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Abstract 
 

Cancer is one of the leading causes of death in the world. Because of this, there are many novel methods 

to treat it being currently researched. One of the answers from the nuclear medicine perspective is 

Radionuclide Therapy, where alpha or beta emitters are applied, with the goal to selectively irradiate 

tumours in the body. A promising radionuclide researched for Radionuclide Therapy is Holmium-166, which 

is a beta emitter with a short half-life of 26.8 hours, which is useful for the treatment of large metastases. A 

method to ensure an effective treatment with Holmium-166 is the use of a Dysprosium-166/Holmium-166 

in vivo generator, as the dose delivered to patients per administered dose is two times higher with the in vivo 

generator rather than the direct use of Holmium-166. However, carriers used in Radionuclide Therapy, which 

usually involve the formation of a chelator-metal complex are not effective for the in vivo generator due to 

the release of auger electrons during the decay process leading to the destruction of the chelator-metal 

complex. A promising non-chelator method designed by Liu et al. at the Applied Radiation and Isotopes 

research team at TU Delft involves the radiolabelling of micelles. This thesis sought to evaluate the use of 

micelles, radiolabelled with this mechanism as an effective carrier for the Dysprosium-166/Holmium-166 in 

vivo generator. For this, micelles made of Polycaprolactone-block-Polyethylene Oxide and Polylactic Acid-

block-Polyethylene oxide were evaluated based on the obtained radiolabelling efficiency and their stability 

when challenged with diethylenetriaminepentaacetic acid (DTPA). The results in this study show that the 

radiolabelling method used to encapsulate Dysprosium relies on the diffusion of Dysprosium hydroxides into 

the micelle core, followed by precipitation as the right concentration is reached inside the micelles. The best 

results obtained by this study occur when radiolabelling Polylactic Acid-block-Polyethylene Oxide (PLA-PEO) 

micelles, and then adding phosphate ions at a concentration of 3 × 10−8𝑀, 30 minutes after the addition of 

the active Dysprosium. Although more tuning is required on the radiolabelling mechanism to make micelles 

the most effective carriers of the 166Dy/166Ho in vivo generator, promising first steps were made to begin this 

process. 
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1 Introduction 
 

1.1 Motivation 
Cancer is one of the leading causes of death in the world [1]. According to the World Health Organization (WHO), it 

accounted for nearly ten million deaths in 2020, causing the death of one in six people [1]. This has led many 
researchers to look for more effective methods to treat cancer, especially attempting to reduce the number of deaths 
and the severeness of secondary effects that different treatments can cause. The main methods to treat cancer include 
surgery to remove the tumour if possible, chemotherapy where drugs are used to induce cell apoptosis of the tumour, 
and radiotherapy, which uses high energy particles to cause cell death [2]. Within radiotherapy, two methods are used 
for different applications: External Beam Radiation Therapy (EBRT), and Radionuclide Therapy (RNT). The main 
application of the former is the treatment of local tumours by irradiating a limited area around the tumour with high 
energy beams [2], while the latter is meant to attack metastases all over the body by the application of beta or alpha 
emitters, either intravenously or via ingestion [2].  

 
When selecting a radionuclide candidate for RNT, characteristics such as the energy of the radiation emitted, the 

range of this radiation and the half-life of the radionuclide are considered [2]. These will be discussed in more detail in 
section 2.1. One promising candidate that is being researched currently is Holmium-166 (166Ho), a lanthanide 
radioisotope with a short half-life (26.8 h), that emits high energy beta particles (1774.32 keV and 1854.9 keV), as well 
as gamma (γ) particles [3]. Thanks to its high energy beta emission, it is an effective radionuclide for therapy in large 
tumours.  

 
Holmium exists in nature as stable Holmium-165 (165Ho), with 100% abundance [4], so its radioactive isotope must 

be produced by irradiation. There are two main production methods being investigated currently for the production 
of 166Ho, i.e. via the neutron capture of 165Ho and via the neutron capture of Dysprosium-164 (164Dy) to Dysprosium-
166 (166Dy) [3] and the decay of 166Dy to 166Ho. Both methods have their own advantages and disadvantages, but the 
main advantage of production through the irradiation of 164Dy is the possibility of creating an in vivo radionuclide 
generator. That is, taking advantage of the longer lived but lower energy emitting 166Dy to more effectively deliver 
166Ho  at the tumour site [5]. The use of an in vivo generator is very desirable because of the radiation dose that can be 
achieved by administering 166Dy rather than 166Ho to a patient. Using an in vivo generator, double the radiation dose 
will be achieved through the same administered dose.  
 

An important consideration in the design of a radiopharmaceutical for use in RNT is the use of a compound or 
material that will cage the radionuclide, ensuring the specificity of the treatment toward the tumour and reducing side 
effects [2]. This is usually done through the caging of the radionuclides using a chelator, such as ((1,4,7,10-
Tetraazacyclododecane-1,4,7,10-tetrayl)tetrakis(methylene))tetraphosphonic acid (DOTMP) when using 166Ho [3]. 
However, when designing an in vivo generator, chemical differences between the mother and daughter nuclides, as 
well as the decay of the mother nuclide into the daughter nuclide can cause the release of the radionuclide before 
accumulating in the tumour, resulting in damage to healthy tissues [5], [6]. Because of this, finding a chelator-free 
method to encapsulate radionuclides becomes more desirable for the design of the 166Dy/166Ho in vivo generator. 
 

A promising chelator-free method to encapsulate radionuclides has already been designed at the Applied Radiation 
and Isotopes Research team at TU Delft by Liu et al. [7], [8] who successfully radiolabelled polymeric micelles with 
Indium-111 (111In), Lutetium-177 (177Lu) and Zirconium-89 (89Zr). The mechanism behind this labelling method is quite 
promising to entrap the radionuclide because the method does not rely on the bonding between  the radionuclide and 
the polymer used to make the micelles. This could lead to a more stable approach to bring radionuclides to the tumour. 
It is also a fast, simple and highly reproducible method, that has shown high labelling efficiencies with the radionuclides 
mentioned before. 

 
Based on what was explained above, a promising radiopharmaceutical for cancer treatment could be made by using 

polymeric micelles to immobilize a 166Dy/166Ho in vivo generator, if successfully designed and evaluated. 
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1.2 Project Scope and Objectives 
 
The main objective of this project is to evaluate whether polymeric micelles can serve as effective carriers for the 

166Dy/166Ho in vivo generator. To be considered effective nanocarriers, polymeric micelles must perform well in two 
main characteristics: high radiolabelling efficiency and stability. The former is important so that extremely high 
activities of the radionuclide are not required during preparation. The latter is essential so that loss of radionuclide is 
low and will not damage healthy tissues. As studied by Liu et al., the two most effective micelles in the radiolabelling 
of 111In and 177Lu were those prepared with polycaprolactone-block-polyethylene oxide (PCL-PEO) and polylactic acid-
block-polyethylene oxide (PLA-PEO) [7], [8]. Therefore, only these micelles will be evaluated in the current work. 

 
To achieve this goal several objectives are to be pursued or were pursued: 

• To determine the loading efficiency of radioactive and non-radioactive Dysprosium in the micelles 

• To determine the radiolabelling stability  when challenged with DTPA. 

• To understand the mechanism behind the radiolabelling of the micelles.  

• To test and tune the mechanism for radiolabelling of micelles with the 166Dy/166Ho in vivo generator. 
 
 

1.3 Outline 
The outline of this report is as follows: Chapter 2 will provide all  theorical bases required to understand the research 

performed; Chapter 3 gives the methodology of the experiments; Chapter 4 will show the results and discussion;  
Chapter 5 summarizes the conclusions made based on all findings and discusses recommendations for the continuation 
on this research.  
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2 Theory  
2.1  Radionuclide Therapy 
 

Radionuclide therapy is a form of radiation treatment which is unique in that it can selectively apply radiation doses 
to target cells, while mostly sparing healthy cells [2], [9]–[11]. It lies in between external beam radiation therapy and 
chemotherapy [2] in that it delivers the radiation directly into the cells, but is delivered in a way that more closely 
resembles chemotherapy. The main advantage of using RNT instead of EBRT lies in its ability to eliminate metastases 
in the patient’s body, which may not have even been detected yet, as well as the primary tumour [12]. Another main 
advantage is that radiopharmaceuticals can potentially destroy tumour cells that are adjacent to the tumour but not a 
part of it, even if the uptake of the radiopharmaceutical is low [12]. Also, because of the selectivity that is at the centre 
of radionuclide therapy, it causes less side effects to patients.  

 
There have already been two main clinical successes in RNT, that are currently used to treat patients. The first is 

Novartis’s Lutathera®, which is used to treat specific neuroendocrine tumours that are inoperable. These tumours 
overexpress receptors for the protein somatostatin. Thus, by coupling 177Lu to a somatostatin analogue, DOTA-TATE, 
which will accumulate in places where it finds the somatostatin receptors [13], the radioactive dose is delivered and 
cell death is induced. This radiopharmaceutical was approved by regulatory agencies in 2017 in Europe and 2018 in 
the United states, and has already been administered to more than 9000 gastroenteropancreatic neuroendocrine 
tumour (GEP-NET) patients in both regions [14]. Another great success is the use of 225Ac-PSMA-617 for the treatment 
of metastatic castration resistant prostate cancer. By designing a radiopharmaceutical with Prostate specific 
membrane antigen (PSMA) and coupling it with DOTA, it is possible to cage 225Ac. This leads to a very effective 
treatment, as 225Ac has higher energy, shorter range and stronger killing effect on tumour cells compared to 177Lu [15]. 
225Ac-PSMA-617 is still in the first phase of clinical trials [16] but, if it follows the path of 177Lu-PSMA-617, it will probably 
be approved, as the first clinical studies show that it is a safe and effective treatment option [15]. 

 
RNT relies on the use of radiopharmaceuticals to deliver the radiation dose. Radiopharmaceuticals are usually made 

of  two parts: a radioisotope and a carrier. The carrier is in charge of using the known characteristics and unique 
features of tumours and the tumour microenvironment to selectively target it. This will ensure that most of the 
radiopharmaceutical is accumulated at the tumour site [2], [11]. For example, the DOTA-TATE carrier in Lutathera® 
uses an analogue to a protein whose receptor is overexpressed in the tumour site, somatostatin. Thanks to it, as the 
radiopharmaceutical transits the body, it will selectively accumulate there, coupled with DOTA, which carries the 
radioisotope. The radioisotope, meanwhile, is a radioactive isotope, which will emit high energy particles to induce cell 
death. For example, 225Ac-PSMA-617 uses 225Ac, which emits high energy α radiation in a reaction chain that delivers 4 
α particles, 2 β particles and 2 γ photons [15], which readily induces cell death. As such, there are many considerations 
of importance when selecting each of the parts of the radiopharmaceutical.  

 
Ideal carriers should meet certain requirements to be suitable for use in RNT. First and foremost, it should ensure 

that most of the radionuclide is not released, since that will increase the radiation dose to healthy tissues, and 
therefore, increase unwanted side effects. Second, it should be non-toxic, as the carrier itself should not have a 
pharmacological effect [2]. To ensure this, it is recommended to use carriers that are already approved by regulatory 
organizations such as the FDA. The carrier should also be resistant to radiation degradation [2], ensuring that it will not 
be significantly affected by the radionuclide it carries. It should be easily available or easy to prepare [2], and it should 
not induce an immune response from the body [2]. Examples of carriers will be discussed in section 2.3, specifying 
their effectiveness for use in the 166Dy/166Ho in vivo generator. 

 
Meanwhile, radionuclide selection also requires many considerations, since different radionuclides may be more 

suitable for different types of tumours and can lead the way to personalized therapy. In general terms, it is imperative 
to select the radionuclide based on its radiation characteristics, but also the ease at which it can be produced, as well 
as taking its radionuclidic purity into account [2], [11]. In terms of radiation characteristics, different tumours require 
different emitters, depending on size. For example, beta (β-) emitters are effective against larger tumours, since the 
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range of their emission is longer, whilst alpha (α) emitters are more effective against small tumours  [2], [11]. Table 1 
shows characteristics of different radionuclides based on decay characteristics, as exsiccated from Dash et al. [2]. As 
for half-life, short-lived radionuclides are often used to avoid long-lasting side effects in patients. The longest-lived 
radionuclide that has been used for radiotherapy is Strontium-89 (89Sr), with a half-life of 50 days. An important 
consideration for half-life is that it must match well with the in vivo pharmacokinetics of the carrier. This means that 
the radionuclide must have a long enough half-life to ensure that sufficient radiation dose is given to the tumour [2].  
 

