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Summary 

Targeted alpha therapy (TAT) shows promising results for precise and selective radiotherapy with 

effective cancer treatment and minimal toxicity. Alpha particle emitters are linked to the targeted 

molecules for the selective delivery of ionizing radiation to the malignant cells, and due to the short 

path length (~65 µm), only a few cells are affected. A short distance of irradiation ensures minimal 

toxicity for the healthy cells around and provides the possibility to treat very small targets—groups 

of cells. In combination with less selective treatments, targeted alpha therapy could provide higher 

treatment quality with a decreased probability of cancer recurrence. However, targeting agents, dose 

regiments, and possible alpha particle emitters raise questions that should be answered. 

This project aimed to evaluate the effect of different doses of alpha (223Ra) and gamma (6 MeV 

photons) radiation on the size and viability of glioblastoma and prostate cancer 3D cell cultures and 

provide recommendations for future experiments. The size of cell structures was evaluated on the  7th 

and 14th-day post-irradiation, and the effect on viability was analyzed on the 14th day post-

irradiation. 

It was found that with increased specific activity of the alpha particle emitter 223Ra solution both 3D 

cell cultures showed a decrease in size. The same effect was observed after irradiation with photons. 

The viability test showed a significant positive correlation between spheroid size and viability, 

indicating the possibility of determining spheroid viability from the size measurements.  
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Santrauka 

Tikslinė alfa dalelių terapija gali būti naudojama didelio tikslumo ir selektyvumo radioterapijoje taip 

sumažinant sveikų audinių pažaidas, bet efektyviai naikinant vėžį. Siekiant selektyviai apšvitinti 

piktybines ląasteles, spinduliuotės pernešėjai - alfa spinduoliai - yra susiejami su tikslinėmis 

molekulėmis. Tikslingas energijos transportavimas ir trumpas alfa dalelių skverbimosi atstumas (~65 

µm) sąlygoja spinduliuotės poveikį tik keliems ląstelių sluoksniams ir minimalias pažaidas sveikiems 

audiniams. Įvairių radioterapijos metodų kombinavimas užtikrintų gydymo tikslumą ir sumažintų  

vėžio atsinaujinimo tikimybę. Pagrindinės problemos, su kuriomis susiduriama taikant tikslinę alfa 

dalelių terapiją klinikinėje aplinkoje, yra siejamos su galimais selektyvių alfa dalelių nešėjais, alfa 

dalelių šaltiniais bei gydymui skiriamomis dozėmis. 

Šio darbo tikslas įvertinti alfa (223Ra) ir gama (6 MeV) spinduliuotės dozių įtaką glioblastomos ir 

prostatos vėžio trimačių struktūrų dydžiui ir gyvybingumui, bei pateikti rekomendacijas tolimesniems 

tyrimams. Spindulinės apšvitos įtaka trimačių struktūrų dydžiui buvo vertinami 7-tą ir 14-tą dieną po 

apšvitos , o gyvybingumas buvo vertinamas praėjus 14 dienų po apšvitos. 

Nustatyta, kad didėjant 223Ra tirpalo savitajam aktyvumui, abiejų 3D ląstelių kultūrų matmenys 

traukėsi. Ląstelių struktūrų mažėjimas priklausomai nuo sugertos dozės buvo stebimas ir paveikus jas 

rentgeno spinduliuote. Tarp 3D ląstelių kultūros gyvybingumo ir dydžio pokyčių buvo nustatyta stipri 

teigiamą koreliacija, todėl siūloma ląstelių struktūros matmenų pokytį naudoti ląstelių gyvybingumui 

vertinti. 

 



6 

Table of contents 

List of figures ..................................................................................................................................... 7 

List of tables ....................................................................................................................................... 9 

Introduction ..................................................................................................................................... 10 

1. Literature review ....................................................................................................................... 11 

1.1. Radiobiological mechanisms inside the cell ............................................................................. 11 

1.2. Main factors that describe the effect of radiotherapy on cells .................................................. 13 

1.3. Alpha particles: effect on the cell, possibilities of use in therapy ............................................ 16 

1.4. Cell cultures .............................................................................................................................. 19 

1.5. 3D cell culture in radiopharmaceutical cancer research ........................................................... 22 

1.6. 3D cell cultures in studies of targeted radionuclide therapy .................................................... 23 

2. Methods ...................................................................................................................................... 26 

2.1. Cell cultivation ......................................................................................................................... 26 

2.2. 3D cell culture – spheroids formation ...................................................................................... 30 

2.3. Treatment .................................................................................................................................. 33 

2.4. Effect evaluation: size measurements and viability test ........................................................... 36 

2.5. Timeline of the experiment ...................................................................................................... 36 

3. Results ......................................................................................................................................... 38 

3.1. Treatment of cells with 223Ra (specific activity from 0.15 to 3 kBq/100 µl) ........................... 38 

3.2. Treatment of cells with 223Ra (specific activity from 0.1 to 0.75 kBq/100 µl) ........................ 41 

3.3. Treatment of cells with 223Ra: comparison of the effect on different cell types ...................... 43 

3.4. Treatment of cells with 223Ra: comparison of the effect on different spheroid size ................. 48 

3.5. Irradiation with photons ........................................................................................................... 50 

3.6. Dose calculations using RBE coefficient ................................................................................. 51 

3.7. Summary of results ................................................................................................................... 53 

Conclusions ...................................................................................................................................... 56 

List of references .............................................................................................................................. 58 

 

  



7 

List of figures  

Fig. 1 Indirect and direct actions of ionizing radiation at the molecular level [6]. ........................... 11 

Fig. 2 Indirect and direct actions of ionizing radiation at the molecular level [7]. ........................... 13 

Fig. 3 Schematic comparison of high LET and low LET irradiation-induced DSB damage for DNA 

[14]. ................................................................................................................................................... 15 

Fig. 4 The relationship between OER and LET [14]. ........................................................................ 15 

Fig. 5 Depth-dose profile for γ-rays and 12C ions [6] ........................................................................ 17 

Fig. 6 The comparison of 2D and 3D cell cultures [29] .................................................................... 20 

Fig. 7 A: The 2D cell culture (monolayer); B: the 3D cell culture (spheroid); C: the different areas of 

the spheroid where various stages of cells are established [26]. ....................................................... 20 

Fig. 8 schematic representation of 2D and 3D cell cultures [5] ........................................................ 22 

Fig. 9 A laminar flow cabinet at the National Cancer Institute, biomedical physics laboratory ....... 26 

Fig. 10 Glioblastoma (a, c) and prostate cancer (b, d) cell before and after passaging ..................... 28 

Fig. 11 Centrifuge used in this research project for the collection of cells ....................................... 28 

Fig. 12 Cell pallets after centrifugation ............................................................................................. 28 

Fig. 13 Cell counting: the hemocytometer is placed on microscope table (a), and the view observed 

from the microscope (magnification is equal to 10 times): glioblastoma (b) and prostate cancer (c) 

cell lines ............................................................................................................................................. 29 

Fig. 14 Incubator ............................................................................................................................... 29 

Fig. 15 Comparison of different 3D cell culture formation methods [42] ........................................ 30 

Fig. 16 Agarose gel preparation ........................................................................................................ 31 

Fig. 17 Special centrifuge for plate centrifugation ............................................................................ 32 

Fig. 18 Glioblastoma spheroids in different time frames after formation: a) just after centrifugation, 

b) 24 hours after centrifugation, and c) 7 days after centrifugation .................................................. 32 

Fig. 19 The decay chain of 223Ra [45] ............................................................................................... 34 

Fig. 20 Schematic view of well in 96 well-plate when treatment solution is added ......................... 34 

Fig. 21 COMO 170 with a tube holder [46] ...................................................................................... 35 

Fig. 22 Reference curve for specific activity measurements ............................................................. 35 

Fig. 23 Relationship of spheroid size and treatment specific activity 7 days and 14 days post-treatment

 ........................................................................................................................................................... 38 

Fig. 24 Results of the viability test .................................................................................................... 39 

Fig. 25 Relationship of spheroid size and treatment specific activity 7 days and 14 days post-treatment

 ........................................................................................................................................................... 41 

Fig. 26 Prostate cancer spheroids before, 7, and 14 days post-treatment with 223Ra solution .......... 43 

Fig. 27 Relationship of spheroid size and treatment specific activity 7 days and 14 days post-treatment 

(spheroids of glioblastoma and prostate cancer cell lines) ................................................................ 43 

Fig. 28 Results of the viability test .................................................................................................... 44 

Fig. 29 Glioblastoma and prostate cancer spheroids growth kinetics 7 and 14 days post-treatment 47 

Fig. 30 Different size spheroids (formed from 500 and 200 cells) reaction to the treatment 7 days and 

14 days post-treatment (glioblastoma spheroids) .............................................................................. 48 

Fig. 31 Different size spheroids (formed from 500 and 200 cells) reaction to the treatment 7 days and 

14 days post-treatment (prostate cancer spheroids) ........................................................................... 49 

Fig. 32 Glioblastoma and prostate cancer spheroids diameter changes due to irradiation of 6 MeV 

energy photons ................................................................................................................................... 50 



8 

Fig. 33 Glioblastoma and prostate cancer spheroids before, 7, and 14 days post-irradiation 6 MeV 

energy photons ................................................................................................................................... 51 

Fig. 34 Prostate cancer spheroids diameter changes due to irradiation of 6 MeV energy photons ... 52 

Fig. 35 Prostate cancer spheroids diameter changes due to 223Ra treatment ..................................... 52 

Fig. 36 Calculated specific activity and dose relationship,  when RBE of 223Ra is 5.6 .................... 53 

  



9 

List of tables 

Table 1. LET values for different types of radiation [9] ................................................................... 14 

Table 2 Main parameters of radioisotopes for targeted alpha therapy [7]......................................... 33 

Table 3 Timeline of experiment ........................................................................................................ 37 

Table 4 Spheroids growth kinetics: in comparison with their self on the day of treatment .............. 40 

Table 5 Comparison of the growth kinetics of prostate cancer and glioblastoma spheroids with their 

size on the day of treatment. .............................................................................................................. 46 

  



10 

Introduction 

Radiotherapy is one of the most effective therapies for cancer treatment. This method has been used 

since the discovery of X-rays in 1895 [1]. Due to its high efficiency in killing cancer, radiotherapy 

has proven its applicability. Despite the benefits of the treatment, conventional radiotherapy also has 

drawbacks: limited accuracy, toxicity, and limited possibilities to treat very small targets. Nowadays, 

the focus is on the new generation of radiotherapy, which would allow for more precise, personalized 

treatment with increased healthy tissue toxicity [2]. 

Alpha particles have shown promise for personalized and accurate radiotherapy. These particles have 

a high linear energy transfer, which can cause significant damage to cells. Their short range of 

penetration, combined with high chelator selectivity, would allow for targeting micrometastases and 

cell groups. When used in combination with other treatment methods, they can provide a synergistic 

effect. Despite its benefits, targeted alpha-particle therapy is not widely used in clinical practice. 

However there is a strong focus on creating highly selective chelator agents, determining dose 

regimens for the best results in combination with other treatment methods, and developing delivery 

strategies [3, 4]. 

Application of cell cultures is a well addopted for in vitro studies of biological tissue responses to 

ionizing radiation. Among various methods, the application of 3D cell cultures stands out as an 

accurate method to analyze tumor radiobiological responses due to the accurate representation of the 

tumor microenvironment by the cells [5]. 

Aim of the work: 

Investigation of alpha and gamma irradiation dose on the size and viability of glioblastoma and 

prostate cancer 3D cell cultures and preparation of recommendations for future investigations. 

