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Abstract
166Ho-alginate microspheres could present a new type of device for the radioembolisation of liver
cancer, where targeted radiation therapy is combined with embolisation of tumour blood vessels.
Whereas current devices in radioembolisation are permanent, alginate offers a biodegradable
device with a cheap and simple production process. The isotope holmium-166 (Ho-166) has
been of interest in radiotherapy due to its favourable half-life and decay through 𝛽-emission.
Furthermore, its paramagnetic properties allows visualisation using Magnetic Resonance Imag-
ing (MRI) and its 𝛾-emission allows for imaging using Single Photon Emission Computed To-
mography (SPECT). This research investigates the synthesis, loading efficiency and stability of
166Ho-alginate microspheres. For synthesis of alginate microspheres, this research uses the ex-
trusion dripping method and emulsification method. Here, process parameters are investigated
to crosslink alginate with Ca2+ and to obtain alginate particles having diameter of around 30 µm.
In the extrusion dripping method, increasing pH showed crosslinking of alginate into viscous gel
formations or alginate particles having a wrinkled surface. A pH of 4 offered the best conditions
to produce spherical alginate particles with smoother surface morphology and smallest particle
size. Particle size below 100 µm was not obtained in the extrusion dripping method, but the
emulsification method in this research succeeded in particle formation with sizes between 10
to 60 µm. The Ca-alginate microspheres from the emulsification method were further used in
an ion-exchange process to replace the Ca2+ in the alginate structure with Ho3+. Using Ho-166,
an average loading efficiency of (86.5 ± 1.4)% was found. The obtained 166Ho-alginate micro-
spheres were tested on their radiochemical stability in demiwater and 0.9% NaCl solution. Here,
the microspheres in demiwater showed excellent stability, whereas their retention percentage
in 0.9% NaCl decreased to ∼60% after five minutes. Nevertheless, the retention percentage in
0.9% NaCl further remained stable for up to 24 hours. Further research could include stabilizing
the alginate microspheres post-emulsification, as removal of surfactant during washing steps
resulted in an increase of particle size. Secondly, investigation on process parameters within
the emulsification method could bring the particle size between 20 to 60 µm with a smaller size
distribution. Destined for radioembolisation, the 166Ho-alginate microspheres need improved
loading efficiency and improved stability in physiological media such as 0.9% NaCl. Literature
on Ho-alginate microspheres is very limited as of now, and this research takes a step towards
166Ho-alginate microspheres as radioembolic device for transarterial radioembolisation.
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1
Introduction

Of all predicted new cases for liver and intrahepatic bile duct cancer in 2026, only 27% is esti-
mated to survive the diagnosis [1]. The total of these predicted cases accounts for almost 5% of
the total estimated cancer deaths for 2026. With a 5-year relative survival rate of only 22%, liver
cancer is placed as the fifth and seventh leading cases of deaths for males and females, respec-
tively, in the US. As third leading cause of cancer mortality worldwide, hepatocellular carcinoma
(HCC) specifically accounts for 75–85% of all primary liver cancer cases. However, treatment
of HCC remains difficult. The cure rate of HCC is only ∼25%, and its 5-year survival rate is set at
∼15% [2, 3]. Underlying liver diseases and late diagnosis prevent effective curative treatments
such as surgery or ablative techniques. These treatments are therefore only proposed to 20-
30% of patients, and even in such cases there is a high percentage of reoccurrences [4].

Within nuclear medicine, Selective Internal Radiation Therapy (SIRT) is a treatment method of
intra-arterial radiation therapy for patients with primary or secondary liver malignancies. SIRT
can be combined with embolisation into transarterial radioembolisation (TARE), which has been
explored since the 1950’s. Here, radioisotopes embedded in microspheres are delivered through
the blood supply of the liver and lodge in blood vessels of tumour sites. This blocks the blood flow
and provides a radiation dose only to the site of interest, reducing radiation dose to healthy tissue.
Several radionuclides have been investigated for their application in TARE, such as yttrium-90
and holmium-166. The radionuclides can be embedded in different microsphere material, such
as glass, resin or polymer, to create a radioembolic device. The choice of radionuclide and
microsphere carrier material is dependent on, but not limited to, the microspheres’ chemical sta-
bility and radio-imaging potential. Currently, three types of microspheres have been approved
for the European market. The 90Y-glass microspheres TheraSphere® (BTG International Ltd.,
London, United Kingdom), the 90Y-resin microspheres SIR-Spheres® (SIRTEX Medical Lim-
ited, North Sidney, New South Wales, Australia), and the 166Ho-poly-L-lactic acid (PLLA) micro-
spheres QuiremSpheres® (Quirem Medical B.V., Deventer, The Netherlands) [5].