Table 1. Characteristics of therapeutic radionuclides based on decay characteristics. Adapted from [2] 

Characteristic Beta emitters Alpha emitters Auger electron emitters 

Emission type 
Negatively charged 

electron 
Helium nucleus 

Auger and Coster Kronig 
electrons 

Energy 0.05-2.5 Mev 2-10 MeV 10 eV – 10 keV 

Range 0.2-15 mm 50-100 μm 10-100 Nanometers 

Linear Energy Transfer 
(keV/μm) 

0.2 80-300 4-26 

Mechanism 

Cross fire effect, half-life 
and radioactivity 

dependent, oxygen 
dependent 

Traversed path 
length in the cell 

nuclei, oxygen 
independent 

Breaks in DNA 
Strands when inserted in 

nuclei 
("Bystander" effect), 

water radiolysis  

Requisite Must be close to target Must bind to cancer cell 
Must incorporate into cell 

nucleus 

Cross fire effect Yes No No 

Clinical Application 
Some applications are 
already FDA approved 

One application (223RaCl2) 
is FDA approved 

Fully experimental 

Suitable for Large metastases Small metastases Small metastases 

 
 

2.2 166Ho: A potential candidate for RNT 
 
166Ho has proven to be a promising candidate for RNT [2], [3], [5], [10], [17]. It decays to 166Er through β- decay. The 

β- particles emitted have energies of Eβ,max = 1774.3 keV and 1854.9 keV in a 48.8% and 49.9% yield. It also emits γ rays 
with an energy of 81 keV. It has a half-life of 26.8 hours [3]. From Table 1, it is possible to see that 166Ho will be useful 
as a therapeutic radionuclide for large metastases. This is further shown by study made by Johnson and Yanch, which 
shows that the maximum tissue range of irradiation by 166Ho is 8.7 mm, the average range of irradiation is 2.2 mm and 
the distance by which 90% of the absorbed dose is imparted to tissues is of 2.1mm [18]. Due to its short half-life, 90% 
of the administered dose is delivered within 4 days, which represents a relatively higher dose than that administered 
by other radionuclides that are widely used for RNT [3]. 

 
In the past few years, 166Ho has been researched in various studies for RNT with different types of carriers, such as 

liposomes, microspheres, nanoparticles and antibodies being researched [3]. Carriers that have been proposed include 
coupling 166Ho to bone seeking agents such as DOTMP [19], [20], complexes such as DOTA [21] and DTPA [22], as well 
as the use of mesoporous carbon nanoparticles [23]. Some radiopharmaceuticals containing 166Ho have even gone to 
clinical trials. A notable example of this are Quirem microspheres, that have completed several clinical trials, as shown 
in clinicaltrials.gov [24]–[27]. Quirem microspheres are Poly-L-Lactic acid microspheres, that use a solvent evaporation 
method to encapsulate 165Ho and then are irradiated to obtain 166Ho [28]. These microspheres are used as a method 
of radioembolization on hepatocellular carcinoma patients. They are inserted to the tumour through a catheter in the 
hepatic artery, which primarily irrigates cancer cells [29], therefore delivering radiation selectively to hepatic tumours. 

Although the use of 166Ho is already well researched, due to its short half-life of 26.8 hours it provides a somewhat 
too short treatment. A way to increase the radiation dose delivered is the use of the Dysprosium-166/Holmium-166 
(166Dy/166Ho) in vivo generator. This is, delivering a therapeutic isotope through the decay of its longer lived mother 
nuclide [5]. In this case, it will constitute the creation of a radiopharmaceutical containing 166Dy, which will deliver the 
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radiation dose of 166Ho to the desired tissues. The main advantage of the 166Dy/Ho in vivo generator is that it is possible 
to achieve more than double the dose of radiation per administered activity than when administering 166Ho directly. 
166Dy is also a β- emitter with a longer lived half-life of 81.6 hours and emitting lower β- energy (400 and 481 keV 
compared to the 1774.32 keV and 1854.9 keV emitted by 166Ho).  

 
166Dy and 166Ho are in radioactive equilibrium with each other. When a daughter nuclide is formed at the same rate 

as it is decaying, so the ratio of masses N2/N1 is constant, it is considered to be in equilibrium. It is important to 
distinguish radioactive equilibrium from chemical and thermodynamic equilibrium in that it is not reversible. For 
example, 166Ho cannot decay into 166Dy, and it does not represent a stationary state [30]. There are two types of 
radioactive equilibrium, secular and transient, the one present in the 166Dy/Ho in vivo generator is transient 
equilibrium, as the half-life of 166Dy is only around three times the half-life of 166Ho. In transient equilibrium, the activity 

of the daughter nuclide is higher than that of its mother, defined by 
𝐴2

𝐴1
= 1 −

𝑡1/2(2)

𝑡1/2(1)
. Also, the half-life of the daughter 

radionuclide appears to become equal to that of its mother, because of its rate of decay being equal to its rate of 
formation. This is what allows the 166Dy/166Ho in vivo generator to deliver twice the dose when compared to the 
administration of 166Ho alone. 

 
The in vivo generator works as follows: Before the conjugation of the in vivo generation system, usually the mother 

nuclide (166Dy in this case) is isolated and encapsulated. This way, as sub-equilibrium amounts of 166Ho are in circulation, 
while 166Dy emits much lower energy when decaying, there is a reduced radiation dose to non-target tissues [5]. As 
time goes by, and the radiopharmaceutical accumulates in the tumour site, the therapeutic dose is generated via the 
decay of 166Ho, which is now present by the decay of 166Dy [5], [31].  

 

2.3 Methods to carry radionuclides in the body 
2.3.1 Binding radionuclides to chelating agents  
 

As mentioned in section 2.2, the design of a radiopharmaceutical requires both the selection of a suitable 
radionuclide, as well as a carrier for the radionuclide. Now that the suitable radionuclide has been selected, as well as 
the use of the 166Dy/166Ho in vivo generator, the next exploration will discuss carriers. As discussed before, the carrier 
is responsible of using tumour-specific characteristics to selectively accumulate in the tumour. A very important 
characteristic that every carrier must achieve is the safe entrapment of radionuclides. For this, most RNT carriers use 
a chelating agent [3]. Chelating agents are ligands that can form two or more coordinate covalent bonds with a metal 
ion [34]. The radionuclide will not be released by the chelating agent unless this bond is broken or that the dissociation 
rate of the complex is high. Many chelating agents have been designed successfully for their use in RNT. Some examples 
of these can be seen in Figure 1. 

 
 

 

 
Figure 1. Common chelating agents used with radionuclides. Taken from [35]  

 
As mentioned before, there are various radiopharmaceuticals that successfully use chelating agents as part of the 

carrier for radionuclides in RNT. In fact, this is used by both clinical successes mentioned in section 2.1. However, the 
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use of chelating agents presents issues when it comes to the design of radiopharmaceuticals that carry in vivo 
generators. If the mother and daughter nuclides are very different chemically, the decay of the mother to the daughter 
will probably lead to the premature release of the daughter [5] [6]. This is the main challenge faced when making an 
in vivo generator for α emitters, that usually undergo decay through a decay chain that happens during a short time, 
and the daughter nuclide will have a small chance of binding back to the same chelator even if that is not the case, as 
they will have moved away from the chelator[36]. This is not expected to be an issue for the 166Dy/166Ho generator, 
since the two radionuclides share most chemical characteristics.  

 
Nevertheless, the unexpected release of 166Ho from chelators has presented itself as a very significant issue when 

designing a carrier for the 166Dy/166Ho in vivo generator. In their work on in vivo generators, Zeevart et al. sought to 
understand the caging of in vivo generators, and the reasoning behind the unexpected release of daughter nuclides 
from chelating agents [36], [37]. In the preparation and elution of a 166Dy/166Ho in vivo generator conjugated to DOTA, 
they found that around 72% of the Dy was released from DOTA when decaying to Ho, which was unexpected from 
their original calculations [37]. They proposed that the reasoning behind this release was the decay from 166Dy to 
166Ho*, which led to the de-excitation of  166Ho* to 166Ho through the emission of Auger Electrons. As many electrons 
can be lost from the atom during the Auger emission process, the now highly charged ion becomes an electron sink, 
seeking to take surrounding electrons. The only place that the ion can take electrons from is the chelator, and if the 
electrons taken were making the coordinate covalent bonds that characterize chelators, the molecule will break, and 
166Ho will be released prematurely [36], [37]. This was corroborated by the total emission of Auger electrons by Ho, 
which matched the 72% of metal released when conjugating DOTA with 166Dy to make the 166Dy/Ho generator.  

 
Based on the issue explained above, chelator-free methods are being sought to carry the in vivo generator itself. 

One such option is the use of polymeric micelles, whose advantages and functioning will be discussed in section 2.3.2. 
 

2.3.2 Polymeric micelles 
 
Polymeric micelles are a form of nanostructures formed by the self-assembly of amphiphilic block copolymers [38]. 

Many envision the formation of micelles as “core-shell” structures with a water-free core and an outer shell composed 
of hydrophilic blocks [39], [40]. These structures are formed due to the presence of two antagonistic parts in the 
molecule: one hydrophobic, one hydrophilic, seeking to the surface area of contact between the liquid and the 
hydrophilic part of the molecule while at the same time minimizing the surface area of contact between the 
hydrophobic part of the molecule and the liquid. This leads to particular characteristics in solution, such as their ability 
to adsorb substances at the interface [41]. These structures have a wide variety of geometries [41], such as spherical 
and cylindrical, among others. Figure 2 shows a schematic that illustrates the formation of polymeric micelles. 

 
 

 
Figure 2. Schematic representation showing the formation of a polymeric micelle. Adapted from [42]. 

 
A big advantage found when designing micelles for different applications is how easily they can be tuned. 

Morphological changes in micelles can be achieved by changing different parts of the micelle production process, with 
changes such as using a different block copolymer system and the size of the polymer chains having an effect on the 
resulting micelles, their hydrophobicity, their ability to encapsulate substances, release kinetics and micelle stability 
[39]. However, preparation methods are often flexible, and there is a high degree of control over the polymer 
structures [41]. 
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Polymeric micelles are already being used for different types of cancer therapy. They are often very easy to make, 

and it is possible to encapsulate water-insoluble drugs as well as radionuclides within them [7]. The reason why they 
are very promising for the controlled delivery of pharmaceuticals for cancer treatment is their reliance on the Enhanced 
Permeability and Retention (EPR) effect, which differentiates tumour vasculature from other tissue vasculature and 
allows for the permeation of macromolecular drugs such as liposomes, micelles, and other nanoparticles into the 
tumour [43]. They have already even been used to encapsulate radionuclides such as an 111In-tropolone complex in 
polystyrene-block-polyethylene oxide micelles [44], among others.  

 
A common concern when designing drug targeting molecules is the rapid recognition of these molecules by the 

reticuloendothelial system, which will subsequently eliminate them via the kidneys or liver before they have reached 
their target [40]. However, the use of polyethylene oxide (PEO) in many cases has proven to decrease the uptake by 
this system, endowing drug delivery systems with a sort of stealth character [40], [45]. Therefore, drug delivery systems 
containing PEO present longer circulation times and, coupled with the EPR effect, have been found to be promising in 
cancer treatment. 

 
Polymeric micelles are also useful in the search for a chelator-free method to carry radionuclides, as evidenced in 

the research made by Liu [7]. In her doctorate studies, Liu designed a method by which 177Lu, 111In and 89Zr were 
successfully encapsulated into four different types of micelles: poly-ε-caprolactone-block-poly ethylene oxide (PCL-
PEO), poly lactic acid-block-poly ethylene oxide (PLA-PEO), poly styrene-block-poly ethylene oxide (PS-PEO) and poly 
butadiene-block-poly ethylene oxide (PB-PEO); and began to understand the process by which the radiolabelling may 
occur, further explained in section 2.3.3 [7], [8]. From her findings, the two polymers that were most successful in the 
radiolabelling were those made with PCL-PEO and PLA-PEO polymers. This was explained through the possible 
formation of hydrogen bonds between the carbonyl ends in PCL and PLA. These lead to more water molecules coming 
in contact with the micelle core [39], [46], which might be essential to the method for radiolabelling micelles used, as 
it is diffusion based. The proposed mechanism is further explained in section 2.3.3. 