Tasks of the work: 

- to evaluate the influence of  223Ra solution activity on the size of prostate cancer and 

glioblastoma spheroids; 

- to determine the specific activity at which prostate cancer and glioblastoma spheroids size 

could be reduced by 20%; 

- to evaluate the influence of 223Ra solution activity on cell viability using XTT assay and 

viability correlation with spheroid size; 

- to evaluate the influence of  irradiation dose of 6 MeV photons on the size of prostate cancer 

and glioblastoma spheroids; 

- to determine the absorbed dose values for spheroids treated with 223Ra solution.  
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1. Literature review 

1.1. Radiobiological mechanisms inside the cell 

The ionizing radiation-induced effects on live organisms start at a cellular level. When ionizing 

radiation (x-rays, gamma rays, or charged particles) interacts with biological tissue, part of the energy 

is deposited in the tissue, and may cause indirect or direct responses. If ionizing radiation is absorbed 

in biological material, there is a high possibility that direct interaction will occur with the main target 

in the cell, DNA (deoxyribonucleic acid) [6]. There is a lot of evidence that radiation-induced cell 

death is due to changes in its nuclear environment, mainly in the genetic information (DNA), but 

changes in the nuclear membrane can also contribute to the radiation-induced death of the cell. When 

ionizing radiation passes through the nucleus of the cell, the atoms of DNA will be excited due to the 

absorbed energy, which will start the chain of events leading to the biological change [6]. This 

response to the ionizing radiation is the main one, and it is called the direct action response. 

On the other hand, when ionizing radiation energy is absorbed in the cell environment (not in the 

target), the atoms (in the majority of cases, water molecules) are excited and produce free radicals. 

Radicals can diffuse and reach critical targets in the cell. Figure 1 represents schematically the direct 

and indirect responses to ionizing radiation at the molecular level [6, 7]. 

 

Fig. 1 Indirect and direct actions of ionizing radiation at the molecular level [6]. 

At this time, there is no doubt that DNA is the most important target to induce radiobiological 

responses, including cell killing, carcinogenesis, and mutation [6, 7]. All these possible effects depend 

on the structural changes of DNA. For a deeper understanding of the effects of ionizing radiation, it 

is important to look closer at the radiation-induced breaks in DNA on the path of charged particles 

and the action of chemical radicals produced in the cell [6]. 

1.1.1. Types of DNA damage due to ionizing radiation 

The biological effect of ionizing radiation is evaluated by the breaks produced in DNA. DNA is a 

large molecule with a helix structure. DNA is made from an alternant sugar (deoxyribose), phosphate 

groups, and four bases (adenine, cytosine, guanine, and thymine). This macromolecule is very 
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important for the whole organism; it stores genetic information, and even small changes can cause 

functioning disruption [8]. 

The damage to the cell could be sub-lethal or lethal. Sub-lethal damage is when the number of DNA 

damages is small and has the potential to be repaired. Sub-lethal damage is usually caused by low-

dose exposure. On the other hand, lethal damage occurs when the damage is irreparable (typical for 

high exposure doses) [7]. 

The damage to DNA could be separated into two groups: double-strand breaks (DSB) and single-

strand breaks (SSB). SSB‘s damages are easily repaired by the replication of the second strand of 

DNA, but DSB damages are much more significant since they may lead to radiation-induced cell 

death. DSB occurs when two single-strand breaks are close or both DNA strands break at the site of 

interaction. The spatial distribution of DSB is a key factor that could cause cell death. This kind of 

break could be repaired by two mechanisms: homologous recombination repair (HRR) and 

nonhomologous end joining (NHEJ). HRR uses the second, undamaged strand of DNA as a template. 

This repair mechanism is error-free because the sequence of bases is complementary. On the other 

hand, the NHEJ mechanism is error-prone because no template is used for the reparation. The 

mechanism that will be used for the reparation is dependent on the phase of the cell cycle [6, 7, 9]. 

The changes in DNA can introduce apoptotic or mitotic death. The most common death from ionizing 

radiation is mitotic. This death usually occurs in the first or second division of the cell after exposure; 

the cell is incapable of finishing mitosis if the damage to DNA is not repaired correctly. This cell-

killing mechanism causes high radiosensitivity in cells that are irradiated just before or during mitosis. 

Apoptosis is a programmed cell death that can be caused by ionizing radiation. However, apoptosis 

is highly cell-type dependent, and in malignant cells, mitotic cell death is at least as essential as 

apoptosis [6, 9]. 

1.1.2. Cell cycle and radiosensitivity 

All mammalian cells are proliferating by the mitosis cycle (figure 2). The cell cycle could be divided 

into four phases: mitosis (M), followed by G1, DNA synthesis phase (S), G2 phase, and mitosis again. 

The radiosensitivity of a cell is dependent on the phase of the cell cycle. The most sensitive are cells 

in the M and G2 phases, and the most radioresistant are cells in the late S phase. The increased 

resistance in the S phase is due to homologous recombination repair between the sister chromatids, 

and it’s more likely to occur than if DNA is just replicated [6]. 
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Fig. 2 Indirect and direct actions of ionizing radiation at the molecular level [7]. 

1.2. Main factors that describe the effect of radiotherapy on cells 

1.2.1. Cell survival curves 

In the early days of radiotherapy, the biological tissue response to the treatment was not fully known 

and was challenging to determine. Mathematical modeling of the dose-related response of the tissue 

helps to predict the possible reaction of biological tissue, understand it, and optimize treatment 

delivery [9, 10]. 

Mathematical models are based on experimental data. One of the critical points in experiments is the 

clonogenic survival (the survivor can retain its function and proliferate to produce a large clone or 

colony) of the cells [11]. Based on experimental data, mathematical models are constructed that reveal 

a link between energy deposition in cells and the probability of cell survival [11].  

Probability of cell survival does not always mean cell death; this definition is much wider. For cells 

that are differentiated (are adjusted to maintain specific functions, e.g., nerve cells are adjusted to 

pass nerve signals; these cells also are not proliferating), death could be described as a loss of specific 

function. For cells that are not differentiated but are proliferating, the death would be a loss of 

reproductive integrity (reproductive death); this means that the cell or its progeny is unable to 

proliferate [6]. 

The most commonly used and simplest cell survival prediction model is the linear-quadratic (LQ) 

model. This model has become so popular due to its accurate fit for both clinical and experimental 

data. As mentioned above, the simplicity of the model also lets use it in the daily practice of 

radiotherapy: calculating compensation for missed treatment days, comparing different treatment 

schemes, and designing treatment schedules in clinical trials [10]. 

The basic LQ model represents the survival fraction (SF) of clonogenic or stem cells as a function of 

radiation dose (D). The general expression of this model is in the formula 1 below. 

𝑆𝐹(𝐷) = 𝑒−𝛼𝐷−𝛽𝐷
2
 (1)  

where D  is a radiation dose; α and β – radiation sensitivity parameters. 
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The LQ model has two main parameters (sometimes called radiation sensitivity parameters): α and β. 

These parameters represent the sensitivity of cells to radiation; e.g., cells with higher values of these 

parameters are more sensitive to radiation than cells with smaller values. The ratio of α and β 

describes sensitivity to fractionation: A high ratio value indicates that cells are less vulnerable to the 

sparing effect of fractionation. The ratio value is usually measured in vitro by using a malignant cell 

line, but this value does not always correspond to the clinical radiobiological calculations. For better 

accuracy in a clinical environment, the α/β value could be calculated from the clinical radiotherapy 

data [10]. The radiation sensitivity parameter α is associated with cells that were killed by a single hit 

(low absorbed doses) and β is associated with multi-hit killing (high absorbed doses), and the ratio of 

this to parameters represents the dose, at which these effects (single hit and multi-hit) are equal [9]. 

At this time, the LQ model is still the most popular in clinical practice, but a number of studies prove 

that this model cannot be used for high-dose radiotherapy. Alternative models are crucial for higher 

accuracy in treatment planning, and it is highly recommended to create connections between LQ and 

other models, which could provide more accurate data about malignant and healthy tissue responses 

to ionizing radiation [12]. 

1.2.2. Linear energy transfer (LET) 

Linear energy transfer describes the deposit of energy per unit path length when radiation or particles 

pass it [13]. In 1962, the International Commission on Radiological Units defined this quantity as 

follows: "The linear energy transfer (L) of charged particles in a medium is the quotient of dE/dl, 

where dE is the average energy locally imparted to the medium by a charged particle of specified 

energy in traversing a distance of dl“ [6]. The unit of LET is (keV/µm) [6].  

𝐿 = 𝑑𝐸/𝑑𝑙 (2)  

where dE is the average energy locally imparted to the medium; dL – distance. 

Because LET is an average quantity, sometimes it could be misleading, but it provides a simple way, 

how to indicate the quantity of different types of radiation. Radiation could be divided into two 

groups: low and high LET emissions.  

Table 1. LET values for different types of radiation [9] 

Type of radiation LET value, keV/µm 

Photons or electrons 0,2 

Protons from 2 to 20 

Heavier charged particles 100 and more 

LET value is an important parameter to predict the possible damage to the critical target (DNA) in 

the cell. The high value of LET means, that ionization energy deposition will be distributed denser in 

DNA and greater damage will be made [9]. 
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Figure 3 shows that radiation with a high LET produces double-strand breaks at DNA, but for low 

LET, higher doses are required to cause the same damage as radiation with a high LET [14]. Low 

LET with low doses tend to produce single-strand breaks, and these breaks are much easier and faster 

reparable. Radiation with a high LET has a tendency to produce more than one DSB with additional 

nearby strand or base damages. Later on, these small damages could overlap closely enough and 

produce additional DSB [9]. 

1.2.3. Oxygen enhancement ratio (OER) 

In the early studies of radiotherapy from 1920, it was found that oxygen concentration is as important 

as the dose rate in the cell response to radiotherapy treatment [14]. The ratio of dosages provided in 

hypoxic to aerated circumstances required to accomplish the same biological effect is called the 

oxygen enhancement ratio (OER) [6]. The influence of oxygen concentration is most visible when 

irradiation is done by sparsely ionizing radiation (low LET values) and treatment is applied by densely 

ionizing radiation (high LET value), so the oxygen concentration is not important anymore. The 

correlation between the importance of the OER and LET is indicated in figure 4 below. 

 

Fig. 4 The relationship between OER and LET [14]. 

Some studies suggest that radioresistance infected by hypoxia is due to the phenotype of the cell via 

signaling pathways, but the traditional explanation is that a higher oxygen ratio helps to produce more 

DNA in the case of indirect action [14]. The DNA reacts with free radicals (R•) and the break appears, 

Fig. 3 Schematic comparison of high LET and low LET irradiation-induced DSB damage for DNA [14]. 
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the DNA radical could be quickly „fixed“ by the reaction with the SH group. When the oxygen 

concentration is high, DNA radicals form connections with oxygen and create organic peroxide, 

which leads to the non-restorable form of the target (the chemical composition of DNA changes due 

to this reaction). Due to this reaction, the organic molecule (DNA) cannot repair itself and recover 

functional ability. In this case, the temporary SBS becomes permanent. This phenomenon is known 

as the oxygen fixation hypothesis [6]. 

1.2.4. Relative biological effectiveness (RBE) 

Relative biological efficacy describes the quality of various types of irradiation. This concept was 

created for the comparison of different types of radiation. Absorbed dose is a quantity of absorbed 

energy per unit mass of tissue, although different types of radiation (when the dose of irradiation is 

equal) might elicit various biological reactions [6]. The RBE value is derived by dividing the absorbed 

dose of reference radiation (typically x-rays) required to generate a biological effect x by the absorbed 

dose of the test irradiation, Dt(x), required to cause the same biological effect (formula 3) [14]. 

𝑅𝐵𝐸(𝑥) =
𝐷𝑟(𝑥)

𝐷𝑡(𝑥)
 (3)  

where Dr is absorbed dose from reference radiation; Dt – absorbed dose from tested radiation. 

