Equipment Energy cost,
rates, KWh | equipment, KW | usage time, hr rubles
HPGe detector 5.8 0.5 480 1392
(GX1018 Canberra)
Cementation 5.8 0.5 24 69,60
equipment
Total 1461,60

6.9. Determination of resource (resource-saving), financial, budgetary, social and economic

efficiency of research

The effectiveness of a scientific resource-saving project includes social efficiency, economic
and budgetary efficiency. Public efficiency indicators take into account the socio-economic
consequences of the implementation of an investment project for society as a whole, including
the direct results and costs of the project, as well as costs and benefits in related sectors of the
economy, environmental, social and other non-economic effects.

The indicators of the economic efficiency of the project take into account the financial
implications of its implementation for the enterprise implementing the project. In this case,
the performance indicators of the project as a whole characterize from an economic point of

view, technical, technological and organizational design solutions.
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Budgetary efficiency is characterized by the participation of the state in the project in
terms of expenditures and revenues of budgets of all levels.

In addition to the above types of efficiency, the resource effect can be distinguished
(characterized by indicators reflecting the influence of innovation on the volume of
production and consumption of one or another type of resource), scientific and technical

(evaluated by indicators of novelty and usefulness), etc.

6.9.1. Formation of the budget for the costs of a research project

After carrying out cost calculations for all budget items, the lower limit of the cost of project
development can be determined. The definition of the cost budget for the research project for
each implementation option is calculated in table 18.

Table 18 — Formation of budget for the research cost

Name of article Sum, rub.
Costs for raw mgte_rlgls, purchased 1.428.554.65
parts and semi-finished goods
Cost for depreciation of the special
equipment for the duration of the 5,239.26
project
Cost for basic salary 103475.74
Cost for additional salary 10785.58
Cost for social Stea%my pays (Labor 18610.24
Overhead cost 45529.32
Other directed cost 69,984.78
Total (personal research if equipment
had to be bought) 1,682,179.57
Total(current) 348624.92

Total project costs amounted to 1,682,179.57 rubles if the research was done in a real-
life scenario, but if you subtract the cost of the special equipment that | freely used which are
owned by the university the cost will drop down to 348624.92.
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6.10. Evaluation of the Absolute Effectiveness of the Project

Determination of efficiency is based on the calculation of the integral indicator of the
efficiency of scientific research. Its finding is associated with the determination of two
weighted averages: financial efficiency and resource efficiency. An integral indicator of the
financial efficiency of scientific research is obtained in assessing the budget of costs of three
(or more) variants of the implementation of scientific research. For this, the largest integral
indicator of the implementation of a technical problem is taken as the basis of the calculation

(as the denominator), with which the financial values for all execution options are correlated.

P = B
f Fmax

where I}’ — integral financial indicator of current project;
E,. — price of i-th variant of execution;

E,.qx — the maximum cost of execution of the research project (including analogues).

The resulting value of the integral financial indicator of development reflects the
corresponding numerical increase in the budget of development costs in times (a value greater
than one), or the corresponding numerical reduction in the cost of development in times (a

value less than one, but higher than zero).

In this project, F,, = 1682,179.57 It is assumed that, F;,,,, = 450000.

Hence, the integral financial indicator is:

1,682,179.57
450000

p _

P =
p_ fp _ 450000
f T Eoae 450000

= 3.74
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The integral indicator of the resource efficiency of the variants of the object of research
can be defined as follows:
I=>ab’ I/=3 abf
i=1 . i=l

, (13)
where

In? is an integral indicator of resource efficiency of options;

a;- the weight coefficient of the i-th parameter;

b b
o - the score of the i-th parameter for the analog and development, set by an

expert method on the selected rating scale;

n - the number of comparison parameters.

It is recommended to calculate the integral resource efficiency indicator shown in table
17.

Table 17 — Comparative assessment of the characteristics of the project execution options.

implementation options

Criteria Parameter Current project Analog 1
weighing factor Cation Exchange
Resin Purification
methods
Growth in User’ 4 5
L 0.2
productivity
Production and 5 4
: 0,3
separation method
Safety and degree of 0.3 5 4
Impurities '
Reliability 0.2 4 4
Total 1 4,5 (average) 4.25 (average)
12: (0.2 -4)+ (03 -5)+ (0.3 -5) + (0.2 -4) = 4.6

Analogs 1= (0.2 -5)+ (03 -4)+ (03 -4)+ (0.2 -4) =4.2
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The integrated index of efficiency of scientific research project (I}’in) and analogues (1 al’;) IS

determined on the basis of the integrated index of resource efficiency and integrated financial

index by formulas:

2 a6
Ir,=%2=—=1
fin 1}’ 3,84 30

181 4.2
4L =L =22 =42

m Ip 1

Comparison of the integral performance indicator of the current project and its analogues will
allow to determine the comparative efficiency of the project shown in table 18.

Comparative effectiveness of the project:
p

I%.
_ fln_ 4.6 _
Corr =77 360~ 130

Table 18 — Comparative efficiency of the project

No Indicator Project Analog
Integral financial indicator 3,84 1

2 |lIntegral resource efficiency 4.6 4.2
indicator

3 | Integral efficiency indicator 1.30 1

4 | Comparative evaluation of the 1.30 1
project execution variants

Comparison of the values of integral indicators of efficiency allows master’s students to
choose a more effective solution to the technical problem in the master's thesis basing on

financial and resource efficiency.

Conclusion

Thus, in this section was developed stages for design and create competitive
development that meet the requirements in the field of resource efficiency and resource
saving.

These stages include:
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- development of a common economic project idea, formation of a project
concept;
- organization of work on a research project;
- identification of possible research alternatives;
- research planning;
- assessing the commercial potential and prospects of scientific research from the
standpoint of resource efficiency and resource saving;
- determination of resource (resource saving), financial, budget, social and
economic efficiency of the project.
In the course of performing the economic part of the qualification master work,
calculations were made of the planned cost of research and the time spent. The total
cost of work would have been 1682,179.57 rubles, the main component that would
contribute to the cost of the scientific and technical research was the equipment cost.

Since the cost of the equipment was not incurred in this study the cost was 34,8624.92.
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