 
 

2.3.3 Mechanism of radiolabelling polymer micelles 
 
This section seeks to give an explanation about how the method used by Liu et al., and this report, to radiolabel 

micelles without the need of a chelator intermediate. In the manuscript “Efficient radiolabelling of block copolymer 
micelles through radiometal salt precipitation for theranostic applications”, Liu et al. [8] used FTIR, cryo-TEM and 
loading efficiency studies to understand the interactions formed between PCL-PEO micelles and different metal ions, 
especially In3+. Through FTIR results, it was possible to conclude that the encapsulation of metal ions was not caused 
by the formation of coordination bonds between the polycaprolactone and the metal ions. Meanwhile, through the 
latter two studies, it was possible to observe the appearance of black dots forming inside the micelles (as seen in 
Figure 3) with an increase of time. Aided by a simulation using CHEAQs, a programme that calculates the speciation 
of systems that contain specific cations and anions or other ligands [47], it was possible to determine that this black 
dot formation is probably attributed to the formation and precipitation of In(OH)3.  

 
 



       

8 
 

 
Figure 3. Cryo-TEM images of a) empty PCL-10000 micelles, and after b) 2 min, c) 10 min, and d) 30 min of adding In ions. Taken from [7] 

Based on the experimental findings explained above, Liu et al. proposed that the mechanism for loading micelles 
with metal ions such as In3+ consists of the following steps: 

1. Upon the addition of metal ions into the micelle solution, aqueous metal hydroxides are spontaneously 
formed. 

2. The metal hydroxide will diffuse into micelles, entering the micelle core. 
3. Upon accumulation of the metal hydroxides within the micelles, the concentration will rise until a point 

where the metal hydroxides will precipitate within the micelle core, and will be thus stably encapsulated. 
 
Although, as mentioned by Liu et al., the driving force behind the accumulation of the In species in the core of the 

micelles is unknown, it is possible to define some parameters that may have a significant effect on the loading of the 
micelles with metal ions and the stability of the encapsulated material: 

 
1. To achieve radiolabelling, metal hydroxides must diffuse into the micelles. Therefore, the kinetics behind 

the loading are both concentration and time-based. For the former, the main challenge is probably 
achieving the right concentration inside the micelle core to achieve precipitation, since free metal ions are 
capable of diffusing out of the micelle core, leading to micelles that may have a high radiolabelling 
efficiency but low stability. 

2. For a stable encapsulation of metal ions, precipitation must occur within the micelle core. In 
systems that do not achieve precipitation, it might be possible to add ligands that induce the precipitation 
of micelles, such as phosphate ions, which are known to interact with lanthanides to form insoluble salts 
[48]. A possible challenge here may be that it is not known what happens if the metals precipitate 
prematurely. That is, if the metals would still be encapsulated if they precipitate outside of the core of the 
micelles.  
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3  Materials and Methods 
3.1 Materials 
3.1.1 Chemicals 

Every chemical used in this work is listed in Table 2 below. 
 
Table 2. Chemicals used, with CAS number, and supplier. 

Chemical CAS number Supplier 

Acetonitrile 75-05-8 Honeywell 

Chloroform 67-66-3 VWR Chemicals 

DTPA 67-43-6 Sigma Aldrich 

Dy(NO3)3∙5H2O 10031-49-9 Alfa Aesar 

Dy2O3 10031-49-9 Sigma Aldrich 

DyCl3∙6H2O 10025-74-8 Sigma Aldrich 

Dysprosium ICP 
standard 

10025-74-8 Merck 

HCl 7732-18-5 (68%) 
7647-01-0 (32%) 

Merck 

HEPES 7365-45-9 Sigma Aldrich 

HNO3 7732-18-5 (<35%) 
7697-37-2 (>65%) Honeywell 

HoCl3∙6H2O 14914-84-2 Sigma Aldrich 

Holmium ICP standard 10025-74-8 Merck 

PCL-PEO (2000-2800) NA Polymer Source, inc. 

PLA-PEO (5000-6500) NA Polymer Source, inc. 

Sephadex G-25 
medium 

9041-35-4 Sigma Aldrich 

 

3.1.2 Consumables  
 
The most relevant consumables used in this work can be found in Table 3.  

  
Table 3. Consumable equipment used to perform all experiments, with supplier. 

Consumable Supplier 

Amicon Ultra-4 centrifugal filters, 
ultracell - 10k 

Merck 

Sample vials 4ml with caps Rotilabo 

Snapcap vial 20 ml VWR 

Syringe filter CME, unsteril, pore size 
220 nm, nominal diameter 25 mm 

Rotilabo 

Syringe filter CME, unsteril, pore size 
450 nm, nominal diameter 25 mm 

Rotilabo 

Tube 15 ml, PP Sarstedt 

Tube 50 ml, PP Sarstedt 

 
 

3.1.3 Equipment 
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Table 4. All electronic equipment used for sample preparation and measurement, specifying supplier and model. 

Equipment Supplier Model 
Measurement/ 

Preparation 

Centrifuge Thermo Jouan CR4i Preparation 

ICP-OES Perkin Elmer Optima 8000 Measurement 

Small Ultrasonic 
bath 

Branson 200 Preparation 

Big Ultrasonic bath Branson 5800 Preparation 

Wallac Gamma 
Counter 

Perkin Elmer 
Wizard2

TM3”, 2480 
Automatic Gamma 

Counter 
Measurement 

 

3.2 Methods 
3.2.1 Speciation analysis using CHEAQs 

Three different types of speciation analysis were performed using the Chemical Equilibria in Aquatic Systems 
(CHEAQS) software [47] for both Dysprosium and Holmium. The first set of simulations sought to observe the effect of 
changing the concentration of metal ions in the system, while keeping all other conditions equal. The constant 
conditions were: a pH of 7 and, in the case of chlorides, an anion concentration of 0.1 mM. In the case of nitrates, an 
increasing metal concentration also led to an increasing nitrate concentration. The second set of simulations sought 
to observe the effect pH had on the system, while keeping metal ion and anion concentrations constant. For nitrates, 
metal ion concentrations were equivalent to 0.084 mM for Dysprosium, and 50 kBq, or 1.18 × 10−11𝑀 for Holmium, 
while nitrate concentration was kept constant at 0.252 mM. For chlorides, metal ion concentrations were 0.074 mM 
for Dysprosium and 50 kBq, or 1.18 × 10−11𝑀 for Holmium, and chloride concentration was kept constant at 0.1 mM. 
The final set of simulations sought to observe the changes in speciation when adding phosphate ions into the system. 
For this, pH was kept at 7, Dysprosium concentration was kept at 0.084 mM and 0.074 mM for nitrates and chlorides 
respectively, and Holmium concentration was equivalent to 50 kBq, or and 1.18 × 10−11 𝑀, while nitrate and chloride 
concentrations were kept at 0.252 mM and 0.1 mM respectively. 

3.2.2 Synthesis 

3.2.2.1 Synthesis of polymeric micelles 
Polymeric micelles were synthesized using a solvent evaporation method. For PCL-PEO micelles, 20 mg polymer 

was dissolved in 200 μl chloroform  using a sonication bath. This solution was added dropwise to 2.3 ml water and left 
stirring overnight, partially covered to allow for chloroform evaporation. After the solvent evaporation was completed, 
micelle solution was passed through a 220 nm cut off CME filter, and 20 mM HEPES solution (pH 7.4) was added to the 
micelle solution in a ratio of 1:1.  

 
For PLA-PEO micelles, 20 mg polymer was dissolved into 1 ml acetonitrile using a sonication bath. This solution was 

added dropwise to 4 ml water and left stirring overnight, partially covered to allow acetonitrile evaporation. After the 
solvent evaporation was completed, the micelle solution was passed through a 450 nm cut off CME filter, and 20 mM 
HEPES solution (pH 7.4) was added in a proportion of 1:1. 

 

3.2.2.2 Loading micelles with non-radioactive Dy3+/Ho3+ 
To load micelles with non radioactive Dy3+ and Ho3+ ions, solutions of 10 mM DyCl3∙5H20 and HoCl3∙6H20 in HCl (pH 

2) were prepared using sonication. Then, different volumes of the metal chloride solutions were added to obtain a 
total metal concentration of 0.1 mM in the micelle solution, with desired proportions as shown in Table 5.. This was 
left stirring for one hour and a Size Exclusion Chromatography (SEC) column was applied using HCl (pH 2) as an eluent. 
For this, columns were prepared in-house using Sephadex G-25 medium gel. SEC was used to separate the loaded 
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micelles from free Ho and Dy ions remaining in the micelle solution. Every 1ml of liquid was collected as a fraction and 
the micelles were obtained in the 8th-13th fractions. In total, around 6 ml of micelle solution was obtained. 

 
Table 5. concentration of Dy and Ho present in the five types of non-active experiments. 

Name of experiment Concentration of Dy3+ in solution  
(mM) 

Concentration of Ho3+ in solution 
(mM) 

100% Dy 0% Ho 0.1 0 

75% Dy 25% Ho 0.075 0.025 

50% Dy 50% Ho 0.05 0.05 

25% Dy 75% Ho 0.025 0.075 

0% Dy 100% Ho 0 0.1 

 
 

3.2.2.3 Radiolabelling micelles with 166Dy/166Ho 
Two types of Dy were irradiated in-house to perform the experiments: for experiments with lower activity (1-5 

kBq/ml), 15 mg of Dy(NO3)3 was irradiated in a PE (polyethylene) rabbit for 10 hours in the HOR (Hoger Onderwijs 
reactor) of the TU Delft (BP3, thermal neutron flux of  4.66 × 1016𝑠−1 ∙ 𝑚−2 and epithermal neutron flux of 
8.8 × 1014 𝑠−1 ∙ 𝑚−2), and cooled for 48 hours before opening it. The activity obtained was around 1MBq, which was 
dissolved in 5 ml water and small volumes were used for the experiments. For experiments with higher activity (10-50 
kBq/ml), 5 mg of Dy2O3 was put into a quartz tube and irradiated for 10 hours (SmallBeBe, thermal neutron flux of  
4.09 × 1017𝑠−1 ∙ 𝑚−2 and epithermal neutron flux of 3.71 × 1016 𝑠−1 ∙ 𝑚−2) and cooled for 48 hours before opening. 
The activity obtained was around 20 MBq, which was dissolved in 1 ml HCl (1M, pH=0), and then neutralized using 
small volumes of 1M NaOH, to obtain a final pH of 3-4, which was used for radiolabelling (Appendix D–1 explains the 
decision behind neutralizing the activity source).  
 

To radiolabel the micelles with 166Dy/166Ho, 1kBq, 5kBq or 10 kBq activity was added per ml of micelle solution 
(Concentration = 0.708 pM, 3.54 pM and 7.08 pM). The solution was stirred for 30 minutes to complete the process. 
After this, the activity present in the vials was measured using the Wallac gamma counter and then size exclusion 
chromatography was performed, this time using HEPES buffer (10 mM, pH 7.4) as an eluent. Again, micelles were 
collected in the 8th to 13th fractions. The activity for all fractions collected was measured again using the Wallac gamma 
counter. 

 

3.2.2.4 Radiolabelling micelles with 166Dy/Ho with addition of phosphates  
Two types of experiments were made to evaluate the effect of adding phosphates during the radiolabelling process. 

In the first type of experiment, the labelling process was performed as explained in section 3.2.2.3, but small amounts 
of H3PO4 0.04 mM (to reach 10-6M and 10-7M in smaller activity experiments and 3*10-8 M and 10-7M in higher activity 
experiments) were added immediately before the addition of 166Dy/Ho. In the second type of experiment, the labelling 
process was performed as explained in section 3.2.2.3, but small amounts (to reach 10-6M and 10-7M in smaller activity 
experiments and 3*10-8 M and 10-7M in higher activity experiments) of H3PO4 were added after mixing the micelle 
solution with 166Dy/166Ho for 30 min, and the new mixture was mixed for another 30 min before measuring activity and 
performing the size exclusion chromatography. 

  

3.2.3 Characterization 

3.2.3.1 Preparation of loaded micelles for evaluation using ICP-OES 
 
The loading efficiency of non radioactive samples was measured using an ICP-OES. To prepare samples for the 

ICP-OES, loading was performed as explained in section 3.2.2.2, which resulted in 6ml of micelle solution obtained 
after performing SEC. This solution was concentrated to 1ml using centrifuge filters. Then, 1ml aqua regia was added 
to the 1ml micelle solution, followed by ultra sonication at 50°C during 4-6 hours to destroy the micellar structure, 
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leaving ions free in the solution. Then, 5ml Milli-Q water were added to the digested micelle solution, leaving 
samples ready for ICP. 