The RBE value depends on: physical parameters, that describe radiation and delivery, and biological 

parameters of the biological system that was irradiated [11]. Due to various factors, it is hard to 

estimate the precise value of RBE, and it is usually done experimentally [11, 14]. 

Physical factors which are important in RBE evaluation: 

– Absorbed dose. 

– Dose rate. 

– Quality of radiation (described by the spatial distribution of the energy imparted by the density 

of ionization per unit path length). 

– The initial emission energy of the particle[9, 14] 

Other factors: 

- Biological background: different biological systems will provide different results. Even the 

same biological system cultured in different laboratories can react differently[11]. 

- The methodology used to calculate the absorbed dose for the reference and the test radiation. 

This factor could be reduced by using the correct methodology, which evaluates the true 

absorbed dose value or specific energy distribution [14]. 

RBE value for alpha particles varies from 3.5 (than the effect is cell killing) up to 10 (than the effect 

is cell phenotype changes) [7]. 

1.3. Alpha particles: effect on the cell, possibilities of use in therapy 

In recent years, there has been a high focus on looking forward to improvements or alternatives in 

radiotherapy that would allow for more precise treatment with smaller healthy tissue toxicity. Alpha 

therapy has always been a field for deeper studies since its first application for patients with leukemia 

in 1995 [2]. Alpha particles with a high LET value and a short path length appear to be appropriate 

for widespread illness, tiny neoplasms, micrometastases, and individual tumor cells [2]. Alpha 



17 

particles are atoms of 4He+2 with much bigger mass than electrons; they are monoenergetic, and the 

initial kinetic energy varies from 5 to 9 MeV. Alpha particles hold close to a linear path, and 

destruction can occur all along the path. All these characteristics lead to highly effective damage for 

the cell; a single alpha particle can produce DSB, which will lead to cell death. It has 500 times higher 

cytotoxicity than beta particles. One other important characteristic of alpha particles is their short 

particle range. This parameter suggests alpha particles as a great option for treatment delivery to 

metastases and minimizes toxicity for healthy cells around them [2]. 

1.3.1. Alpha particles for therapy 

Alpha particles could be introduced in radiotherapy in two different ways: by the use of a particle 

accelerator (hadron therapy) and by the use of radiopharmaceutical therapy (RPT). In hadron therapy, 

particles gain benefits from energy deposition in the path in comparison with photons. The maximum 

photon energy deposition occurs near the tissue's entrance and declines exponentially with depth. In 

contrast, the maximal energy deposition of light or heavy ions occurs within the Bragg peak, at a 

depth dictated by the particle's energy, and the minimal energy deposition occurs before the peak [15, 

16]. Figure 5 shows depth-dose profiles for γ-rays and 12C ions: the maximum energy deposition of 

γ-rays is very close to the surface and widespread, while the maximum energy deposition of 12C ions 

occurs more neatly. 

 

Radiopharmaceutical therapy (αRPT could sometimes also be called targeted alpha particle therapy 

(TAT)) works in a different way than hadron therapy. The radiation is delivered not as a beam of 

protons or ions but as an emission from a radioactive element (a radionuclide) that is conjugated to 

chelating agents (for example, peptides, antibodies, or tiny compounds that recognize tumor-

associated antigens or cell-surface receptors) which bind to tumor cells or elements of the tumor 

microenvironment [7]. The ability to deliver α-particles directly to tumor cells using tumor-targeting 

molecules is unique to RPT. Due to the comprehensive benefits of α-particles mentioned in the section 

above, αRPT gains an advantage against tumors that are resistant to other forms of cancer therapy.  

Fig. 5 Depth-dose profile for γ-rays and 12C ions [6] 
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It is known that there are subpopulations of cancer cells that are more resistant to radiation and require 

a higher dose of irradiation to be killed (due to the healthy tissue toxicity and precision of 

conventional radiotherapy, higher radiation doses are limited due to the radiosensitivity of healthy 

tissue around the target). These cells are known as cancer stem cells. They are tumorigenic and can 

self-renew and differentiate into any type of malignant cell. Eliminating cancer stem cells is critical 

for preventing recurrence. αRPT is an option to target groups of cells and provide successful treatment 

under this condition [18]. 

1.3.2. Applications of targeted alpha therapy in clinical practice 

Prostate cancer (PCa) is the most common cancer-related death among males. When the cancer is 

detected early (before spreading metastases), it is possible to cure the patient by removing the tumor 

via surgery, but if the cancer becomes metastatic, the possible option is androgen deprivation therapy, 

which could hold PCa in control for 18 to 24 months. After this period, the PCa becomes castration-

resistant. It is clear that conventional therapies just treat the bulk of the tumors without preventing 

relapses in the future, and alpha particle treatment could be a possible option to prevent relapses of 

PCa [18]. 

223Ra dichloride, also known as Xofigo®, is the first approved α-particle emitting specimen that is 

used for castration-resistant prostate cancer with symptomatic bone metastases. 223Ra is a calcium 

mimetic that preferentially binds to hydroxyapatite accumulation, such as bone metastases in PCa 

[19]. 

223Ra has proved that the concept of TAT is an effective treatment strategy for PCa. In the II phase 

of the ALSYMPCA trial, it was found, that patients treated with 223Ra survived 14.9 months, while 

the placebo group survived 11.3 months. The treated patients also showed a significant increase in 

health-related quality of life and a longer time period until the first symptomatic skeletal occurrence 

[19]. 

Xofigo® has been used for longer than 10 years in clinical practice, as an effective agent for  safe 

treatment of PCa metastases in bones. However, there are more radionuclides showing promising 

PCa treatment results: 225Ac, 213Bi, and 227Th.  Many preclinical and clinical studies are investigating 

the therapeutic options and potential of TAT for PCa treatment [19, 20]. 

Prostate cancer is not the only metastatic cancer that could benefit from alpha therapy. This therapy  

could also be used for the treatment of early brain metastases (which develop frequently in patients 

with breast cancer), breast cancer, glioblastomas, and neuroendocrine tumors [21–24]. Patients with 

these malignancies usually have no option for treatment, especially because of the late diagnosis of 

the disease. An innovative, and precisely targeted therapy is one of the best options for treatment. For 

example, brain metastases could be treated using whole-brain radiotherapy or image-guided 

stereotactic radiosurgery, but both techniques are limited in their therapeutic effect and may also 

induce cognitive deterioration in the case of multiple metastases [21]. The possible choice in this case 

is TAT with an application of lead-212, copper-64, to lutetium-177 radionuclides. 

1.3.3. Reasons why targeted alpha therapy is not widely used for cancer treatments 

The properties of alpha particles (short range, high LET, and RBE values) look like a perfect 

combination for cancer treatment. Recent diagnostic methods are very effective in detecting cancer. 
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However, there are a lot of patients who experience remission later in their lives because not all 

malignant cells and metastases are removed [25]. The TAT could be included in the treatment 

procedure because it enables the removal of metastases whose diameter is too small to remove with 

other treatment techniques. This would help to save more lives and make significant savings in the 

healthcare budget [25]. 

Despite all the advantages listed above, the TAT is not a common procedure in the healthcare system. 

Since 1995, there have been numerous pre-clinical and clinical studies on the use of alpha particles 

in treatment, but there are several obstacles that prevent widespread application [10]. It is necessary 

to investigate new delivery strategies, enhanced chelation chemistry, pharmacokinetic and dosimetry 

modeling approaches, and alpha particle emitter production procedures. To determine the ideal 

radioisotopes, dosage regimens, and treatment approaches, more preclinical and clinical research is 

required [3, 4]. 

1.4. Cell cultures 

1.4.1. Types of cell cultures: advantages and disadvantages 

 Cell culture as a research model was first implemented in 1907 in research about the origin and 

development of nerve fibers. After the first application, cell cultures started to be widely used in 

biological experiments. The technology improved, and cell banking was established for effortlessly 

conducted experiments. Cell cultures in cancer research are an unchangeable tool for a better 

understanding of tumor biology, response to treatments (chemotherapy and radiotherapy), and even 

the discovery of new options for treatments [26]. 

Cell culture refers to the removal of cells from tissue before their growth in a favorable artificial 

environment. Later on, cells grow in an artificial environment where proper conditions for consistent 

growth are ensured: a medium supply of essential nutrients (amino acids, vitamins, minerals, 

carbohydrates), growth factors and hormones, and O2 and CO2 gasses. The pH, osmotic pressure, and 

temperature are also regulated to ensure the most appropriate conditions for cells [27]. 

At the beginning research was conducted on 2D cell culture, in which a monolayer of cells grew on 

an adhesive surface. However, 3D environment conditions cannot be replicated in a 2D cell culture. 

It was found that 95% of the human subjects in the trials utilizing immortalized tumor cell lines 

cultivated in 2D culture methods failed to respond to medication. It suggested that the 2D cell culture 

model might not be a reliable model to research new drugs. According to the findings of the other 

study, drug resistance that was developed in mice's EMT6 tumors was entirely lost when the cancer 

cells were separated and cultivated in monolayers, but it could be fully recreated when the cells were 

cultured in a three-dimensional system [26, 28]. 

Even though 2D cell culture has several established drawbacks, it is still the preferred method since 

it is easy to use and yields preliminary findings. 3D cultures are a superior choice for improved in 

vitro research since they yield more accurate data. The capacity of 3D cell culture to generate 

relationships between cells and between cells and extracellular matrix is by far its greatest advantage. 

Cells are encouraged to form spheroids in 3D cell cultures. Particularly in cancer and stem cell 

research, the 3D spheroid culture is thought to be a better model for predicting in vitro cell-based 

tests and could have significant physiological significance for preclinical drug discovery [26]. The 

summarized comparison of 2D and 3D cell cultures is provided in the Fig. 6. 
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The cells are grown in 3D cell structure; the cell-cell and cell-matrix interactions are not perfectly 

mimicked but are close enough to induce morphological alteration of cells to not be relatively flat but 

closely resembling their natural shape in the body. Further, the spheroid structure unsure conditions 

to establish various stages of cells: proliferating, quiescent, apoptotic, hypoxic, and necrotic cells due 

to the gradients of nutrients and oxygen levels [26]. Fig. 7 schematically represents different cell 

cultures (monolayer and spheroid) and how the various stages of cells are established in the 3D cell 

structure. Due to the high amount of nutrients, the proliferating cells are mainly in the outer layer of 

the spheroid. This cell directly contacts the culture medium and directly absorbs nutrients. Due to a 

lack of nutrients, growth factors, and oxygen in the center of spheroid cells, they are mainly in hypoxic 

or quiescent stages. 3D cell culture was shown to be more suitable for longer experiments; they can 

last up to 3 weeks, while the monolayer (2D cell culture) can be cultivated for less than a week. Later 

on, 100% of cell confluence is reached, and results cannot be trusted any longer. Due to this reason, 

3D cell culture is the first option for determining the long-term effects of the treatments [26]. 

From a critical perspective, it is important to remember that 3D cell systems' complexity is both a 

benefit and a drawback. There will always be a number of issues that can only be addressed by 

research employing single cells or systems devoid of cells. At the same time, studying biological 

systems for their applicability in vivo cannot be entirely replaced by 3D cells [28]. 

 

Fig. 6 The comparison of 2D and 3D cell cultures [29] 

Fig. 7 A: The 2D cell culture (monolayer); B: the 3D cell culture (spheroid); C: the different areas of the 

spheroid where various stages of cells are established [26]. 
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1.4.2. Cell cultures as a model for radiobiological experiments 

In radiobiology, cell culture studies are crucial. It's used to simulate how ionizing radiation interacts 

with tissue; a lot of radiobiology dogmas are derived from the molecular and cellular reactions of 

cells cultured in a monolayer (2D cell culture) [5]. The "clonogenic assay," which assesses the cell's 

reproductivity, stands in for both the sensitivity of the tissue and the "gold standard" of the radiation 

treatment plan. While these methods are widely acknowledged for their valuable contributions to the 

understanding of the mechanics behind biological reactions to radiation, 2D systems give an 

unrealistically simplified picture of reality [5]. Over the years, the difference between expected and 

obtained results after radiotherapy treatment has become increasingly evident and could be related to 

higher sensitivity to radiotherapy than cells grown in monolayer. Nevertheless, there is currently an 

absence of research on the use of 3D models in radiation response investigations. It might also be the 

cause of promising preclinical medication candidates' clinical trial failures, which expose their limited 

efficacy [5]. 

In the past, radiobiological models have been used to predict the radiobiological response; 

experimental and clinical data have best verified the linear-quadratic model. Although the importance 

of the LQ model in clinical practice has been demonstrated, concerns about its applicability still exist 

because all of the data came from experiments using two-dimensional cell cultures, and there is proof 

that both additional variables, like the tumor microenvironment, and genetic factors can influence the 

tissue's response to ionizing radiation [5]. Using LQ models derived from 2D cell cultures in 

radiotherapy treatments may result in an inaccurate prediction of the risk-benefit ratio and an 

underestimate of the radiation dose required to eliminate the tumor [5].  

Two major types of malignant cells compose a tumor: differentiated cells and small quantities of 

cancer stem cells. It has been established that cancer stem cells play a major role in tumor growth, 

maintenance, metastasis, and resistance to chemotherapy and radiation. Because stem cells can 

survive and multiply after therapy, even the treatments themselves may increase the stem cell 

population [5]. Research findings indicate that the resistance of cancer stem cells to therapy derives 

from their rapid and efficient DNA repair processes, as well as their capacity to rearrange the tumor 

microenvironment. Recent research has shown that cancer cells' stem characteristics are strongly 

influenced by the environment in which they are developing. Suzuka et al. [30] have shown that when 

seeded in a 3D structure made from a double-PEG hydrogel network, any of six human cancer lines 

or brain cancer cells removed from glioblastoma patients quickly trained themselves into cancer stem 

cells. That study is just one of many that demonstrate that stemness gene expression is upregulated 

in a 3D environment, regardless of the type of 3D structure. 

Tumor cell physiology and radiation response are strongly influenced by their surroundings. 

Typically, the surrounding environment cannot be replicated or provided in two-dimensional cell 

cultures. Specifically, 2D cell cultures growing on a flat surface, are non-dimensional and cannot 

sustain a 3D environment. Furthermore, the tumor microenvironment lacks sophisticated 3D 

architecture, and 2D cell cultures have a low potential to differentiate. Consequently, the intracellular 

interactions at the foundation of tumor growth, dissemination, and response to chemotherapy and 

radiation therapy cannot be replicated by these models [5]. Fig. 8 schematically represents differences 

between 2D and 3D cell cultures. 
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1.5. 3D cell culture in radiopharmaceutical cancer research 

3D cell culture is playing a bigger role in preclinical cancer research. They offer information before 

to the start of investigations using animal models and can sometimes be used in place of or in addition 

to animal experiments. As the 3D system grows, it reflects physiological phenomena like oxygen and 

nutrition gradients and exhibits a greater degree of structural complexity and diversity in cell 

interactions. To gain a better knowledge of solid tumor growth, therapeutic response, and resistance 

mechanisms, these features are irreplaceable. 3D models can be divided into three groups: organoids, 

scaffold-free models, and scaffold-or matrix-based models. Occasionally, a collection of cells that 

form loose packages but do not form compact structures may be referred to in the literature as 

multicellular tumor spheroids; in this instance, the group of cells is incorrectly labeled as a spheroid 

[31]. 

It has been demonstrated [31] that spheroids resemble their parent tumor considerably more. The 

explanations they provide are predicated on average correlation coefficients calculated from the 

genetic profiles of parental tumors and 2D and 3D cell cultures. Spheroids were shown to have a 

higher correlation coefficient (about 0.89) than monolayer culture, which had a correlation coefficient 

of only 0.62. Furthermore, even after a brief period of incubation, half of the examined 2D cultures 

displayed significant genetic alterations, in contrast to the more genetically stable spheroid cultures 

[32]. 

Owing to all these benefits, 3D models are being used more and more in radiopharmaceutical research 

to examine responses. The primary goal is to characterize new radiotracers for their in vitro use in 

nuclear medicine imaging with either single-photon emission computed tomography or positron 

emission tomography. The synthesis of radiolabeled compounds with appropriate radionuclides—

typically employed for alpha and beta emitters—also heavily depends on these models. 

Radiosensitizers and radioprotectants could be tested as therapeutic methods using the 3D cell 

structure. Here, a carefully planned study could support the three R's of animal research: replacement, 

reduction, and refining [31]. 

Over 90% of cells in monolayer cultures proliferate, whereas the proportion of proliferating cells in 

spheroids varies with spheroids' size; larger spheroids proliferate less. Size-dependently, the fraction 

Fig. 8 schematic representation of 2D and 3D cell cultures [5] 
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of cycling cells drops from 70% to 40%. It was demonstrated that slow-growing spheroids are more 

resilient to the therapeutic effects of radiation because they include fewer cells in the radiosensitive 

G2-M phase [31]. 

Spheroids can be re-incubated in media to allow for possible growth to study the impact of possible 

radiotherapeutics or other substances on cell viability. The therapeutic agent may be given multiple 

times to replicate radiation in a clinical setting [31]. 

The team of scientists Raitanen et al. looked forward to two of the most common cell lines reactions 

to the irradiation of x-ray photons (1, 2, 4, 6, 8, or 20 Gy) with the parameters 200 kV and 20 mA and 

a focus size of 5,5 m with a 0,5 mm copper filter and a 3 mm aluminum filter. They compared the 

reactions of 2D and 3D cell cultures. Three distinct cell lines—PC-3, LNCaP, and T-47D—were 

employed in the investigation, and many characteristics were examined, including viability, growth 

behavior, and the quantity of DSB. The study's findings support the significant distinction in how 2D 

and 3D cultures react to radiation. In every cell line, the spheroids exhibited higher radioresistance in 

comparison to the corresponding monolayers [33]. 

1.6. 3D cell cultures in studies of targeted radionuclide therapy 

3D cell cultures have gained popularity among targeted radionuclide therapy studies. 3D cell cultures 

are used to analyze the effects of different chemicals and the possible effects of different types of 

radionuclides. These studies are innovative, but quite rare at the moment.  

Studies in targeted radionuclide therapy could be separated into two groups according to the type of 

radioactive decay: alpha or beta. In this work studies related to alpha emitters are of great interest, 

but relevant studies exploring beta decay are also useful in terms of investigation methodology and 

obtained results.  

177Lu was identified as a source of beta particles and 225Ac, 111In, 223Ra, 224Ra, and 212Pb as sources 

of alpha particles [33–37]. in several studies. All these studies used 3D cell culture, but the cell lines 

were different. The authors provided the results on how the treatment affected the size of the spheroid. 

Seifert et al. analyzed the radioprotective effects of pseudohypoxia against external irradiation and 

beta particles emitting 177Lu. The main point of this study was to analyze how hypoxia-inducible 

factor 2 alpha (HIF2α) was associated with increased radioresistance to external irradiation. Scientists 

used mouse pheochromocytoma cells to form spheroids using a liquid overlay technique. The 

spheroids were irradiated by external X-rays by single-dose exposure between 4 and 40 Gy 

(irradiation occurred from 6 to 9 days after cultivation started). The irradiation-induced shrinkage, 

followed by regrowth or disintegration, whereas the control group grew continuously up to diameters 

of 873±14 µm. Over a 35-day follow-up period, the regrowth of treated spheroids revealed three 

distinct dose-effect scenarios: 1) the regrowth of all spheroids with a dose-dependent delay 

(irradiation dose: 4 to 16 Gy); 2) the partial regrowth of spheroids with increasing fractions of 

disintegrated spheroids (irradiation dose: 20 to 25 Gy); and 3) the sustained control of all spheroids 

per group (40 Gy). One possible treatment option, as single-dose external X-ray irradiation is not 

frequently used, was to incubate spheroids in [177Lu] LuCl3 for six days. This was thought to be a 

more basic kind of radionuclide therapy. The range of the activity concentration was 0 to 1,25 

MBq/mL, roughly corresponding to the range of irradiation dosages from 0 to 10 Gy. Spheroids also 

supplied the three response models following this treatment, similar to that of external irradiation. 
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The spheroids had negative growth rates and dose-dependent shrinking when they were treated with 

0.75 MBq/mL to 1.25 MBq/mL. Following the final analysis, scientists concluded that lower 

absorbed doses of [177Lu]LuCl3 were needed to produce outcomes comparable to those of external 

irradiation [36]. 

Raitanen et al. [33] analyzed the possibility of using 177Ac in targeted radionuclide therapy and 

compared the results for the 2D and 3D cell cultures. In this study, two cell lines were used: PC-3 and 

LNCaP. Spheroids were treated with activities ranging from 0 to 3.2 MBq. PC-3 spheroids didn’t 

show significant differences in size up to 3.2 MBq, while LNCaP spheroids started to show 

differences at the lowest applied activity (0.01 MBq). Treatment with 0.05 MBq had a high efficiency, 

but it was not significantly different from 0.2 or 0.4 MBq treatments. Spheroid diameters were 

monitored 0, 7, 14, and 20 days after the treatment, and the difference in spheroid shape and growth 

rate is highly dependent on the cell line. Scientists discovered that 2D cell culture showed higher 

viability. After the Monte Carlo simulation, it was found that 3D cell culture receives a higher dosage 

from the same treatment activity. This explains the lower viability of 3D culture versus 2D culture. 

One explanation for the gradual rise in spheroids' sensitivity to radionuclide therapy could be that the 

compound is retained in the three-dimensional structure, resulting in a longer treatment duration and 

an increased bystander effect. Nevertheless, further research is necessary to determine whether the 

magnitude of this impact is comparable to that of in vivo malignancies [33]. 

The same cell line, PC-3, as in a Raitanen et al. study [33], was used in an Abramenkovs et al. [37] 

study to analyze the effect of 223Ra. In this study, results were compared from 2D and 3D cell cultures. 

Additionally, 22RV1 and DU145 cell lines were also used. Spheroids were produced from 1000 and 

500 cells on the low-attachment cell plates. Spheroids were treated with a 223Ra solution, whose 

specific activity varied from 0 to 500 Bq/mL. The survival of all three cell lines significantly 

decreased after increasing the specific activity concentration of 223Ra. The spheroid size was assessed 

at 0, 5, and 10 days post-treatment; the size changes were obviously dependent on treatment specific 

activity concentration. Even though alpha particles from 223Ra decay have a maximum range of 70 

μm in tissue, exposure to 223Ra distributed in the growth media was able to impair cell survival in 

monolayers and 3D spheroids and produce substantial levels of apoptosis [33]. 