 

3.2.3.2 Loading/radiolabelling efficiency 
To calculate the loading efficiency (LE), Eq. 1 was used: 
 

𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑏𝑦 𝐼𝐶𝑃

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑑𝑑𝑒𝑑 𝑡𝑜 𝑚𝑖𝑐𝑒𝑙𝑙𝑒𝑠
× 100 Eq. 1 

To calculate the radiolabelling efficiency (RE), Eq. 2 was used: 
 

𝑅𝑎𝑑𝑖𝑜𝑙𝑎𝑏𝑒𝑙𝑙𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑖𝑛 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑖𝑛𝑔 𝑚𝑖𝑐𝑒𝑙𝑙𝑒𝑠 

𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑎𝑑𝑑𝑒𝑑 𝑡𝑜 𝑚𝑖𝑐𝑒𝑙𝑙𝑒 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
× 100 Eq. 2 

 
Decay was accounted for in both values of activity in Eq. 2. 
 

3.2.3.3 Stability tests using DTPA 
The radiolabelling stability was determined using 100 μl of DTPA solution (11 mM DTPA in 10 mM HEPES solution), 

that was added to each ml of radiolabelled micelle solution. This solution was left at room temperature for 24 hours. 
After 24 hours, size exclusion chromatography was performed, using 10 mM HEPES as eluent. In the DTPA challenge 
tests, radiolabelled micelles were collected in the 7th to 13th fractions, DTPA chelated ions were collected in the 14th to 
17th fractions and free ions were collected in the 18th to 20th fractions. After performing the size exclusion 
chromatography, activity present in the vials was measured using the Wallac gamma counter, and the retention 
percentage in both micelles and DTPA fractions was calculated as explained in Eq. 3 and Eq. 4. 

 

𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 𝑖𝑛 𝑚𝑖𝑐𝑒𝑙𝑙𝑒𝑠 (%) =
𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑖𝑛 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑖𝑛𝑔 𝑚𝑖𝑐𝑒𝑙𝑙𝑒𝑠 

𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑖𝑛 𝑙𝑎𝑏𝑒𝑙𝑙𝑒𝑑 𝑚𝑖𝑐𝑒𝑙𝑙𝑒𝑠 𝑏𝑒𝑓𝑜𝑟𝑒 𝑎𝑑𝑑𝑖𝑛𝑔 𝐷𝑇𝑃𝐴
× 100 Eq. 3 

 

𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 𝑖𝑛 𝐷𝑇𝑃𝐴 (%) =
𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑖𝑛 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑖𝑛𝑔 𝐷𝑇𝑃𝐴 − 𝑖𝑜𝑛 𝑐𝑜𝑚𝑝𝑙𝑒𝑥 

𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 𝑖𝑛 𝑙𝑎𝑏𝑒𝑙𝑙𝑒𝑑 𝑚𝑖𝑐𝑒𝑙𝑙𝑒𝑠 𝑏𝑒𝑓𝑜𝑟𝑒 𝑎𝑑𝑑𝑖𝑛𝑔 𝐷𝑇𝑃𝐴
× 100 

Eq. 4 

 
 
Decay was accounted for in all values of activity in Eq. 3 and Eq. 4 using the decay law, by keeping track of the 

time passed between radiolabelling and measuring and calculating what the activity would be at the time when 
radiolabelling began. 
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4 Results and Discussion 
4.1 Loading micelles with non-radioactive Dy/Ho  

 
The first set of experiments performed was a proof of concept to ensure that it was possible to encapsulate Dy and 

Ho ions in both PCL and PLA micelles. This set of experiments was performed with non-active Dy and Ho, to be able to 
control the amount of Dy and Ho added. One of the objectives of this set of experiments was to see if the loading 
efficiency would be affected by the loading of both Dy and Ho at different concentrations. This was done to see if there 
was any preference in the loading, although this is not be expected due to the chemical similarity of both lanthanides. 
These results are shown in Figure 4. 

 

 
Figure 4. Loading efficiency of Dy and Ho when adding different proportional concentrations of Dy and Ho ions as determined by ICP-OES on 

a) PCL-PEO, and b) PLA-PEO micelles. (total metal concentration:0.1 mM , polymer concentration: 4.3 mg/ml for PEO-PCL micelles and 2.5 
mg/ml for PEO-PLA micelles in 10 mM HEPES buffer with pH of 7.4, loading time: 1 hour,  standard error based on 3 repeat experiments).  

As can be seen in Figure 4, this first attempt of loading Dy and Ho was successful, and no experiments showed a 
preference for one of the metals. Although these results were promising since they imply that both metals could be 
encapsulated, the loading efficiency was low i.e. the maximum achieved was around 30 ± 2% when tested in PLA-PEO 
micelles.  

The next test performed was a test where the total metal ion concentration was increased from 0.1 to 0.2 mM. 
These results can be seen in Figure 5. 

 
As can be seen from Figure 5, the effect of increasing the total metal concentration in the micelle solution mostly 

resulted in an increase in the standard deviation. Due to the high standard deviation it cannot be really concluded if 
higher concentration led to lower radiolabelling efficiency. The increase in experimental uncertainty might be caused 
by the premature precipitation of metal hydroxides, which do not diffuse as readily into the micelles as their soluble 
counterparts, or hydroxide ions (such as Dy(OH)2+, Dy(OH)2

+, Dy(OH)4
- Ho(OH)2+, Ho(OH)2

+ and Ho(OH)4
-), making the 

loading process much more stochastic by nature.   
 
It is important to note that the experiments performed were an exaggerated version of reality, since the 

concentration of 166Ho present in radioactive experiments is never expected to be as high as even 25% of the 
concentration of Dysprosium in the micelle solution. When a 166Dy/166Ho generator will be constructed, the amount of 
generated 166Ho will be very tiny, in the order of pM or nM. As such, although Dy concentrations in radioactive studies 
will be in the same magnitude as the non-radioactive studies, this will not be the case in Ho, where the concentrations 
will be in the pM magnitude. Based on this, it is expected that, when radiolabelling micelles, results will be similar to 
the 100% Dy, 0% Ho case. Anyhow, these higher concentrations were chosen to also make sure that Ho can be properly 
detected using ICP-OES.  
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Figure 5. Loading efficiency of Dy and Ho when adding different proportional concentrations of Dy and Ho ions as determined by ICP-OES on 

a) PCL-PEO, and b) PLA-PEO micelles. (total metal concentration:0.2 mM , polymer concentration: 4.3 mg/ml for PEO-PCL micelles and 2.5 
mg/ml for PEO-PLA micelles in 10 mM HEPES buffer with pH of 7.4, loading time: 1 hour,  standard error based on 3 repeat experiments) 

Since the results were already promising, a decision was made to perform a speciation analysis, which potentially 
could explain the results obtained with the non-radioactive experiments and would also show if radioactive 
experiments would also be promising. 

 

4.2 Speciation analysis for Dy and Ho. 
 
Speciation calculations were performed for both Dy(NO3)3 and Dy2O3 since both were used in the radiolabelling 

studies when applying different radioactivity levels. In the case of Dy2O3  HCl was used to dissolve the sample, and thus 
Cl ions were included in the speciation. Section 4.2.1 shows the speciation analysis made as a function of varying metal 
ion concentrations, while section 4.2.2 shows the speciation analysis made as a function of pH.  

 

4.2.1 Varying metal ion concentration 
 
Figure 6 shows the speciation of Dy ions and Ho ions as a function of metal nitrate concentration, when pH is kept 

constant. The first observation that can be made here is that Dy and Ho behave very similarly in their speciation. This 
was expected, due to their chemical similarity. Second, it is possible to observe that the dominant species throughout 
the simulation are the free Dy3+ and Ho3+ ions, although this changes after a concentration of around 10 μM, where 
solid metal hydroxide precipitates become the dominant species. At lower concentrations, the second most dominant 
species is the metal hydroxide cation (Dy(OH)2+ and Ho(OH)2+ respectively).  
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Figure 6. The speciation of a) Dy(NO3)3 in water at equilibrium as a function of concentration (pH = 7). The speciation of b) Ho(NO3)3 in water 

at equilibrium as a function of conentration (pH = 7). These figures were based on data calculated by CHEAQS. For additional information, check 
Appendix B.  

 
Figure 7 shows the speciation of Dy and Ho ions as a function of metal concentration in an environment that 

contains chlorides.  
 

 
Figure 7. The speciation of a) Dy ions in water at equilibrium as a function of concentration (pH = 7, Cl - concentration = 0.1 mM). The 

speciation of b) Ho ions in water at equilibrium as a function of conentration (pH = 7, Cl - concentration = 0.1 mM). These figures were data 
calculated by CHEAQS. For additional information, check Appendix B. 

As mentioned before, the expectation was that the performance of both radioactive sources would not be very 
different. This expectation was proven to be correct by Figure 6 and Figure 7, which look almost identical. Therefore, 
it is expected that the performance of both Dysprosium-166 sources should perform similarly at similar 
concentrations. 

 
As discussed in section 2.3.3, the mechanism behind radiolabelling micelles is expected to be driven by diffusion 

and precipitation and based on the speciation analysis performed, this is more specifically caused by the formation of 
metal hydroxides. To ensure that the metals are caged inside the micelles, inducing the precipitation of solid metal 
hydroxides is required within the micelles, which occurs when the metal concentration surpasses 10 -5 M as shown in 
Figure 6 and Figure 7. However, if precipitation occurs outside of the micelles, the solid precipitates will not as readily 
diffuse into the micelle’s core as their aqueous counterparts. This is supported by the findings shown in Figure 4 and 
Figure 5, where experiments were performed at 0.1 mM and 0.2 mM respectively. At these concentrations, from the 
speciation, solid precipitates are the dominant species, especially at 0.2 mM, where almost 100% of the metal has 
spontaneously precipitated. The results shown in Figure 5 b) have a maximum loading efficiency of 18 ± 17%, and all 
results present very large standard deviations. Meanwhile, when the metal concentration is decreased to 0.1 mM, the 
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standard deviation is reduced and the loading is almost doubled, with the maximum loading becoming 31 ± 3%. At 0.1 
mM, although the solid precipitate is dominant, there are still free Dy3+ ions as well as Dy(OH)2+ available to diffuse 
into the micelle core. This supports the theory that, if all of the metal has precipitated, loading becomes erratic and 
difficult, and their dominance hinders the ability to load micelles.  

 

4.2.2 Varying pH 
 
Figure 8 shows the speciation of Dy and Ho ions as a function of pH in an environment containing nitrates at fixed 

metal concentration. Because of the different concentrations expected to be present for Dy and Ho, their speciation 
differs here. These results also show that increasing the pH does lead to more hydroxides being formed, as expected, 
but they are positively charged i.e. Dy(OH)2+ and Ho(OH)2+ respectively.  However, this occurs at different pH values 
for Dy and Ho: the positively charged ions become dominant for Dy at a pH of 10, while the same happens in Ho at a 
pH of 8.  Meanwhile, at basic conditions, the dominant species are the negatively charged species Dy(OH)4

- and 
Ho(OH)4

- respectively. At the expected experimental conditions, that involve a pH of 7.4, the dominant species is the 
positively charged metal hydroxides in the case of Ho, and free Dy3+ ions in the case of Dy. However, positively charged 
metal hydroxides are the second dominant species in the case of Dy, where almost 2% of the Dy speciates to this ion. 
It is also important to note that  based on Figure 6, it was expected that part of the Dy should speciate into the solid 
hydroxide form. However, due to limitations of the CHEAQS software, this was not the case, as the software could not 
find equilibrium when precipitates were included in the pH study (equilibrium could not be found leading to the 
programs iterating continuously). From Figure 6, we can conclude Dy speciation will likely be around 4% Dy(OH)2+ ions 
and around 79% solid Dysprosium hydroxide. 