Jalloul et al. [38] analyzed the possibility of using 225Ac as a potential radionuclide for theranostic 

purposes. During the decay, 225Ac emits alpha particles and gamma rays, which makes it suitable for 

diagnostic (single photon emission computed tomography) and therapeutic purposes. 225Ac is gaining 

popularity in studies, but due to restricted global accessibility, it is hard to make extensive clinical 

studies [36]. Zhu et al. analyzed how 225Ac could be used for solid tumors (the diameter of the 

spheroid is bigger than 400 µm). The diffusing properties of 225Ac were improved by encapsulating 

225Ac into liposomes. Three cell lines were used to form spheroids and analyze treatment efficiency: 

BT474, MDA-MB-231, and MCF-7. Different-size spheroids were produced by using 400 (BT474), 

250 (MDA-MB-231), or 125 (MCF-7) cells for formation. After one week of formation, spheroids 

were incubated for 6 hours in the solution with 225Ac-labeled carriers (18.5 kBq/mL), and after 

treatment, the spheroids volume was monitored till the control group stopped growing. This work 

developed an alpha particle emitter-based diffusion-assisted solid tumor therapy method. This 

approach, which adheres to general nanoparticle-based delivery rules for tumor uptake, relies on fast-

diffusing radioactive species released within the tumor interstitium from nontargeted liposomes to 

improve the intratumoral alpha particle emitter distribution for more uniform tumor irradiation [35]. 
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A more interesting study was published by Juzeniene et al. Scientists analyzed the dual targeting with 
224Ra/212Pb conjugates application for targeted alpha therapy. This approach suggests a dual targeting 

solution, which could be a promising approach for the treatment of metastatic cancers with bone and 

soft tissue lesions as well as skeletal metastases of mixed lytic/osteoblastic nature. The effect was 

associated with LNCaP cell line spheroids (prostate cancer). The specific activity of the treatment 

was 1 kBq/mL, and the volume of spheroids was monitored at 0, 7, 14, 21, 28, and 35 days post-

treatment. Spheroids were formed by liquid overlay techniques from a suspension of 500 cells per 

100 µL. The dual targeting solutions that utilize both the cell-directed complexes of 212Pb and the 

bone-seeking 224Ra appear to be a potential way to treat metastatic malignancies that present with soft 

tissue and bone lesions, as well as skeletal metastases of mixed lytic and osteogenic character [34]. 
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2. Methods 

2.1. Cell cultivation 

2.1.1. The culture media 

One of the most crucial elements in cell culture is the culture media. Rich in nutrients, growth 

stimulants, and hormones, the culture medium also controls the culture's pH and osmotic pressure. 

The most widely used standard media for the cultivation of many broad-range mammalian cell types 

are the media from Roswell Park Memorial Institute (RPMI 1640) and Dulbecco's modified Eagle 

medium (DMEM). These media often include pH buffer systems, vitamins, amino acids, carbs, and 

salts. Growth factors, lipids, proteins, and hormones are usually absent from basal medium, hence 

serum supplementation is essential [39, 40]. 

The most crucial component for cell adhesion and proliferation is serum. As an enrichment medium, 

it gives the cells nutrients, lipids, and hormones. It can facilitate the transport of lipids and enzymes 

and control the permeability of cell membranes. Although there are different animal serums available, 

fetal bovine serum (FBS) is the most widely used. Depending on the type of cell, different amounts 

of FBS are added to the media; nonetheless, a typical concentration ranges from 5 to 20% (v/v) [39, 

40]. 

Protection from biological contamination (bacteria, yeast, and fungi) could be achieved by adding 

antibiotics and anti-myotics to cell culture media (typically penicillin and streptomycin). It is a 

recommendation to avoid the permanent use of antibiotics and try to implement strict aseptic working 

practices [39, 40]. To ensure these conditions, any maneuver with cells is made in a laminar flow 

cabinet (Fig. 9). 

In the research project, RPMI 1640 (biowest) media with L-Glutamine was used for the cell cultures. 

It consists of 89% RPMI 1640 media, 10% FBS, and 1% antibiotics. 

 

Fig. 9 A laminar flow cabinet at the National Cancer Institute, biomedical physics laboratory 
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2.1.2. Maintenance of cell culture 

Cell culture growth could be divided into four phases [41]: 

– Lag phase: the beginning of cell culture. Cells need time to adapt to the new environment. 

Due to this phase, cells are not dividing. 

– Log phase: at this phase, cells are actively dividing, and this phase is the best for the 

experiments. 

– Stationary phase: when cells overfill the environment, the dividing process starts slowing 

down. If the cell culture is not reseeded at this phase, the culture is going to be in cellular 

stress, which will lead to the death phase. 

– Death phase: the culture is under cellular stress and cells are not dividing anymore. The 

properties of the cell culture can also be changed, and the results from experiments cannot be 

trusted anymore. 

The cell culture subculturing or passaging ensures that cells are in the log phase and the metric cell 

density in the monolayer is confluence. Adherent cultures should be passed before they reach 100% 

confluency. 

Cell lines in culture vessels before passaging 

a) b) 

Cell lines in culture vessels after passaging 

c) d) 
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Steps of passaging [40]: 

– The medium from the culture vessel should be removed, and cells should be washed with a 

balanced salt solution (DPBS, Corning). 

– To detach adherent cells from the surface of the culture vessels, enzymatic dissociation could 

be done by the solution of the enzyme trypsin (0.05% trypsin solution). The culture vessel 

should be incubated with the trypsin solution for about 2 minutes. 

– Then around 90% of cells are detached, the trypsin and cell mixture is dispersed with medium, 

and cells are transferred to a conical tube for centrifugation (centrifugation parameters: 200g 

for 5–10 minutes). 

 

Fig. 11 Centrifuge used in this research project for the collection of cells 

– After centrifugation, the cell pallet (marked by red dashes in Fig. 12) should be suspended in 

a small amount of fresh medium, and a small amount of cell suspension should be removed 

for cell counting. 

 

Fig. 12 Cell pallets after centrifugation 

Fig. 10 Glioblastoma (a, c) and prostate cancer (b, d) cell before and after passaging 
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– Cell counting provides the required information for the total number of cells for the new cell 

culture formation in the new cell culture vessel. Cell counting by using a Malassez 

hemocytometer. The total number of cells in 1 ml is equal to the mean value of the number of 

cells in at least five squares marked by red circles in Fig. 13 multiplied by 10-5. 

– When the required number of cells are transferred to the new cell culture vessels (1,000,000 

prostate cancer cells and 300,000 glioblastoma cells), cells are returned to the incubator (Fig. 

14). 

 

Fig. 14 Incubator “Binder“ 

a) b) 

 

c) 

Fig. 13 Cell counting: the hemocytometer is placed on microscope table (a), and the view observed from the 

microscope (magnification is equal to 10 times): glioblastoma (b) and prostate cancer (c) cell lines 
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2.2. 3D cell culture – spheroids formation 

Cell aggregates known as spheroids self-assemble in conditions that prevent them from adhering to a 

flat surface. Extracellular matrix proteins and membrane proteins (integrins) enable the formation of 

spheroids [29]. The ways that could be used for formation could be divided into three groups: 

– Suspension cultures on non-adherent plates; 

– Cultures in concentrated medium or gel-like substances; 

– Cultures on a scaffold. 

Spheroids, according to their shape, can also be separated into three groups: 

– Tight spheroids; 

– Compact aggregates; 

– Loose aggregates. 

Different 3D cell culture methods have their advantages and disadvantages; a precise comparison of 

methods is shown in Fig.15 below. 

 

In the research project, 3D cell cultures were formed by the scaffold-free method. It could also be 

called the "forced-floating“ method because the approach uses low adhesion plates. Cell culture plates 

could be coated with 0.5% poly(2-hydroxyethyl methacrylate) or 1.5–3% agarose to prevent cell 

adhesion to the surface of the well. Due to this, cells start to make cell-cell interactions, and the 

spheroid is formed [31]. The main advantages of this method are easy maintenance, the possibility of 

controlling the size of spheroids (with diameter variations below 5%), the high number of spheroids 

per plate, and cost efficiency [29, 31, 43, 44]. This method allows cultivating spheroids for up to 3 

Fig. 15 Comparison of different 3D cell culture formation methods [42] 
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weeks and making long-term experiments for long-term effect determination, such as tumor growth 

kinetics [26, 44]. 

In the experiment, spheroids were formed by the „forced-floating“ method based on the suggestions 

in Nature Protocol „Spheroid-based drug screen: considerations and practical approach“ by J. 

Friedrich et al. [44]. The preparation of plates coated with an agarose layer consists of three steps: 

– Preparation of agarose gel; 

– Drying agarose layer; 

– Spheroids formation. 

2.2.1. Preparation of agarose gel: 

1.  For one 96-well, flat-bottom cell culture plate, 95 mg of agarose (Sigma-Aldrich) and 7 ml of 

Dulbecco’s Phosphate Buffered Saline (DPBS, Corning) solution enriched with calcium and 

magnesium are needed. 

2. Agarose is mixed in DPBS and warmed at 100°C by constant stirring. For this and later steps, a 

heating plate with a magnetic mixing option and sterile conditions is mandatory. 

3. After the agarose solution reaches 100°C, the temperature should be raised to 160°C. The 10-

minute timer should be set when the solution starts boiling. After 10 minutes, the temperature 

should be lowered to 95°C. 

4. When the agarose gel is cooled to 95 °C, it is time to add 50 µl to each well. 50 µl of agarose gel 

is enough to cover the bottom surface and create a concave surface. 

5. The plate with agarose gel should be left in the laminar flow cabinet for 30 minutes and moved 

for the other 30 minutes in the incubator. 

 

Fig. 16 Agarose gel preparation 
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2.2.2. Spheroids formation 

Spheroid formation consists of 3 steps: 

Required concentration cell suspension preparation and addition of sufficient volume to each well. 

Cell suspension is prepared from the collected cells by passaging. To calculate the exact amount 

of cells required for the formation of spheroids, cells are counted by the hemocytometer. The 

required amount of cell suspension for spheroids formation is prepared from the cell medium (in 

the research project RPMI 1640 medium was used) and collected cell suspension. Each well 

(except the outside layer of wells – they are filled with DPBS to prevent drying of inner wells) is 

filled with 100 µl of cell suspension. 

1. Centrifugation. The plate is placed into a centrifuge for plate centrifugation with set parameters: 

slow acceleration and deacceleration, 20 minutes of centrifugation, 200 g. 

 

Fig. 17 Special centrifuge for plate centrifugation 

2. Incubation. After centrifugation, the plate is wrapped in parafilm to prevent evaporation, and 

placed in the incubator. 

a) 

 
b) c) 

Fig. 18 Glioblastoma spheroids in different time frames after formation: a) just after centrifugation, b) 24 

hours after centrifugation, and c) 7 days after centrifugation 
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2.3. Treatment 

2.3.1. Alpha decay and possible radionuclides for alpha therapy 

The nuclei are unstable because the ratio of protons and neutrons differs from the definite range, and 

to achieve a stable phase, the nuclei undergo a spontaneous transformation that could be called 

radioactive decay. The decay could appear in a different form; the most probable are alpha, beta 

decay, or spontaneous fission. During the transformation, the composition of nuclei changes, and it 

is opposite to gamma decay in that the nuclei composition is not changed, and emission appears due 

to a transition between energy levels [17]. 

When the nuclei is heavy, throwing out a stable system of four particles is more energetically 

profitable than the individual nucleons (for example, alpha particles). The alpha decay is the most 

typical for heavy elements, with atomic number Z ranging from 82 and atomic mass ranging from 

200. When an alpha particle is emitted, the nuclear charge decreases by 2 units and its mass by 4 units 

[17]. 

Not all radionuclides can be used for medical purposes. The main characteristics that are important 

for the selection of radionuclides are activity, half-life, chemical and biological stability, cost, and 

availability. The radionuclide must be possible to incorporate with pharmaceuticals, and its stability 

should be long enough to provide treatment. On the other hand, the daughter radionuclides are also 

important; they can irradiate healthy tissue or be toxic. For targeted alpha therapy, it is also important 

to know the number and energy of alpha particles emitted throughout decay. A high number of alpha 

particles and a high energy value will be more efficient for killing malignant cells [7]. The most 

popular radioisotopes for targeted alpha therapy and their characteristics are listed in Table 2 below. 

Table 2 Main parameters of radioisotopes for targeted alpha therapy [7] 

Isotope Half-Life Max Energy Emissions Per Decay 

225Ac 10.1 d 5.83 4α, 2β- 

211At 7.2 h 5.87 1α, 1EC 

212Bi 1.01 h 6.09 1α, 1β-  

213Bi 45.6 min 5.87 1α, 2β- 

212Pb 10.6 h 6.09 1α, 2β- 

223Ra 11.4 d 5.87 4α, 2β- 

224Ra 3.6 d 8.8 5α, 2β- 

149Tb 4.1 h 3.96 1α, 1β+ 

227Th 18.7 d 6.04 5α, 2β- 
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During the decay process from unstable nuclei of 223Ra to stable nuclei of 207Pb four alpha particles 

are emitted. These particles have energy from 5.78 MeV to 7.53 MeV. The half-life of 223Ra is long 

11.43 days which makes it an ideal candidate for targeted alpha therapy. 

In this research project, radionuclides of 223Ra were used as a source of alpha particles. The 223Ra was 

used in the form of Xofigo® treatment by adjusting the concentration of treatment by diluting it in a 

cell culture medium for the required specific activity for the experiment. 

During the experiment, 50 µl of treatment is added to each well and spheroids are left in the incubator 

for 24 hours. After 24 hours the medium in the well is replaced 3 times to remove any residue of the 

treatment. 

 

2.3.2. Specific activity of the treatment measurements 

The activities of treatment in the experiment vary from 0.15 kBq/100 µl to 3 kBq/100 µl. To ensure 

that treatment specific activity is the same for all experiments, a control test step and equipment were 

established. To measure specific activity in the prepared treatment, NUVIA INSTRUMENTS COMO 

170 contamination monitor was used with a 0.25 ml tube holder, which was designed and printed 

with a 3D printer for these experiments by the medical physicists at the National Cancer Institute 

(Fig. 21). 

Fig. 19 The decay chain of 223Ra [45] 

Fig. 20 Schematic view of well in 96 well-plate when treatment solution is added 
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Fig. 21 COMO 170 with a tube holder [46] 

COMO 170 could be used to measure α or β/γ contamination, and its working principle is based on 

scintillation. Measurement results are provided in counts per second (cps) and could be measured at 

a fixed time with automatic or definable smoothing [47]. 

Scintillation is a result of interaction with ionizing radiation, and then the material (the scintillator) 

emits flashes of visible light. Then the light is converted to an electrical signal. The light generated 

in the scintillator by the imparted energy depends on the LET of the charged particle delivering the 

energy [48]. 

The reference calibration curve was made by measuring cps values for β particles for the samples of 

specific activity at points 0.1, 0.375, 0.5, 0.75, 1, 2, and 3 kBq/100 µl. A reference curve is provided 

in the figure below. 

 

Fig. 22 Reference curve for specific activity measurements 

During the experiment, each treatment specific activity is measured three times and the mean value 

without background value is compared with the reference value. 
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2.4. Effect evaluation: size measurements and viability test 

Spheroid size is monitored in three experiment phases: before treatment, 7 days post-treatment, and 

14 days post-treatment. To measure the size of spheroids, each spheroid is photographed with the 

microscope (magnification 4x, Nikon Eclipse TE2000-U), and later on, each spheroid is measured 

with the ImageJ program. The diameter of a spheroid is calculated by the equation 4. 

𝑑 =
𝑑𝑚𝑖𝑛 + 𝑑𝑚𝑎𝑥

2
 

(4)  

Where dmin is the shortest diameter and dmax is the longest diameter of spheroids. 

The XTT viability test is performed on the 14th day post-treatment. This test can be used for the 

quantification of cellular proliferation, viability, and cytotoxicity. This test measures cellular 

metabolic activity as an indicator of cell viability. During the test, yellow tetrazolium salt (sodium 3'-

[1-(phenylaminocarbonyl)- 3,4-tetrazolium]-bis (4-methoxy6-nitro)benzene sulfonic acid hydrate, or 

XTT), is reduced to formazan dye, which is orange, by the metabolically active cells. The 

concentration of dye is dependent on the number of living cells that can perform metabolic activity. 

The amount of dye could be measured by the spectrophotometer. The absorbance of the formazan 

product is between 450 and 500 nm (in the experiment, it was measured at 490 nm), and the reference 

wavelength was measured at 630 nm. A microplate reader (800TS, BioTek) was used to measure 

absorbance values for each well [49, 50]. 

2.5. Timeline of the experiment 

Experimental work consists of two parts: the cultivation of cell lines and experiments with spheroids. 

It is impossible to start an experiment without cell lines, which require attention at least two times 

per week. During the experiment, the results also depend on the spheroids' well-being, so the medium 

should be changed at least twice per week to ensure that the cells of the spheroids have enough 

nutrients. Table 2 provides a full view of the mandatory tasks related to the experiment from the first 

day of the experiment until the last day. Continuous cell line passaging ensures that a new experiment 

can be started on the day of cell line passaging. 



37 

Table 3 Timeline of experiment 

Days 

Tasks 

Cell lines 
Spheroids 

Routine care Experimental part Effect evaluation 

1 Cell line passaging  Formation  

2     

3     

4 Cell line passaging Medium renewal   

5     

6     

7     

8 Cell line passaging  Treatment Imaging 

9  Medium renewal   

10     

11 Cell line passaging Medium renewal   

12     

13     

14     

15 Cell line passaging Medium renewal Effect evaluation Imaging 

16     

17     

18 Cell line passaging Medium renewal   

19     

20     

21 Cell line passaging  Effect evaluation 
Imaging and viability 

test 
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3. Results 

3.1. Treatment of cells with 223Ra (specific activity from 0.15 to 3 kBq/100 µl) 

 

Fig. 23 Relationship of spheroid size and treatment specific activity 7 days and 14 days post-treatment  

Prostate cancer spheroids formed from 1000 cells were treated with treatment activities varying from 

0,15 kBq/100 µL to 3,5 kBq/100 µL (the response to the treatment is represented in Fig. 23). The 

purpose of this experiment is to determine the interval of treatment activities at which spheroid 

diameter changes could be achieved; and to compare results of the viability test, spheroids size 

changes, and the correlation between. For this experiment, spheroids were formed from 1000 cells, 

and on the day of treatment, the relative size error was 4.5%. 

7 days post-treatment, the highest size reduction was 35.9% from the control group. The highest 

impact of treatment specific activity was observed with the activities at 0.15 and 0.5 kBq/100 µL; 

with increasing treatment specific activity, the effect of treatment stayed similar to the effect madded 

of treatment of 0.5 kBq/100 µL specific activity. The mean spheroid diameter value could be reduced 

by 26.5% when the specific activity of the treatment is equal to 0.15 kBq/100 µL. When treatment 

specific activity is equal to 0.5 kBq/100 µL and up to 3.5 kBq/100 µL, the mean diameter value of 

spheroids varies from 64.1% to 68.3% from the control group, but the difference is relatively small 

and not significant because the variation of size is similar to the relative error. This experiment shows 

that the highest potency without changing the treatment plan is achieved with a treatment specific 

activity of 0.5 kBq/100 µL, and with increasing treatment specific activity, increasing efficacy is not 

observed. 

The results obtained after 14 days post-treatment showed a similar tendency to the results obtained 7 

days post-treatment. The tendency of the relationship between treatment specific activity and the 

mean diameter value stayed the same; just the difference between treated spheroids and the control 

group is higher: the mean diameter value of spheroids treated at 0.15 kBq/100 µL was reduced by 

38.8% (12.3% more when 7 days post-treatment), and with increased treatment specific activity (from 
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0.5 kBq/100 µL to 3.5 kBq/100 µL), the highest reduction of the mean diameter value by 49.3% was 

achieved (7 days pos-treatment this value was 35.9%). 

This experiment provides a few insights: 

In the time of 24 hours, 223Ra is in the media, and alpha particles affect the spheroid from the outside. 

The highest potency of alpha particles from the outside of the spheroid is achieved with a treatment 

specific activity of 0.5 kBq/100 µL, and for a higher effect experiment, the treatment concept should 

be adjusted to check these hypotheses: 

– Longer treatment time would be helpful for better 223Ra distribution outside and inside the 

spheroid, which will allow for deeper penetration of alpha particles inside the spheroid. 

– The efficiency of the treatment depends on the depth range of alpha particles. The depth range 

of alpha particles depends on their energy. By adjusting the alpha particle source according to 

energy of alpha particles, a higher effect could be achieved at the same incubation time (24 

hours). 

3.1.1. XTT viability test results  

 

Fig. 24 Results of the viability test 

XTT viability test results provided information about treatment toxicity for the spheroids (represented 

in Fig. 25). The test results correlate with the spheroids' diameter changes from the control group due 

to the treatment. The Pearson correlation coefficient r is equal to 0.8, and it shows a significant and 

large positive relationship between XTT results and spheroids’ diameter changes. Pearson correlation 

shows a linear relationship, and in this case, it means that with an increased mean diameter value of 

the spheroid, the viability value will also increase. 
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From the results of the XTT test, the tendency of reaction to the treatment is very similar to the 

spheroids diameter changes: spheroids treated with treatments whose specific activity is equal to 0.15 

kBq/100 µl showed reduced viability by 20.5%, while the rest of the spheroids (treated with 

treatments whose activities vary from 0.5 to 3.5 kBq/100 µl) showed reduced viability by 30%. The 

diameter changes stayed similar when the treatment specific activity was up to 0.5 kBq/100 µl and 

this tendency is very similar to the spheroid's diameter changes (represented in fig. 24), just XTT test 

results showed ~20% higher viability value than the reduction of spheroid size. 

In the XTT results, spheroids treated with treatment whose specific activity is equal to 1 kBq/100 µl 

showed higher viability (88.9%), and spheroids treated with treatment whose specific activity is equal 

to 2 kBq/100 µl showed smaller viability (62.2%). These results could be associated with the method's 

sensitivity to the volume of medium in the well. The medium changes in the column (one column is 

for one type of treatment) proceed with the multichannel pipette, and the small volume differences 

directly induce changes in the viability test results. 

3.1.2. Spheroids growth kinetics 

Table 4 Spheroids growth kinetics in comparison with their size on the day of treatment 

Specific activity, kBq/100 µL 7 days post-treatment, % 14 days post-treatment, % 

0 49.19 87.22 

0.15 12.38 17.50 

0.5 4.29 6.64 

0.75 2.16 1.45 

1 1.56 6.16 

1.5 -0.26 -0.47 

2 0.82 1.41 

2.5 0.52 1.91 

3 -0.85 -1.44 

3.5 -1.65 -1.41 

Analysis of spheroid growth kinetics provides useful information on how treatment affects spheroid 

growth and what effect could be achieved in a long-term experiment. The results are provided in 

Table 3 above.  

The control group showed the highest growth on the 7th day post-treatment; it grew almost 50% of 

its size on the 7 days. Later on, the growth started to slow down, and the 14th-day post-treatment 

control group spheroid growth was 87.22% of its size before treatment (38.03% growth in 7 days; in 

the previous 7 days, the growth was 49.19%). The slowing down in growth could be associated with 

the increasing necrotic core and decreasing distribution of nutrients, oxygen, and hormones at a 

deeper level of the spheroid. On the last day of the experiment, the prostate cancer untreated spheroid 

diameter was approximately 1388.5 µm, and it became impossible to maintain this size of the 

spheroid. The spheroids, which were treated with the smallest treatment specific activity (0.15 

kBq/100 µl), showed reduced growth in both 7 days and 14 days post-treatment. Like with the 

untreated spheroids, the growth was higher (12.38%) at the first 7 days post-treatment; later 7 days 

showed reduced growth to 5.12%. Less noticeable growth (maximum growth was 6.64% 14 days 
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post-treatment) showed spheroids that were treated with the treatment, whose specific activity was 

equal to 0.5 kBq/100 µl. The growth in the first 7 days was ~2% higher than after 14 days. Treatments 

with higher specific activity (from 0.5 to 3.5 kBq/100 µl) showed small diameter changes (around 

±1%), which could be associated with the relative errors and provide insight that treatments with 

activities from 0.5 kBq/100 µl prevent spheroids from growing 7 and 14 days post-treatment. 