 
 

 
Figure 8. The speciation of a) Dy(III) ions in equilibrium with water as a function of pH (Dy(III) concentration = 0.084 𝑚𝑀,  NO3

- concentration 
= 0.252 mM). The speciation of b) Ho(III) ions in equilibrium with water as a function of pH (Ho(III) concentration = 1.18 ×  10−11𝑀, NO3

- 

concentration = 0.1 mM). These figures were data calculated by CHEAQS. For additional information, check Appendix B 

Figure 9 shows the speciation for both Dy and Ho as a function of pH in an environment containing chlorides. In this 
case, the behaviour observed is very similar to that of the nitrates, as shown in Figure 8. In all cases, the dominant 
species are: free metal ions in acidic conditions, metal hydroxide cations at a pH of 8 in the case of Ho and 10 in the 
case of Dy, and metal hydroxide anions at basic conditions with a pH higher than 8 and 10. At experimental conditions, 
with a pH of 7.4, the dominant species is also already the metal hydroxide cation in the case of Ho and free Dy3+ ions 
in the case of Dy. Similar to before, from Figure 7, solid Dysprosium hydroxides were also expected, but the same issues 
with CHEAQS were found. From Figure 7 it is expected that Dy will speciate to around 5% positively charged Dy(OH)2+ 
and around 75% solid Dy(OH)3. 
 



       

17 
 

 
Figure 9. The speciation of a) Dy(III) ions in equilibrium with water as a function of pH (Dy(III) concentration = 0.074 𝑚𝑀, Cl - concentration = 

0.1 mM). The speciation of b) Ho(III) ions in equilibrium with water as a function of pH (Ho(III) concentration = 1.18 ×  10−11𝑀, Cl - concentration 
= 0.1 mM). These figures were data calculated by CHEAQS. For additional information, check Appendix B 

Although the results were not optimal, loading was sufficiently high to allow for performing stability studies when 
using radioactive 166Dy. Therefore, experiments were continued with 166Dy. 

 

4.3 Radiolabelling micelles with radioactive 166Dy  
 
The next tests were meant to function as a proof of concept to test radiolabelling efficiency and stability of the 

radiolabelling when using two different radioactive Dy sources. These two sources are: Dy(NO3)3 dissolved in water 
(‘nitrate’ source) when applying lower activity, and Dy2O3 dissolved in HCl (‘oxide in HCl’ source) when applying higher 
activity. The radiolabelling results can be seen in Figure 10 and Figure 11. 

 

 
Figure 10. Radiolabelling efficiency achieved by the addition of irradiated Dy into PCL-PEO and PLA-PEO micelles from different radioactive 

sources. (Radioactivity per ml of micelle solution: 1 kBq/ml for nitrate sources and 10 kBq/ml or for oxide in HCl sources, total Dysprosium 
concentration: 0.084 mM for nitrate sources and  0.074 mM for oxide in HCl sources, polymer concentration: 4.3 mg/ml for PEO-PCL micelles 

and 2.5 mg/ml for PEO-PLA micelles in 10 mM HEPES buffer with pH of 7.4, radiolabelling time: 30 minutes under stirring,  standard error based 
on 3 repeat experiments) 
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As seen in Figure 10, the radiolabelling efficiency of 166Dy is the only one reported, even though, because of the way 
Dysprosium was irradiated, and cooled for 48 hours, 166Ho is also present in the sample. The reason to only show 166Dy 
is the difficulty to distinguish between 166Dy and 166Ho when using the NaI gamma activity counter (Wallac) Both 166Dy 
and 166Ho emit gammas at 81-82 keV, and the energy resolution of the Wallac does not allow separating the two peaks. 
However, 166Dy also emits gammas at a window of 340-460 keV with a lower efficiency, so it is possible to discriminate 
the activity emitted by 166Dy in this range. This means that only 166Dy could be properly determined using this detector 
and this is why it was decided to only show the results for 166Dy. 
 

Figure 10 shows similar performance between PCL-PEO and PLA-PEO micelles, compared to what was shown in 
Figure 4. It is important to note that a direct comparison can only be made between the findings in Figure 4 and Figure 
10 when it comes to the oxide in HCl source, since the anions present are more similar. In the case of PCL-PEO micelles, 
similar to the 2.81 ± 0.38 % loading efficiency achieved, a radiolabelling efficiency of 3.16 ± 0.55 % was achieved. Since 
the Dy concentrations used are very close (0.1 mM and 0.084 mM respectively) this was expected. What was 
unexpected, however, was the increase in radiolabelling efficiency when comparing the two Dy sources, where the 
radiolabelling efficiency using Dy-nitrate was significantly higher than using Dy-oxide (10.92 ± 0.35% and 3.16 ± 0.55 % 
respectively). From the speciation analysis, Dy-oxide micelles are very closely resembling the amount of Dy(OH)2+ 
expected within the micelle solution (around 4%), while the increase in radiolabelling efficiency using the nitrate source 
probably shows the presence of Dysprosium hydroxide solids, which are the most dominant species in the 
experimental conditions. If this is true, it would be expected that the micelles loaded using the Dy-nitrate source may 
have higher stability when challenged with chelators such as DTPA. 

 
In the case of the PLA-PEO micelles, results in both cases were not significantly different to the non-radioactive 

study, or to each other, and radiolabelling efficiencies also closely resembled the amount of Dy(OH)2+ shown in Figure 
7 (radiolabelling efficiency achieved was 4,35 ± 0.91% and 5,90 ± 1.30% respectively while the speciation shows that 
around 5% of the Dy speciates to Dy(OH)2+). This probably means that the main species expected to be inside the 
micelle core is the Dy(OH)2+ ion, and stability  is not expected to be very high good. In both cases, the results are 
supporting the idea that metal hydroxides are expected to play an important role in the loading mechanism. This result 
matches what was already found by Liu [7], [8] for 111In and 177Lu. When looking at the speciation for both 111In and 
177Lu , in both cases, the dominant species are metal hydroxides, with In speciating to In(OH)3 (aq) at a percentage higher 
than 99%, and Lu speciating to Lu(OH)2+, Lu(OH)2

+ and Lu(OH)3, all at 20-30% each. In this study radiolabelling 
efficiencies achieved were 83% and 91% respectively. Therefore, as long as aqueous metal hydroxides are present, 
radiolabelling seems to be able to occur. 

 
Figure 11 shows that low stabilities were obtained for all samples when challenged with DTPA, i.e. the maximum 

retention in the micelles was 31±6.9%. In general, the stabilities achieved for both Dy and Ho ions in the presence of 
Cl- were lower than what was achieved when using Dy-nitrate, but there was no a significant difference in the case of 
PCL-PEO micelles, which was unexpected due to the predictions made based on radiolabelling efficiency. Comparisons 
were made based on the DTPA fraction, due to the smaller error obtained in the Dy-nitrate experiments. As very low 
activities were used, experiments performed with the nitrate source presented a challenge when performing DTPA 
stability analysis, as the activity levels were close to gamma counter detection limit, and some measurements had to 
be repeated due to this. Stability was also affected by the speciation of both metals. It is expected that when metal 
hydroxide concentrations within the micelles are high enough, precipitation will occur spontaneously, thus keeping 
the metals inside the micelles. However, if the concentration inside the micelles does not reach the point at which 
precipitation occurs, metal hydroxide ions will be free to diffuse out of the micelles, thus reducing retention inside the 
micelles.  
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Figure 11. Stability analysis made on 166Dy achieved by the addition of irradiated Dy (166Dy) into PCL-PEO and PLA-PEO micelles from 

different activity sources. (Average activity added per ml of micelle solutions for radiolabelling: 1kBq/ml or 0.708 pM for nitrate source, and 10 
kBq/ml or 7.08 pM for oxide in HCl source, DTPA concentration: 1mM in 10 mM HEPES buffer with pH of 7.4, polymer concentration: ~0.79 

mg/ml for PEO-PCL micelles and ~0.45; mg/ml for PEO-PLA micelles, radiolabelling time: 30 minutes under stirring,  standard error based on 3 
repeat experiments) 

The different speciation analysis performed helped explain both loading and radiolabelling efficiencies as shown in 
section 4.1. However, it was clear from the low efficiencies and stabilities achieved that only adding Dy either in the 
nitrate or oxide in HCl form is not sufficient to consider micelles as effective carriers for the in vivo generator. Therefore, 
alternative methods to induce the precipitation of Dy and Ho had to be considered to give micelles another chance. 
Liu et al. used three methods to attempt to induce the formation of Lu precipitates: increasing the pH of the solution, 
increasing metal concentration by adding non-active Lu to the radioactive 177Lu solution or adding phosphate ions at 
different concentrations. The first method was not successful, and although the latter two methods were both 
successful in significantly increasing the stability of 177Lu radiolabelling, the addition of phosphate ions was the more 
promising method. It achieved the retention of more than 90% of 177Lu inside the micelles. Therefore, an evaluation 
on the use of phosphate ions to aid in inducing precipitation was carried out, starting with a speciation analysis. 

 

4.4 Addition of phosphates  
 

4.4.1 Speciation analysis on Dy nitrates and chlorides 
 
 
Figure 12 shows the speciation of Dy ions in equilibrium as a function of the addition of phosphate ions, when using 

Dy-nitrate salts. Phosphate ions were selected because it is known that they interact with lanthanide ions to form 
insoluble salts [48]. Although other ions were attempted such as carbonates, sulphates and even sulphides, no other 
anions appeared to result in Dy precipitates. Because the concentration of Ho ions is so much lower than the 
concentration of Dy ions present in the micelle solution, and because the measurements performed and reported are 
for Dy ions, and not Dy and Ho ions, only the speciation for Dy was considered significant. 
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Figure 12. The speciation of Dy(III) ions in equilibrium with water as a function of phosphate concentration (Dy(III) concentration = 0.084 𝑚𝑀, 

NO3- concentration = 0.252 mM, pH = 7). These figures were data calculated by CHEAQS. For additional information, check Appendix B 

Figure 13 shows the effect of Dy speciation as a function of phosphate concentration in a chloride environment. In 
the same way as before, a speciation for Ho was not performed, because of how much more significant the 
concentration of Dy was in the tests performed. As before, other anions were tested as candidates to aid in the 
precipitation of Dy, but none were as successful as phosphate ions. As mentioned in section 2.3.3, and similar to the 
analysis at section 4.4, it would be expected that the addition of phosphates will lead to an increase in radiolabelling 
stability, as Dy will readily precipitate to Dy phosphate. However, this is only true if precipitation happens inside the 
micelle core. This is because it is still unknown how readily Dy(PO3) will diffuse into the micelle core, but it is expected 
that, as was the case when the concentration of solid Dy(OH)3 was too high, the radiolabelling will become erratic and 
thus less desirable for the process. 

 
 

 
Figure 13. The speciation of Dy(III) ions in equilibrium with water as a function of phosphate concentration (Dy(III) concentration = 3.58× 10 - 

11 M, Cl- concentration = 0.1 mM, pH = 7). These figures were data calculated by CHEAQS. For additional information, check Appendix B. 
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As seen on Figure 12 and Figure 13, similar to an increase in metal concentration, the addition of phosphates leads 
to precipitation. However, the precipitates formed are solid metal phosphates, as opposed to the solid metal 
hydroxides formed before. In fact, the metal phosphates formed become dominant after the addition of between 10−4 

and 10−5 M phosphate ions in the case of the nitrate source, and between 10−3 and 10−5 M in the case of the oxide 
in HCl source. Based on these results, experiments were designed as explained in sections 4.4.2 and 4.4.3 to evaluate 
the effect adding phosphates has on both loading and stability. 

 

4.4.2 Radiolabelling micelles using irradiated Dy(NO3)3 dissolved in water 
 

Because the metal concentration was not having a good enough effect on radiolabelling to ensure a good enough 
radiolabelling efficiency, the next set of experiments performed tried to use the addition of phosphates to improve on 
the radiolabelling efficiency. In the case of the Dy-nitrate source the concentration of phosphates tested 
experimentally were selected from the speciation shown in Figure 12. The selected concentrations were meant to 
induce phosphate ions, but were selected to be at the low side, to avoid inducing precipitation prior to the hydroxides 
entering the micelles. For comparison purposes, a lower concentration (10-7 M) and a higher concentration (10-6 M) of 
phosphates were selected. Figure 14 Shows the obtained results. 
 

 
Figure 14. The radiolabelling efficiency achieved by adding two different concentrations of phosphate ions. The phosphate ions were added 

immediately before adding activity (in green) and 30 min after adding activity (in purple) on PCL-PEO and PLA-PEO micelles. (Activity per ml of 
micelle solution: 1 kBq/ml of micelle solution, Dy concentration: 0.084 mM, polymer concentration: 4.3 mg/ml for PEO-PCL micelles and 2.5 

mg/ml for PEO-PLA micelles in 10 mM HEPES buffer with pH of 7.4, standard error based on 3 repeat experiments)  

The addition of phosphates was expected to induce metal precipitation within the micelle core, based on the 
already accumulated Dysprosium hydroxide ions in the micelle core. This should ensure stable encapsulation of the 
metals inside the micelles, as solid aggregations would not as readily diffuse out of the micelles as aqueous metal 
hydroxides. As can be seen in Figure 14, it is possible to observe that the additions of phosphate ions at different time 
points had very different effect on the radiolabelling efficiency of both types of micelles.  

 
Adding phosphates 30 minutes after 166Dy addition led to an increase in radiolabelling efficiency in all cases. A likely 

explanation in this case could be that the addition of phosphates shifts the equilibrium of the system, leading to the 
precipitation of Dy(PO4). Therefore, when adding phosphates before the addition of Dysprosium, it is less likely that 
Dy hydroxides are formed, and, as stated before, they are the most important species for radiolabelling. Meanwhile, 
if Dy hydroxides have already been able to enter the micelle core, the expectation is that phosphates will diffuse into 
the micelle core, and, if the concentration is high enough, precipitation can be expected within the micelle core, which 
is desired. This is mostly supported by the behaviour of PCL-PEO micelles in general. However, this does not fully 
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explain how the addition of 10-7 M phosphates led to an increase in radiolabelling efficiency, even when added 
immediately before the activity was added. 

 
It is important to note that the concentration within a specific micelle is unknown in this work, and that all 

predictions performed are done based on the total concentrations in solution. Therefore, it is possible that the lower 
concentration of metals that diffuse into the core require a lower phosphate concentration to induce precipitation, 
explaining the increase in radiolabelling efficiency when adding a low phosphate concentration immediately before 
adding activity. This would also mean that stability should be higher in this case. However, because of the low activities 
used when performing Dy-nitrate experiments, stability measurements were not possible in most cases. 

 
When adding phosphates at a concentration of 10-7M the behaviour of the different types of micelles differed more 

significantly than in cases where no phosphates were added. When adding this phosphate concentration to PCL-PEO 
micelles a decrease in radiolabelling efficiency was observed instead. Meanwhile, when adding phosphates at this 
concentration to PLA-PEO micelles a significant increase in loading was seen. A possible theory that might explain this 
different behaviour is that the size of the PCL-PEO and PLA-PEO micelles differed, with the PLA-PEO micelles being 
much larger. However, if micelle size was the issue, saturation would be expected. Here, the addition of phosphates 
would not lead to a significant increase or decrease in radiolabelling efficiency. Instead, Figure 14 shows a decrease in 
radiolabelling efficiency. Therefore, the observed change might be due to the difference in water volume found in the 
micelle core.  

 
As mentioned in section 2.3.2, the carbonyl groups present in the hydrophobic part of PCL-PEO and PLA-PEO 

micelles provides the ability to make hydrogen bonds with water, and makes the core slightly more hydrophilic than 
that of other micelles, such as Polystyrene-block-Polyethylene oxide and Polybutadiene-block-Polyethylene oxide. This 
explained why these micelles had higher radiolabelling efficiencies as reported by Liu et al. [8]. However, it is possible 
that PLA is more capable of forming hydrogen bonds than PCL, making its core more hydrated. The findings of Dahal 
et al. show that, although hydrogen bonds in PCL-PEO micelles are formed, they tend to be closer to the core-corona 
interface, as evidenced by the lower than expected water permeation in the micelle core [39]. This implies that these 
micelle cores may be more hydrophobic than expected and explain the lower radiolabelling efficiency achieved. 
Meanwhile, the findings of Leson et al. showed the capability of PLA-PEO vesicles to form hydrogen bonds, possibly 
resulting in the temporary localization of water molecules across the vesicle membrane [46]. As the mechanism behind 
loading micelles used in this report is diffusion based, the water permeability of the micelles may have a more 
important role in achieving successful radiolabelling, and explains why PLA-PEO micelles have consistently resulted in 
higher radiolabelling efficiencies than PCL-PEO micelles. 

 
 

4.4.3 Radiolabelling micelles using irradiated [166Dy]Dy2O3 dissolved in HCl 
 
To continue the investigation on the effect of adding phosphate ions into the micelle solution on the radiolabelling 

efficiency, loading and stability tests were performed on micelles radiolabelled with higher activities, achieved by 
irradiating Dy2O3 instead of Dy(NO3)3, and subsequently dissolving the Dy2O3 in HCl. To select the phosphate 
concentrations to use in this set of experiments, the speciation in Figure 13 was used. Here, similarly to the speciation 
when using nitrates, phosphate ions readily precipitate Dy into Dy(PO4). However, this occurs at slightly lower 
concentrations than in the case of Figure 12. This led to a different selection of phosphate concentrations to add when 
performing labelling experiments with the addition of phosphates. Based on the same logic as explained in section 
4.4.2, a low (3 × 10−8 𝑀) and a high concentration (10-7 M) were selected. The radiolabelling efficiency achieved can 
be seen in Figure 15 and the radiolabelling stability results are shown in Figure 16 
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Figure 15. Radiolabelling efficiency achieved by adding two different amounts of phosphate ions immediately before adding activity (in 

green) and 30 min after adding activity (in purple) on PCL-PEO and PLA-PEO micelles. (Activity per ml of micelle solution: 10 kBq/ml, Dy 
concentration: 0.074 mM, polymer concentration: 4.3 mg/ml for PEO-PCL micelles and 2.5 mg/ml for PEO-PLA micelles in 10 mM HEPES buffer 

with pH of 7.4, standard error based on 3 repeat experiments) 

 
Figure 15 shows the radiolabelling efficiency achieved when adding different phosphate concentrations to the 

micelle solution. This time, phosphate concentrations added to the micelle solution were lower, because, as shown in 
Figure 13, solid Dysprosium Phosphate dominates the speciation at lower concentrations. As mentioned before, it was 
not desired to induce the precipitation of phosphate ions too early in the process. In this case, both polymer micelles 
reached higher radiolabelling efficiency as a result of the addition of phosphates during different experiments. For PCL-
PEO micelles, the lower phosphate concentration did lead to an increase in radiolabelling efficiency, even if the final 
efficiencies are still quite low. However, the higher phosphate concentration led to a lower radiolabelling efficiency, 
regardless of when the phosphates were added, similarly to the results found in Figure 14. Meanwhile, for PLA-PEO 
micelles, the addition of phosphates consistently led to higher radiolabelling efficiencies, with smaller increases caused 
by the addition of less phosphates and larger increases caused by the addition of more phosphates. For both micelles, 
there was consistently an increase in the radiolabelling efficiency when adding phosphates after 30 minutes rather 
than immediately.  
 

In these experiments, the behaviour of PLA-PEO micelles was as expected, where the addition of phosphates was 
always correlated with an increase in radiolabelling efficiency. This implies that in this case, the shift in equilibrium 
towards the precipitation of metal phosphates within the micelles is very beneficial for the radiolabelling efficiency. 
The effect of adding phosphate ions after allowing 30 min for entering of possible hydroxides into the core shows that 
the addition of phosphates leads to a reduction in the ability of Dy to diffuse out of the micelle core, leading to a higher 
radiolabelling efficiency. Another interesting result from this experiment is that when adding a phosphate 
concentration of 10-7M into a PLA-PEO micelle solution 30 minutes after adding the radioactive metal solution led to 
similar radiolabelling efficiencies, regardless of what Dy source was used. When working with a lower activity in the 
nitrate source, a Dy radiolabelling efficiency of 29.90 ± 0.22% was achieved, while when performing the same 
experiment with a higher activity in the oxides in HCl source led to a total radiolabelling efficiency of 26.45 ± 2.63%. 
This result shows that the addition of phosphates helps making the process independent of the irradiated Dy 
compound, which is very desirable for future applications, and further shows that the main purpose for adding 
phosphate ions into the solution is to induce precipitation and avoid the ability of aqueous metal hydroxides to diffuse 
out of the membrane core. 
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Meanwhile, the behaviour of PCL-PEO micelles was still unexpected. At lower phosphate concentration, the 
observed behaviour is as expected, but upon adding a larger phosphate concentration lower loading efficiency is 
observed compared to not adding phosphates at all. This might also be explained by the lower permeability of PCL-
PEO micelles compared to PLA-PEO micelles, as well as the lower radiolabelling efficiencies in the first place. As the 
radiolabelling efficiency is very low, most of the Dy is still in the micelle solution, so the addition of phosphates might 
lead to premature precipitation of Dy in the micelle solution. As the concentration of Dy is higher than that of 
phosphates in the micelle solution, it is likely that this would lead to less diffusion of phosphate ions to the micelle 
core. This would leave metal hydroxides inside the micelle core to freely diffuse out of it. 

 
Figure 16 shows the results of the DTPA stability challenge performed on micelles that were radiolabelled in the 

same way as in Figure 15. Here, it is possible to observe that the addition of phosphates did not, for the most part, 
lead to an increase in radiolabelling stability, with certain exceptions. In most cases, around 10% of the activity 
measured remained in the micelles, while around 90% was found either as a complex with DTPA or as free ions. The 
DTPA stability test is made to quantify the proportion of metal ions that can be removed from the micelles , that is, 
the ones that are free to be complexed with DTPA. From the method explained in section 2.3.3, the metal that is 
encapsulated into the micelles and remains in them is the one that has been able to precipitate within the micelles. If 
a low stability is achieved, this means that a low percentage of Dy reached the concentration that was needed for the 
precipitation to occur. Unfortunately, it would be very complicated to control the concentration of metals within each 
micelle in a way that is predictable and repeatable, so all changes that can be made bust be done on a larger scale, i.e. 
in the micelle solution and not in each micelle. The two parameters that are likely to make a difference in this case are 
phosphate concentration, which could be increased to a point where precipitation more readily occurs and increasing 
the time after phosphate ions were added to allow for more precipitation. 

 
 

 
 

 
 

Figure 16.The retention of Dy in micelles when challenged with  DTPA for the PCL-PEO and PLA-PEO micelles after loading them, with the 
addition of phosphates happening a) immediately before adding activity and b) 30 min after adding activity (purple). (Average activity added 

per ml of micelle solutions for radiolabelling: 10 kBq/ml solution or 7.08 pM, DTPA concentration: 1mM in 10 mM HEPES buffer with pH of 7.4, 
polymer concentration: ~0.79 mg/ml for PEO-PCL micelles and ~0.45; mg/ml for PEO-PLA micelles, standard error based on 3 repeat 

experiments) 

 
From the results obtained, both of these parameters could have an effect on radiolabelling efficiency and stability.  

In the case of increasing phosphate ion concentration, as long as 30 minutes are allowed to avoid premature 
precipitation, an increase in phosphate concentration might be beneficial to radiolabelling efficiency and stability. This 
allows Dy hydroxide ions to be within the micelle core before inducing precipitation, and avoids the stochastic nature 
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of solid transport into the micelle core. Although a premature precipitation was attempted to avoid in this work, it is 
expected that phosphate ion concentrations lower than 0.1 mM can increase the radiolabelling stability. 

 
The radiolabelling time could have such an effect, because there is no clear pattern as to what  phosphate 

concentrations led to significantly better stabilities. However, the only stabilities that showed to be significantly better 
than the rest are the addition of 10-7 M phosphates in the PCL-PEO micelles, 30 minutes after the addition of the 
radioactive metal and the addition of 3 × 10−8𝑀 phosphates to the PLA-PEO micelles, 30 minutes after the addition 
of the active metal. The Dy radiolabelling efficiencies in the most stable micelles were of 2.11 ± 0.50 % in the PCL-PEO 
micelles and 12.35 ± 2.57% in the PLA-PEO micelles. Neither of these was the highest loading achieved for the micelles, 
and yet they were the most stable. The only thing they have in common is the fact that phosphates were added 30 min 
after the addition of the radioactive Dy. Although the other cases where the addition of phosphates occurred 30 min 
after the addition of the radioactive metal solution did not lead to a significantly better stability, this development 
shows that inducing precipitation using phosphates has led to an increase in stability. It is possible that the stability 
could be further increased through allowing a longer time for phosphates to induce precipitation in the micelle cores, 
that is, by stirring for longer than 30 minutes after the addition of phosphates. It is possible that the plateau has not 
been reached after 30 minutes, which would explain that not all phosphate additions led to significantly better 
stabilities, as the diffusion coefficient of phosphate ions entering the micelle core in unknown.  