3.2. Treatment of cells with 223Ra (specific activity from 0.1 to 0.75 kBq/100 µl) 

 

The purpose of this experiment was to analyze how spheroids react to the treatment with activities at 

intervals between 0.15 and 0.5 kBq/100 µl (results are represented in fig. 26). The behavior at this 

interval of activities are important for more precise determination at which treatment specific activity 

the diameter of spheroid could be reduced by 20%. Spheroids were formed from 1000 cells like in 

the previous experiment and on the day of treatment, the relative size error was 3.3%. The treatment 

activities used in this experiment were 0.15, 0.2, 0.25, 0.3, 0.375, 0.425, 0.5, 0.6, and 0.75 kBq/100 

µl. The results of the spheroid's relative diameter changes were very similar to the first experiment. 

Treatments with activities ranging from 0.5 kBq/100 µl had a very similar effect on spheroids' mean 

diameter values; the increased specific activity in the treatment did not increase the effect on 

spheroids. 

Spheroids treated with activities ranging from 0.15 to 0.5 kBq/100 µl showed an increased diameter 

size reduction alongside increased treatment specific activity 7 days post-treatment and 14 days post-

treatment. The biggest change was observed between activities 0.3 and 0.375 kBq/100 µl; the 

diameter value of the spheroid was reduced by 6.7% 7 days post-treatment and 7.7% 14 days post-

treatment by increasing the treatment specific activity of 0.075 kBq/100 µl. On the other hand, 

spheroids treated with activities 0.2 and 0.3 showed a reduced reaction to the treatment (diameter was 
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reduced by 2.9% 7 days post-treatment and 3.5% 14 days post-treatment with an increased 0.1 

kBq/100 µl specific activity of treatment). 

This experiment confirms that the diameter of the spheroid can be reduced to ~30% 7 days post-

treatment and ~45% 14 days post-treatment by using 223Ra treatment. Smaller diameter changes could 

also be achieved by adapting the specific activity of the treatment to the required percentage of 

diameter reduction. According to the results, to achieve a 20% diameter reduction 7 days post-

treatment, prostate cancer spheroids should be treated with activities from 0.2 to 0.3 kBq/100 µl; 14 

days post-treatment, this result could be achieved with activities up to 0.15 kBq/100 µl. 
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3.3. Treatment of cells with 223Ra: comparison of the effect on different cell types 

 

Two types of cell lines were used in the experiments. The main purpose of using two cell lines was 

to compare how different types of cells react to the same treatment (results are represented in fig. 27). 

Spheroids were formed under the same conditions, and the same number of cells were used to form 

them (spheroids were formed from 1000 cells). Both cell lines have a similar tendency to size-

response to the treatment specific activity; prostate cancer and glioblastoma achieved the highest 

potency of the treatment, whose specific activity was 0.75 kBq/100 μl. Treatments with higher 

specific activity did not have a stronger effect on spheroid size changes. The biggest differences 

observed between the two cell lines were sensitivity to the treatment and spheroid growth kinetics 

(spheroid growth kinetics is revised in the later section for both cell lines). 

The glioblastoma cell line showed smaller size changes 7 days and 14 days post-treatment in 

comparison with the prostate cell line. Glioblastoma spheroids showed almost no changes when the 

treatment specific activity was 0.15 kBq/100 µL 7 days post-treatment (the mean diameter value was 

reduced by 3.5%), while the prostate cancer spheroids treated with the same specific activity mean 

value of diameter was reduced by 15.3% 7 days post-treatment. The same spheroids 14 days post-

treatment also showed smaller mean diameter value changes in glioblastoma spheroids; the mean 

diameter value was almost the same as in the control group (0.7% higher than the control group), 
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while the mean diameter value of prostate cancer spheroids was reduced by 27%. To achieve a 

diameter reduction of 20%, glioblastoma spheroids should be treated with treatment activities ranging 

from 0.375 to 0.5 kBq/100 µL for both 7 days post-treatment and 14 days post-treatment. While 

prostate cancer spheroids to achieve the same 20% reduction should be treated by the activities from 

0.15 to 0.375 kBq/100 µL 7 days post-treatment and to 0.15 kBq/100 µL 14 days post-treatment. 

The highest difference in diameter changes due to the treatment between these two lines was observed 

when the treatment specific activity was equal to 0.15 kBq/100 µL. With the increased specific 

activity from 0.5 to 2 kBq/100 µL, the difference between the responses to the treatment of both cell 

lines was more similar: with the treatment specific activity of 0.5 kBq/100 µL, the mean value of 

prostate cancer spheroids diameter was 9.3% reduced more than glioblastoma spheroids at 7 days 

post-treatment, and the 14-day post-treatment difference was higher; prostate cancer spheroids 

showed 22.9% higher mean diameter value reduction than glioblastoma spheroids. With higher 

treatment activities (from 0.75 to 2 kBq/100 µl), the difference in reaction to the treatment stayed 

similar: 7 days post-treatment, prostate cancer spheroids mean diameter values were from 4.4% to 

2.8% smaller than glioblastoma spheroids; the 14-day post-treatment difference varied from 21.7% 

to 17%. This result showed that the glioblastoma cell line is more resistant to the treatment, and the 

difference in reaction is highest when small-specific activity treatment is applied. With increased 

activity, the difference between cell lines reaction tends to decrease and reaches 2.8% at treatment 

activity 1 kBq/100 µL 7 days post-treatment, and 17% at activity 2 kBq/100 µL 14 days post-

treatment. 

3.3.1. XTT viability tests 

 

14 days post-treatment, the XTT viability test was performed for both cell lines. Both cell lines 

showed a significant positive relationship between the results of viability tests and relative spheroids 
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diameter value. The Pearson correlation coefficient for the glioblastoma cell line is 0.88; for prostate 

cancer, it is 0.8. For both cell lines, results from the viability test showed higher viability in 

comparison with the mean diameter value. The glioblastoma cell line showed on average 4% higher 

viability, and the prostate cancer cell line showed on average 17% increased viability in comparison 

with diameter changes. Despite the differences, there is a significant relationship between mean 

diameter values and results from viability tests, and it confirms that spheroidal size assessment could 

be used as a tool for the effect of spheroidal viability evaluation, and the results provided by this 

method will not be highly impacted by the cell line. On the other side, this test provided information 

that the mean difference between the results of the viability test and the mean value of spheroid 

diameter could be impacted by the cell line, and with more tight spheroids (like the glioblastoma cell 

line), the difference could be smaller than with less tight spheroids (the prostate cancer cell line). 

Glioblastoma spheroid Prostate cancer spheroid 

7 days post-formation (before treatment) 

  

7 days post-treatment (0.15 kBq/100 µL) 

  

7 days post-treatment (0.75 kBq/100 µL) 
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14 days post-treatment (0.15 kBq/100 µL) 

  

14 days post-treatment (0.75 kBq/100 µL) 

  

 

3.3.2. Spheroids growth kinetics 

Table 5 Comparison of the growth kinetics of prostate cancer and glioblastoma spheroids with their size on 

the day of treatment. 

Activity, kBq/100 µL 7 days post-treatment, % 14 days post-treatment, % 
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Prostate cancer Glioblastoma Prostate cancer Glioblastoma 

0 49.19 18.83 87.22 22.52 

0.15 12.38 13.11 17.50 21.66 

0.5 4.30 -7.15 6.64 -3.14 

0.75 2.16 -15.67 1.45 -10.36 

1 1.56 -21.5 6.16 -12.10 

1.5 -0.26 -18.79 -048 -10.81 

2 0.82 -19.21 1.41 -15.58 

 

Fig. 29 Glioblastoma and prostate cancer spheroids growth kinetics 7 and 14 days post-treatment 

The control group size changes of spheroids are more pronounced in the prostate cancer cell line in 

comparison with the glioblastoma cell line. Prostate cancer showed more than twice as much growth 

on the 7th day post-treatment and more than four times on the 14th day post-treatment. Glioblastoma 

spheroids treated with treatment activity of 0.15 kBq/100 µL had a similar size to the control group; 

7 days post-treatment, the mean diameter value was reduced by 5.72% and 0.85% 14 days post-

treatment, while the prostate cancer cell line showed a mean diameter value reduction of 36.81% 7 

days post-treatment and 69.72% 14 days post-treatment with the same treatment activity. From the 

treatment activity of 0.5 kBq/100 µL, glioblastoma spheroids stopped growing and started to decrease 

(the highest decrease in size was observed when treatment activity was 1 kBq/100 µL 7 days post-

treatment and when treatment activity was 2 kBq/100 µL 14 days post-treatment). The difference in 

the decrease in size between treatment activities from 1 kBq/100 µL to 2 kBq/100 µL is relatively 

small (relative diameter error ± 6%) and fits into the error margins. Prostate cancer spheroids showed 

increased size and growth with all treatment activities. The activity of treatment reduced growth (the 
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highest relative diameter reduction was observed in spheroids treated with 0.15 kBq/100 µL), but 

spheroids even treated with high activities (0.75 and more kBq/100 µL) did not start to decrease in 

size like glioblastoma spheroids. When treatment activity was from 0.75 kBq/100 µL to 2 kBq/100 

µL, spheroids stopped growing, and the results were very similar despite increased activity (the 

variation was relatively small and varied around 6%). 

Total differences between the largest spheroids (in both cases, it is a control group) and the smallest 

spheroids (treated with 1 kBq/100 µL and higher activities) for the glioblastoma cell line were 40.33% 

7 days post-treatment and 38.09% 14 days post-treatment; for the prostate cancer cell line, the 

differences were 49.45% 7 days post-treatment and 87.70% 14 days post-treatment. The glioblastoma 

cell line showed a smaller response in size changes due to the treatment; a higher response was also 

observed 7 days post-treatment, while the prostate cancer cell line showed a higher difference in both 

experiment time points, and with time the effect on growth also increased. These results show that 

prostate cancer spheroids are more responsive (more sensitive) to the treatment, and the influence of 

the treatment on spheroid growth is higher than for glioblastoma cell line spheroids. 

3.4. Treatment of cells with 223Ra: comparison of the effect on different spheroid size  

The purpose of this experiment was to analyze how spheroid size can influence the effect of treatment. 

For the experiment, two different cell lines of spheroids from 500 and 2000 cells were formed (results 

are represented in figures 29 and 30).  
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Fig. 31 Different size spheroids (formed from 500 and 200 cells) reaction to the treatment 7 days and 14 days 

post-treatment (prostate cancer spheroids) 

Both cell lines (prostate cancer and glioblastoma) showed increased sensitivity to the treatments when 

spheroids were smaller in size (formed from 500 cells). The mean value of the difference in reaction 

to the treatment between glioblastoma spheroids formed from 2000 cells and spheroids formed from 

500 cells is 28.7%. This means that smaller spheroids of glioblastoma tend to be 28.7% more sensitive 

in comparison with bigger spheroids formed from 2000 cells. 28.7% is the mean value of all 

differences in the whole range of treatment activities, but the difference between spheroids formed 

from 2000 cells and 500 cells with increased specific activity difference also increases till achieves 

38.25% at the treatment specific activity is equal to 1 kBq/100 µl. 

Prostate cancer line spheroids like spheroids formed from glioblastoma cells showed higher 

sensitivity to the treatment when spheroids' size was smaller. On the other hand, the mean value of 

the difference between bigger spheroids (formed from 2000 cells) and smaller ones (formed from 500 

cells) is higher than glioblastoma spheroids – 43.1% (glioblastoma spheroids – 28.7%), that shows 

that the prostate cancer spheroids are more sensitive to the size changes than glioblastoma. 

On the other hand, overall sensitivity to the treatment with 223Ra showed a higher effect on 

glioblastoma spheroids, which was different from spheroids formed from 1000 cells. It is also 

interesting that spheroids formed from 2000 cells are bigger than the control group, especially prostate 

cancer spheroids but the XTT viability test showed that the viability of spheroids is around 46%. This 

could be related to the spheroid degradation process when cells start to separate from the spheroid 

and the size of a spheroid is increased due to weak connections between cells. Due to the high 

diameter value (almost 1 mm), it is impossible to ensure a proper environment for spheroid growth, 

so this size of spheroid is not very suitable to use for the experiment protocol used in this study. 

Glioblastoma spheroids are smaller and form more compact spheroids than the prostate cancer cell 

line. This property could influence the results of the experiment. 
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3.5. Irradiation with photons 

 

To compare the effect of different types of ionizing radiation on spheroids and distinguish which 

reactions are related to the cell line but not to the treatment, glioblastoma, and prostate cancer 

spheroids were irradiated with the photons of 6 MeV energy by Varian True Beam linear accelerator. 

Irradiation dose varied from 2 to 10 Gy. The procedure of cultivation was the same – size assessment 

was made in three experimental time points – on the day of the treatment, 7 days post-treatment, and 

14 days post-treatment.  

Both cell lines showed a similar reaction to the irradiation as reacted to the treatment with 223Ra. The 

Glioblastoma cell line showed a smaller response to the treatment and the difference between the 

mean value of diameter measured 7 days post-treatment and 14 days post-treatment was smaller than 

the prostate cancer cell line. The same effect was observed in all experiments with 223Ra so the effect 

could be related to the particular cell line response. This experiment also shows that the prostate 

cancer cell line is much more sensitive to the treatment – spheroids irradiated with the same dose 

appear to be relatively smaller (in comparison with not irradiated ones) than glioblastoma spheroids. 

This tendency appeared in a whole range of irradiation doses. Prostate cancer spheroids showed an 

average 15.65% higher decrease in size (from the control group) 7 days post-irradiation and 38.71% 

14 days post-irradiation in comparison with glioblastoma cell line spheroids. Prostate cancer 

spheroids also showed a higher difference between irradiated spheroids and the control group 14 days 

post-irradiation in comparison with the results of 7 days post-irradiation, while glioblastoma 

spheroids showed opposite results – the difference between the control group and irradiated spheroids 

was higher 7 days post-irradiation and 14 days post-irradiation the difference between the control 

group and irradiated spheroids was smaller. 
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Irradiation with photons confirms that the response to the treatment not only depends on the type of 

treatment but also the cell line type. In these experiments, three reactions were observed in all of them 

and were related to the cell line type: 

– Sensitivity to the treatment: glioblastoma showed a reduced response in comparison with the 

prostate cell line, and it was observed due to smaller size changes due to the treatment or 

irradiation with photons. 

– Prostate cancer spheroids 14 days post-treatment showed an increased diameter reduction in 

comparison to the diameters 7 days post-treatment, while glioblastoma spheroids 14 days 

post-treatment had a smaller difference in size between the treated spheroids and the control 

group (the effect on the diameter value from the treatment had an impact for a shorter time). 

– Prostate cancer showed higher relative diameter value differences between results from 7 days 

post-treatment and 14 days post-treatment, while glioblastoma spheroids showed similar 

relative diameter size changes from the control group between 7 and 14 days post-treatment. 

3.6. Dose calculations using RBE coefficient 

According to the literature, the RBE coefficient for 223Ra is equal to 5.6 [51]. The RBE coefficient is 

calculated by equation 3. 

𝑅𝐵𝐸(𝑥) =
𝐷𝑟(𝑥)

𝐷𝑡(𝑥)
  

Where Dr – absorbed dose from reference radiation; Dt – absorbed dose from tested radiation. 

Fig. 33 Glioblastoma and prostate cancer spheroids before, 7, and 14 days post-irradiation 6 MeV energy 

photons 
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Using this expression, the absorbed dose of tested radiation could be calculated by the equation below, 

and the effect induced by reference and tested radiation on the spheroid is the same: 

𝐷𝑡(𝑥) = 𝐷𝑟(𝑥) ∙ 𝑅𝐵𝐸(𝑥) = 𝐷𝑟(𝑥) ∙ 5.6  

The effect was assessed by the spheroid size changes shown in the figures below (Figures 34 and 35), 

which represent prostate cancer spheroids diameter changes with different treatment activities and 

absorbed doses. By using these two curves, the relationship between treatment specific activity and 

absorbed dose was determined. 

 

 

Equations of trendlines were used to predict the effect on the points at which the experimental point 

was not made. Because the R2 value in both relationships (Figures 33 and 34) was higher than 0.85, 

R² = 0.9619
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Fig. 35 Prostate cancer spheroids diameter changes due to 223Ra treatment 
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this shows that the trendline model predicts values with more than 85% accuracy, which is very 

important for a more accurate specific activity-dose relationship. 

 

The activity-dose relationship (figure 35) could be used as a simplified method to predict the absorbed 

dose of different 223Ra treatment activities, but it cannot be used as a very accurate method because 

the absorbed dose depends on various factors: type of radionuclide, time of incubation, and size of 

the spheroid. In the literature, there are various methods and models to evaluate absorbed doses, but 

much more complex methods require deeper studies and, in most cases, skills in Montecarlo 

simulations. Due to the suggested method's simplicity, it could be used as a tool for the approximation 

of the absorbed dose in the experiments before the required skills are gained and models are 

incorporated. 

3.7. Summary of results  

During the study, spheroids of different sizes (from 500, 1000, and 2000 cells) were formed from two 

cell lines: glioblastoma and prostate cancer. The activities of the 223Ra solution were 0.15, 0.2, 0.3, 

0.375, 0.5, 0.6, 0.75, 1, 1.25, 1.5, 2, 2.5, 3, and 3.5. Spheroids formed from 1000 cells showed the 

highest sensitivity to the treatment, while spheroids formed from 2000 cells were the most resistant. 

This result is associated with the penetration depth of alpha particles; due to the short penetration 

depth (~65 µm [18]), a smaller proportion of cells are affected in bigger spheroids. Spheroids formed 

from 500 cells were less sensitive to treatment than spheroids formed from 1000 cells, but this result 

is associated with better nutrient distribution inside the spheroid, which leads to increased growth and 

compensation for the death of the outer layer. However, the inner cells of bigger spheroids (formed 

from 2000 cells) are not supplied with enough nutrients which leads to reduced growth Due to 

sufficient nutrient delivery spheroids formed from 1000 cells are the most suitable for this kind of 

experiment. For both cell lines, the highest efficiency of 223Ra solution is achieved at 0.75 kBq/100 

µl specific activity of the solution. Increased specific activity at the same treatment protocol does not 
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have a higher effect on spheroid size. Prostate cancer spheroid size (in comparison with the control 

group) was 66.07% 7 days post-treatment and 55.16% 14 days post-treatment, glioblastoma spheroids 

diameter value was 71.31% 7 days post-treatment and 73.14% 14 days post-treatment).  

Spheroid growth kinetic is dependent on the cell line. Both cell lines showed growth reduction with 

increased treatment specific activity. Glioblastoma spheroids started to decrease in size (the growth 

was negative), and treatment specific activity was 0.5 kBq/100 µl. This effect was observed 7 days 

post-treatment and 14 days post-treatment. Prostate cancer cell line spheroids expressed twice higher 

growth in the control group than glioblastoma spheroids, and the smallest value of spheroids growth 

was -0.26% 7 days post-treatment and -0.48% 14 days post-treatment (glioblastoma spheroids 

showed -19.21% 7 days post-treatment and -15.58% 14 days post-treatment). Both cell lines showed 

similar growth kinetic tendencies as in previous experiments: at the specific activity of 0.75 kBq/100 

µl, the highest effect is achieved, and with increased specific activity, changes in growth kinetics are 

not significant. 

Glioblastoma spheroids (formed from 1000 cells) treated with the specific activity of 0.375 kBq/100 

µl showed a size reduction of 14.5% 7 days post-treatment and 12.5% 14 days post-treatment. With 

the treatment specific activity of 0.5 kBq/100 µl, the size of glioblastoma spheroids was reduced by 

21.38% 7 days post-treatment and 22.32% 14 days post-treatment. Prostate cancer showed 17.3% 

size reduction 7 days post-treatment and 29.9% 14 days post-treatment when the treatment specific 

activity was 0.2 kBq/100 µl. 20% of glioblastoma spheroid size reduction could be achieved with 

activities ranging from 0.375 to 0.5 kBq/100 µl, while for prostate cancer spheroids, the same size 

reduction could be achieved with activities ranging from 0.2 kBq/100 µl. 

Pearson correlation coefficients were calculated for both cell lines and showed a significant positive 

relationship between the viability test results and spheroids diameter value. The correlation 

coefficient for the glioblastoma cell line was 0.88, and for prostate cancer, it was 0.8. The XTT 

viability test showed decreased viability with increased treatment specific activity. The glioblastoma 

cell line showed on average 4% higher viability, and the prostate cancer cell line showed on average 

17% increased viability in comparison with predicted viability from relative diameter changes. These 

results show that spheroid viability could be assessed from diameter changes multiplied by the 

percentage correction factor (the mean value of the difference between spheroids viability and 

predicted viability from spheroids relative diameter). 

Glioblastoma and prostate cancer spheroids formed from 1000 cells were irradiated with 6 MeV 

photons. Irradiation doses were 2, 4, 6, 8, and 10 Gy. Both cell lines showed size reduction with an 

increased absorbed dose (with the highest irradiation dose of 10 Gy, glioblastoma spheroids size was 

reduced by 17.14% 7 days post-irradiation and 4.98% 14 days post-irradiation, prostate cancer 

showed 26.6% size reduction 7 days post-irradiation and 42.04% 14 days post-irradiation). On 

average Prostate cancer spheroids showed a 15.65% higher decrease in size (from the control group) 

7 days post-irradiation and 38.71% 14 days post-irradiation in comparison with glioblastoma cell line 

spheroids. 

Absorbed doses from different specific activities of 223Ra solutions were calculated based on the RBE 

value for 223Ra (RBE(223Ra) = 5.6), prostate cancer spheroids size changes due to irradiation with 

gamma and alpha radiation. The RBE value and reference dose relationship could be used to 

determine the absorbed dose from different activities of 223Ra solution. This method could be applied 
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for spheroids whose size is similar to the prostate cancer spheroids, whose data was used for 

calculations, and for the 223Ra radionuclide. 
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Conclusions 

1. Different cell cultures respond differently to applied alpha activities. The most pronounced effect 

of alpha particle irradiation is observed on 1000 cell spheroids treated with a specific activity of 

0.75 kBq/100 µl. 

2. 20% of glioblastoma spheroid size reduction could be achieved after treatment with the specific 

activity of 0.5 kBq/100 µl, while for prostate cancer spheroids, the same size reduction could be 

achieved after treatment with the specific activities from 0.15 to 0.2 kBq/100 µl. 

3. The size of spheroid‘s diameter correlates with viability, thus indicating that spheroid‘s diameter 

measurements allow for the evaluation of cell viability using a correction factor. 

4. Different irradiation doses have different impact on different cell cultures. As the absorbed dose 

increases, its impact on spheroids also increases. 

5. The absorbed dose can be derived from alpha specific activity by multiplying it by the coefficient 

8.36. 

Recommendations: 

- For optimal nutrient delivery, it is recommended to use spheroids formed from 1000 cells for 

this type of experiment. 

- The maximum effect of alpha particles on the spheroid's size is achieved with a treatment 

specific activity of 0.75 kBq/100 µL. To enhance the effect, consider adjusting the incubation 

time with the radioactive solution or incorporating different alpha particle emitters. 

- Measuring spheroid diameter can serve as a viability indicator; however, it is essential to note 

the correction factor between viability test results and spheroid diameter changes before using 

this method. 
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