 
However, much needs to be understood to really tune the radiolabelling of the micelles ensuring good radiolabelling 

efficiency and stability, and the best way to achieve this is to further understand the best way to induce precipitation 
via the addition of phosphates. 
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5 Conclusions and 
Recommendations 
 
As can be seen from the results achieved in this report, first steps have been made to make micelles promising 

nanocarriers for a system containing 166Dy. However, many steps still need to be researched to find out whether 
micelles can function as effective nanocarriers for a 166Dy/166Ho in vivo generator.  

 
The current work was able to show that the radiolabelling mechanism is reliant upon the diffusion of aqueous metal 

hydroxides to enter the micelle core, and then something that induces the precipitation of the metal, in this case 
Dysprosium, inside the micelle core, not allowing it to diffuse out, thus increasing radiolabelling efficiency and stability. 
This was especially evidenced by how the radiolabelling efficiencies in experiments without the addition of phosphates 
resembled the percentage of Dy that speciated into Dy(OH)2+. 
 

Although the results obtained were not as good as what was found by Liu et al. in the radiolabelling with 111In and 
177Lu, it is possible to say that, overall, the most promising radiolabelled micelles found in this study are PLA-PEO 
micelles, which were radiolabelled and then phosphate ions were added at a concentration of 3 × 10−8𝑀, 30 minutes 
after the addition of the radioactive metal. Although PLA-PEO micelles where a higher phosphate concentration was 
added led to a higher radiolabelling efficiency, their stability was not as good. 

 
The next step in this process would be to understand the kinetics behind radiolabelling micelles after the addition 

of phosphates, to be able to tune the radiolabelling process and increase both radiolabelling efficiency and stability. 
This can be done by allowing Dysprosium hydroxides to diffuse into the micelle core, followed by inducing precipitation 
through the use of phosphates. It has been shown that the addition of phosphates can improve both, so finding the 
best conditions for this to be accomplished is essential. 
 

Another recommendation to continue this study is that, after further understanding the effect that the addition of 
phosphates has on the kinetics behind radiolabelling the micelles, further stability tests must be performed. The next 
step should be based on the performance of the radiolabelled micelles in presence of serums that assimilate the system 
to physiological conditions. Eventually, in vitro and in vivo tests must be performed to observe the behaviour of 
radiolabelled micelles in conditions that have further similarities to the conditions at which RNT is applied to patients. 
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A. Appendix A: Pathways for the 

production of 166Ho 
 
There are two main pathways for the production of 166Ho. The first is through the neutron activation (n,γ) of 165Ho, 

and the second is through the neutron activation (2n,2γ) of 164Dy. Figure 17 illustrates both production methods.  
 

 
Figure 17. The pathways for the production of 166Ho, via a) the neutron activation of 165Ho and b) the neutron activation of 164Dy. Taken 

from [3].  

 
Both production methods have their own advantages and disadvantages. The main advantage of producing 166Ho 

through the irradiation of 165Ho is the high purity of isotope obtained, since 165Ho exists in nature with 100 % abundance 
[49]. However, from the low cross section, it is possible to say that 166Ho is not as easy to produce from this pathway 
[49]. Meanwhile, the second pathway is very easy to achieve, due to the very high cross section of both neutron 
activation reactions for Dy. However, Dy must be enriched to avoid issues with the purity of the Ho, since 164Dy is only 
28.2% abundant. Purity issues will also occur due to the β decay of 165Dy, which has a half-life of 2.3 h [50]. This impurity 
is eliminated through a cooling time after irradiation. When making the in vivo generator, Holmium must also be 
separated from Dysprosium, to keep the system at sub-equilibrium amounts [5]
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B. Appendix B: Supplementary 

information for all CHEAQS 

speciation calculations. 
 
 

From [51], the Specific Activity (SA) of 166Ho is 6.90 × 105 𝐶𝑖/𝑔, or 25.5 𝐺𝐵𝑞/𝜇𝑔. As the activity loss due to the 
decay process was neglected, adding 50 kBq of this isotope into 1mL of water results in a final concentration of 
1.18 × 10−11𝑀. Meanwhile, from the Dy concentrations used in the lab, it was possible to calculate a Dy concentration 
of 0.084 mM for nitrates and 0.074 mM for oxides in HCl. Using this, and defining pH by the presence of hydrogen ions, 
the results obtained from the CHEAQs software can be found in Table 6-Table 15  
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Table 6. CHEAQS simulation of metal species and their distribution under optimized pH for different concentrations of Dy(NO3)3 

Concentration 

(M)/species  

1,00E-
11 

1,00E-
10 

1,00E-
09 

1,00E-
08 

1,00E-
07 

1,00E-
06 

1,00E-
05 

2,00E-
05 

3,00E-
05 

4,00E-
05 

5,00E-
05 

6,00E-
05 

7,00E-
05 

8,00E-
05 

9,00E-
05 

free Dy 
3+ 

79,24 79,24 79,24 79,24 79,28 79,43 79,91 68,35 45,92 34,69 27,94 23,43 20,20 17,78 15,89 

Dy(OH) 
2+ 

20,24 20,24 20,24 20,23 20,20 20,05 19,59 16,52 11,05 8,32 6,67 5,58 4,79 4,20 3,75 

Dy(OH)2 
+ 

0,51 0,51 0,51 0,51 0,50 0,50 0,48 0,40 0,27 0,20 0,16 0,13 0,11 0,10 0,09 

Dy(OH)3 
(aq) 

0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,01 0,01 0,01 0,01 0,00 0,00 0,00 0,00 

Dy(OH)4 - 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Dy(OH)3 
(s) 

0,00 0,00 0,00 0,00 0,00 0,00 0,00 14,71 42,75 56,78 65,22 70,85 74,88 77,90 80,26 

                
 

Concentration 

(M)/species 

1,00E-
04 

2,00E-
04 

3,00E-
04 

4,00E-
04 

5,00E-
04 

6,00E-
04 

7,00E-
04 

8,00E-
04 

9,00E-
04 

1,00E-
03 

1,00E-
02 

1,00E-
01 

free Dy 3+ 14,38 7,52 5,20 4,02 3,30 2,82 2,47 2,21 2,00 1,84 0,37 0,15 

Dy(OH) 2+ 3,38 1,72 1,17 0,89 0,72 0,61 0,52 0,46 0,42 0,38 0,05 0,01 

Dy(OH)2 + 0,08 0,04 0,03 0,02 0,02 0,01 0,01 0,01 0,01 0,01 0,00 0,00 

Dy(OH)3 (aq) 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Dy(OH)4 - 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Dy(OH)3 (s) 82,15 90,71 93,60 95,06 95,95 96,55 96,98 97,31 97,56 97,77 99,56 99,83 
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Table 7. CHEAQS simulation of metal species and their distribution under optimized pH for different concentrations of Ho(NO3)3 

Concentration 

(M)/species 

1,00E-
11 

1,00E-
10 

1,00E-
09 

1,00E-
08 

1,00E-
07 

1,00E-
06 

2,00E-
06 

3,00E-
06 

4,00E-
06 

5,00E-
06 

6,00E-
06 

7,00E-
06 

8,00E-
06 

9,00E-
06 

free Ho 3+ 75,19 75,19 75,19 75,19 75,25 75,41 75,52 75,60 64,41 51,62 43,09 36,99 32,42 28,86 

Ho(OH) 2+ 24,18 24,18 24,18 24,17 24,13 23,97 23,87 23,80 20,23 16,20 13,51 11,59 10,14 9,02 

Ho(OH)2 + 0,60 0,60 0,60 0,60 0,60 0,59 0,59 0,59 0,50 0,40 0,33 0,29 0,25 0,22 

Ho(OH)3 (aq) 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,01 0,01 0,01 0,01 0,01 

Ho(OH)4 - 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Ho(OH)3 (s) 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 14,85 31,78 43,06 51,13 57,18 61,88 
 
 

Concentration 

(M)/species 

1,00E-
05 

2,00E-
05 

3,00E-
05 

4,00E-
05 

5,00E-
05 

6,00E-
05 

7,00E-
05 

8,00E-
05 

9,00E-
05 

1,00E-
04 

1,00E-
03 

1,00E-
02 

1,00E-
01 

free Ho 3+ 26,01 13,18 8,88 6,73 5,43 4,56 3,94 3,47 3,10 2,81 0,36 0,07 0,03 

Ho(OH) 2+ 8,13 4,09 2,74 2,06 1,66 1,39 1,19 1,05 0,93 0,84 0,09 0,01 0,00 

Ho(OH)2 + 0,20 0,10 0,07 0,05 0,04 0,03 0,03 0,03 0,02 0,02 0,00 0,00 0,00 

Ho(OH)3 
(aq) 

0,01 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Ho(OH)4 - 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Ho(OH)3 
(s) 

65,65 82,63 88,31 91,16 92,87 94,02 94,84 95,46 95,94 96,33 99,54 99,91 99,96 
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Table 8. CHEAQS simulation of metal species and their distribution under optimized pH for different concentrations of Dy in a solution containing Cl- ions 

Concentration/ 

species 
1,00E-06 1,00E-05 2,00E-05 3,00E-05 4,00E-05 5,00E-05 6,00E-05 7,00E-05 8,00E-05 9,00E-05 1,00E-04 

free Dy 3+ 79,87 80,07 69,05 46,03 34,52 27,62 23,02 19,73 17,26 15,34 13,81 

Dy(OH) 2+ 19,59 19,40 16,60 11,06 8,30 6,64 5,53 4,74 4,15 3,69 3,32 

Dy(OH)2 + 0,48 0,47 0,40 0,27 0,20 0,16 0,13 0,11 0,10 0,09 0,08 

Dy(OH)3 (aq) 0,02 0,01 0,01 0,01 0,01 0,01 0,00 0,00 0,00 0,00 0,00 

Dy(OH)4 - 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Dy(OH)3 (s) 0,00 0,00 13,91 42,60 56,95 65,56 71,30 75,40 78,48 80,87 82,78 
 

Concentration/ 

species 

2,00E-
04 

3,00E-
04 

4,00E-
04 

5,00E-
04 

6,00E-
04 

7,00E-
04 

8,00E-
04 

9,00E-
04 

1,00E-
03 

1,00E-
02 

1,00E-
01 

1,00E+
00 

1,00E+
01 

free Dy 3+ 6,90 4,60 3,45 2,76 2,30 1,97 1,73 1,53 1,38 0,14 0,01 0,00 0,00 

Dy(OH) 2+ 1,66 1,11 0,83 0,66 0,55 0,47 0,41 0,37 0,33 0,03 0,00 0,00 0,00 

Dy(OH)2 + 0,04 0,03 0,02 0,02 0,01 0,01 0,01 0,01 0,01 0,00 0,00 0,00 0,00 

Dy(OH)3 (aq) 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Dy(OH)4 - 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Dy(OH)3 (s) 91,39 94,26 95,70 96,56 97,13 97,54 97,85 98,09 98,28 99,83 99,98 100,00 100,00 
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Table 9. CHEAQS simulation of metal species and their distribution under optimized pH for different concentrations of Ho in a solution containing Cl- ions 

Concentration/ 

species 
1,00E-07 1,00E-06 2,00E-06 3,00E-06 4,00E-06 5,00E-06 6,00E-06 7,00E-06 8,00E-06 9,00E-06 1,00E-05 

free Ho 3+ 75,89 75,92 75,95 75,98 66,85 53,48 44,56 38,20 33,42 29,71 26,74 

Ho(OH) 2+ 23,47 23,44 23,42 23,39 20,57 16,45 13,71 11,75 10,28 9,14 8,23 

Ho(OH)2 + 0,57 0,57 0,57 0,57 0,50 0,40 0,33 0,29 0,25 0,22 0,20 

Ho(OH)3 (aq) 0,02 0,02 0,02 0,02 0,02 0,01 0,01 0,01 0,01 0,01 0,01 

Ho(OH)4 - 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Ho(OH)3 (s) 0,00 0,00 0,00 0,00 12,03 29,63 41,35 49,73 56,02 60,90 64,81 
 

Concentration/ 

species 

2,00E-
05 

3,00E-
05 

4,00E-
05 

5,00E-
05 

6,00E-
05 

7,00E-
05 

8,00E-
05 

9,00E-
05 

1,00E-
04 

1,00E-
03 

1,00E-
02 

1,00E-
01 

free Ho 3+ 13,37 8,91 6,68 5,35 4,46 3,82 3,34 2,97 2,67 0,27 0,03 0,00 

Ho(OH) 2+ 4,11 2,74 2,06 1,65 1,37 1,18 1,03 0,91 0,82 0,08 0,01 0,00 

Ho(OH)2 + 0,10 0,07 0,05 0,04 0,03 0,03 0,02 0,02 0,02 0,00 0,00 0,00 

Ho(OH)3 
(aq) 

0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Ho(OH)4 - 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Ho(OH)3 (s) 82,41 88,27 91,20 92,96 94,14 94,97 95,60 96,09 96,48 99,65 99,96 100,00 
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Table 10. CHEAQS simulation results of metal species and their distribution with a constant Dy concentration of  0.084 mM, and a constant NO3
- concentration of 0.252 mM for varying pH values 

pH/Species 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

free Dy 3+ 99,99 99,99 99,98 99,97 99,94 99,94 98,80 98,32 97,64 88,10 18,36 0,00 0,00 0,00 0,00 

Dy(OH) 2+ 0,00 0,00 0,00 0,00 0,02 0,02 1,16 1,64 2,32 11,71 55,79 0,00 0,00 0,00 0,00 

Dy(OH)2 + 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,01 0,16 17,22 0,00 0,00 0,00 0,00 

Dy(OH)3 (aq) 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 7,04 0,94 0,07 0,01 0,00 

Dy(OH)4 - 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 1,50 99,06 99,93 100,00 99,99 

Dy(NO3) 2+ 0,01 0,02 0,03 0,04 0,04 0,04 0,04 0,04 0,04 0,04 0,01 0,00 0,00 0,00 0,00 
 

Table 11. CHEAQS simulation results of metal species and their distribution with 500 kBq of 166Ho for varying pH values 

pH/Species 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

free Ho 3+ 100,00 100,00 99,99 99,98 99,95 99,67 96,96 75,99 19,83 0,14 0,00 0,00 0,00 0,00 0,00 

Ho(OH) 2+ 0,00 0,00 0,00 0,00 0,03 0,31 3,02 23,42 60,42 4,40 0,01 0,00 0,00 0,00 0,00 

Ho(OH)2 + 0,00 0,00 0,00 0,00 0,00 0,00 0,01 0,57 14,52 10,56 0,19 0,00 0,00 0,00 0,00 

Ho(OH)3 (aq) 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,02 4,52 32,84 5,92 0,63 0,06 0,01 0,00 

Ho(OH)4 - 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,72 52,04 93,87 99,36 99,93 100,00 99,99 

Ho(NO3) 2+ 0,00 0,01 0,02 0,02 0,02 0,02 0,02 0,02 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
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Table 12. CHEAQS results of metal species and their distribution with a constant Dy concentration of  0.074 mM, and a constant Cl- concentration of 0.1 mM for varying pH values 

pH/species 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

free Dy 3+ 99,99 99,99 99,97 99,95 99,93 99,72 98,73 98,20 97,41 86,55 14,30 0,00 0,00 0,00 0,00 

Dy(OH) 2+ 0,00 0,00 0,00 0,00 0,02 0,23 1,22 1,75 2,53 13,20 53,26 0,00 0,00 0,00 0,00 

Dy(OH)2 + 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,01 0,21 19,99 0,00 0,00 0,00 0,00 

Dy(OH)3 (aq) 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 9,86 0,89 0,07 0,01 0,00 

Dy(OH)4 - 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 2,52 99,12 99,93 100,00 99,99 

DyCl 2+ 0,01 0,02 0,04 0,05 0,05 0,06 0,05 0,05 0,05 0,05 0,01 0,00 0,00 0,00 0,00 

DyCl2 + 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
 

Table 13. CHEAQS simulation results of metal species and their distribution with 500 kBq of 166Ho for varying pH values 

pH/species 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

free Ho 3+ 99,99 99,99 99,97 99,94 99,92 99,63 96,92 75,96 19,83 0,14 0,00 0,00 0,00 0,00 0,00 

Ho(OH) 2+ 0,00 0,00 0,00 0,00 0,03 0,31 3,02 23,41 60,42 4,40 0,00 0,00 0,00 0,00 0,00 

Ho(OH)2 + 0,00 0,00 0,00 0,00 0,00 0,00 0,01 0,57 14,52 10,56 0,00 0,00 0,00 0,00 0,00 

Ho(OH)3 (aq) 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,02 4,52 32,84 0,00 0,63 0,06 0,01 0,00 

Ho(OH)4 - 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,72 52,04 0,00 99,36 99,93 100,00 99,99 

HoCl 2+ 0,01 0,02 0,04 0,05 0,06 0,06 0,06 0,05 0,01 0,00 0,00 0,00 0,00 0,00 0,00 

HoCl2 + 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
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Table 14. CHEAQS simulation of metal species and their distribution under optimized pH and a constant concentration of Dy(NO3)3 of 0.085 mM for different concentrations of phosphate ions 

Phosphate concentration/Species 1,00E-11 1,00E-10 1,00E-09 1,00E-08 1,00E-07 1,00E-06 1,00E-05 2,00E-05 3,00E-05 

free Dy 3+ 98,32 98,32 98,32 98,31 98,20 97,14 86,51 74,72 62,93 

Dy(OH) 2+ 1,64 1,64 1,64 1,64 1,64 1,63 1,54 1,43 1,32 

Dy(OH)2 + 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Dy(OH)3 (aq) 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Dy(OH)4 - 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Dy(PO4) (s) 0,00 0,00 0,00 0,01 0,12 1,19 11,90 23,81 35,71 
 

Phosphate concentration/Species 4,00E-05 5,00E-05 6,00E-05 7,00E-05 8,00E-05 9,00E-05 1,00E-04 1,00E-03 1,00E-02 

free Dy 3+ 51,16 39,40 27,67 15,98 4,41 0,00 0,00 0,00 0,00 

Dy(OH) 2+ 1,19 1,05 0,88 0,66 0,34 0,00 0,00 0,00 0,00 

Dy(OH)2 + 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Dy(OH)3 (aq) 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Dy(OH)4 - 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Dy(PO4) (s) 47,62 59,52 71,43 83,34 95,24 100,01 100,01 100,00 100,00 
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Table 15. CHEAQS simulation of metal species and their distribution under optimized pH and a constant concentration of Dy of 0.085 mM and a constant Cl- concentration of 0.1 mM, for different 
concentrations of phosphate ions 

Phosphate concentration/Species 1,00E-11 1,00E-10 1,00E-09 1,00E-08 1,00E-07 1,00E-06 1,00E-05 2,00E-05 3,00E-05 

free Dy 3+ 97,45 97,46 97,45 97,42 97,19 94,78 70,80 44,23 17,84 

Dy(OH) 2+ 2,49 2,49 2,49 2,49 2,49 2,46 2,12 1,68 1,05 

Dy(OH)2 + 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 

Dy(OH)3 (aq) 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Dy(OH)4 - 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Dy(PO4) (s) 0,00 0,00 0,00 0,03 0,27 2,70 27,03 54,05 81,08 
 

Phosphate concentration/Species 4,00E-05 5,00E-05 6,00E-05 7,00E-05 8,00E-05 9,00E-05 1,00E-04 1,00E-03 1,00E-02 

free Dy 3+ 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Dy(OH) 2+ 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Dy(OH)2 + 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Dy(OH)3 (aq) 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 

Dy(OH)4 - 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,01 

Dy(PO4) (s) 100,01 100,01 100,01 100,01 100,01 100,01 100,01 100,01 100,00 
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C. Appendix C: kinetic study: the 

effect of labelling time on 

loading 
 
While performing the kinetics study that resulted in Figure 5, another parameter of interest was the time allowed 

for stirring after the addition of the active 166Dy/Ho. If the loading mechanism is diffusion based, it is expected that it 
will reach a plateau at a certain point in time, where changes in loading efficiency cease to be significant. Taking this 
into account, the objective of this study was to ensure that the plateau was already reached with a 30 min process 
under stirring, and the loading efficiency would not increase significantly if the process time was increased to one hour. 
The results are shown in Figure 18. 

 
 
 

 
Figure 18. Radiolabelling efficiency achieved as a function of time allowed for radiolabelling in PCL-PEO micelles (in green) and PLA-PEO 

micelles (in purple). (Activity per ml of micelle solution: 1 kBq/ml, Dy concentration: 0.084 mM, polymer concentration: 4.3 mg/ml for PEO-PCL 
micelles and 2.5 mg/ml for PEO-PLA micelles in 10 mM HEPES buffer with pH of 7.4, radiolabelling time: 30 minutes and an hour under stirring ) 

 
As seen on Figure 18, there is no significant increase in the radiolabelling efficiency achieved after one hour of 

stirring compared to 30 minutes stirring. Because of this, and due to the results obtained in the concentration study 
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(shown in Figure 5) a decision was made to proceed with other types of experiments, such as exploring the addition 
of phosphates into the system.  

 
Because both radiolabelling efficiencies and stabilities were quite low, the next step was decided to perform a study 

on the effect of different activities (and therefore metal concentrations) on the radiolabelling efficiency in both PCL-
PEO and PLA-PEO micelles. The results can be seen in Figure 19. 

 

 
Figure 19.  Radiolabelling efficiency as a function of Dy concentration for a) PCL-PEO micelles, and b) PLA-PEO micelles. (Polymer 

concentration: 4.3 mg/ml for PEO-PCL micelles and 2.5 mg/ml for PEO-PLA micelles in 10 mM HEPES buffer with pH of 7.4, radiolabelling time: 
30 minutes under stirring ) 

Figure 19 does not really show a clear pattern when it comes to radiolabelling efficiency as a function of 
concentration. This may be explained by the low metal concentrations added when adding such low activities (the 
maximum concentration used in these experiments is 0.12 mM) where, although precipitation is already expected, 
according to Figure 6, but it is not yet the dominant species, so it is possible that metal ions present inside the micelle 
core have not reached the needed concentration to precipitate. This would lead free metal ions to come out of the 
micelles. This is supported by the large standard deviation between replicates seen in many results, especially in Figure 
19 a).  
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D. Appendix D: Dependence of 

active metal stock pH on 

loading 
 
 
On the first attempt at radiolabelling micelles with active DyzO3 dissolved in pH 1 HCl, a surprising development 

occurred, as loading efficiencies were extremely low, as seen in Figure 20.  
 

 
Figure 20. The radiolabelling efficiency achieved on the first use of a Dy2O3 in HCl source, where stock pH was 1. (Activity per ml of micelle 

solution: 10 kBq/ml or 7.08 pM, polymer concentration: 4.3 mg/ml for PEO-PCL micelles and 2.5 mg/ml for PEO-PLA micelles in 10 mM HEPES 
buffer with pH of 7.4, radiolabelling time: 30 minutes under stirring ) 

From Figure 20, it is possible to see that radiolabelling efficiencies in this set of experiments were lower than 0.2%. 
From the investigation performed by Liu et al., where different system pH were used to further experiment with the 
loading mechanism, it was found that acidic systems, where free metallic ions were the dominant metal species, and 
in the case of Lu, all of the metal speciated to the free ions, low radiolabelling efficiencies would result. Therefore, it 
was concluded that this was probably indicating that the amount of stock active metal solution added was enough to 
shift the micelle solution pH regardless of the HEPES buffer that was added to keep the pH at 7.4. This led to the 
decision to slightly neutralize the stock solution, to a pH that would not induce precipitation (as the stock solution will 
precipitate if the pH is higher than 6). However, as the most desirable stock pH was unknown, an experiment was made 
to optimize the stock pH for all future experiments. The results can be seen in Figure 21. 
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Figure 21. The radiolabelling efficiency achieved in PLA-PEO micelles as a function of stock pH. (Activity per ml of micelle solution: 10 kBq/ml 

or 7.08 pM, polymer concentration: 2.5 mg/ml for PEO-PLA micelles in 10 mM HEPES buffer with pH of 7.4, radiolabelling time: 30 minutes 
under stirring ) 

 
From Figure 21, it is possible to see that the optimal stock pH for the experiments made was 3, as it showed the 

highest radiolabelling efficiency. Thus, it was decided that for all future experiments that required the use of the 
Dy2O3 in HCl activity source, the source would be neutralized prior to attempting radiolabelling, as explained in 
section 3.2.2.3.  