Since the start of this century, interest in Ho-166 for nuclear medicine has been growing, such as
holmium-macroaggregates in rheumatoid arthritis disease treatment or holmium-microspheres
for liver malignancies [6, 7]. Ho-166 is a promising radionuclide for radiodiagnostics and ra-
diotherapy due to favourable decay characteristics and imaging opportunities [8]. Firstly, the
half-life of Ho-166 is 26.79 hours, which is about two and a half times shorter than Y-90 [9]. This
is a sufficient time between production and administration of the radionuclide to the patient, but
short enough to limit the hospitalization of a patient. Within five days, the Ho-166 holds only
5% of its original radiation when Y-90 holds 30% of its original radiation. Compared to Y-90,
patients with a Ho-166 treatment plan spend less time in isolation and can be discharged from
the hospital sooner.
Secondly, both radionuclides decay through 𝛽-emission applicable to radiotherapy, where Y-90
has a maximum 𝛽-energy emission of 2.1 MeV and Ho-166 has a maximum 𝛽-energy emission
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2 CHAPTER 1. INTRODUCTION

of 1.85 MeV. However, Ho-166 has additional imaging possibilities. Ho-166 is suitable for Mag-
netic Resonance Imaging (MRI) due to its paramagnetic properties, as well as suitable for Single
Photon Emission Computed Tomography (SPECT) due to its 𝛾-radiation emission. These char-
acteristics make 166Ho-microspheres attractive for quantitative, in-vivo assessment and imaging
compared to 90Y-labelled microspheres [10–13]. This visualization during injection of micro-
spheres could promise an efficient, safer way of radioembolisation. The 166Ho-microspheres
can also be used as scout doses in combination with 90Y-labelled microspheres treatment to
predict the bio-distribution and set up accurate treatment planning [14].

The production of radioembolic devices is currently done using two different methods. For Thera-
Spheres and QuiremSpheres, the stable isotope is first embedded within the microsphere ma-
terial, followed by activation of the isotope through neutron irradiation of the entire microsphere.
The PPLA microspheres, however, disintegrated during long irradiations to activate the holmium.
SIR-Spheres uses the process of ion-exchange, where fabricated microspheres exchange their
ions within the resin structure for radioactive yttrium-ions.
The current glass and resin radioembolic microsphere materials are not degraded in the body,
making their embolisation in liver tissue permanent with lasting changes in blood vessels and
tissue. The PPLA microspheres were reported to be biodegradable, but this type of device is
now discontinued [15–17]. In search of an alternative carrier material, the polysaccharide algi-
nate is proposed for the ion-exchange production process.

The aim of this research was first of all to investigate alginate particle formation. In literature,
there are several methods reported for the production of alginate microspheres. These include
extrusion techniques, such as the jet cutter method or pressurized spray nozzle method, emulsi-
fication techniques, or microfluidic system techniques [18]. This research includes two methods
for the production of alginate microspheres. Firstly, the extrusion dripping method is used to
observe the effect of pH in formation of alginate particles. Secondly, the emulsification method
is used to produce alginate microspheres with a goal particle diameter of 30 µm and a small
size distribution.
Furthermore, this research investigates the loading efficiency of alginate microspheres with Ho-
166 through the ion-exchange method. This research also examines the radiochemical stability
of these Ho-alginate microspheres.

The background for understanding the concepts in this research is provided in Chapter 2. Chap-
ter 3 describes the production methods of alginate microspheres, the ion-exchange towards
holmium-alginate microspheres and its loading efficiency, and the stability experiments of holmium-
alginate microspheres. The experimental results are provided and discussed in Chapter 4. The
conclusion is given in Chapter 5, followed by recommendations for further research in Chapter 6.



2
Theoretical background

This chapter covers the theoretical background necessary in understanding the concepts in
this research. First, transarterial radioembolisation (TARE) and its radioembolic devices are
explained in Section 2.1. Then, information on isotope Ho-166 is provided in Section 2.2. The
structure of alginate and the formation of alginate microspheres is explained in Section 2.3.
Then, background on the synthesis methods in this research is presented in Section 2.4. Lastly,
the analytical instruments used in this research are explained in Section 2.5.

2.1. Transarterial radioembolisation
The liver contains a dual blood supply, consisting of the portal vein and the hepatic artery.
Healthy liver tissue receives 75% of its blood flow through the portal vein and 25% of its blood
flow through the hepatic artery. Primary and secondary liver tumour tissue, on the other hand,
receive 90% of their blood supply through the hepatic artery [19]. This makes the hepatic artery
the main target for TARE, where microspheres are injected with a size ranging from 20 to 60 µm.
These particles lodge in the arterioles of a tumour (<100 µm), without crossing the sinusoid net-
work (8-10 µm) towards healthy tissue [20–22]. Clinical trials showed effective radiation dosage
with acceptable toxicity profiles, concluding TARE a treatment option with higher radiation doses
to liver tumour than external beam radiation [5, 23, 24].

Three main types of microspheres for TARE have been developed, namely TheraSphere, SIR-
Spheres and QuiremSpheres [5]. TheraSphere and SIR-Spheres were acknowledged as Active
Implantable Medical Devices with a Conformité Européenne (CE) mark in the early 2000’s, and
have received pre-market approval from the Food and Drug Administration (FDA) in 2021 and
2002, respectively. The QuiremSpheres received their CE mark in 2015 and have only been
available on the European market [25]. The radioembolic devices differ in activation method,
choice of isotope and choice of microsphere carrier material. A summary of the characteristics
of TheraSphere, SIR-Spheres and Quiremspheres is listed in Table 2.1. All three radioembolic
devices are biocompatible, but the embolisation is permanent for TheraSphere and SIR-Spheres
while QuiremSpheres can be degraded in the body [15, 16]. In 2025, the QuiremSpheres were
announced to be discontinued by their company Terumo. It was stated that ”the operational
complexity makes the Holmium Platform SIRT product range commercially unviable for Terumo
both now and in the future” (Terumo, 2025) [17].

3
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Table 2.1: Characteristics of radioembolic devices TheraSphere, SIR-Spheres and QuiremSpheres [5].

Device name TheraSphere SIR-Spheres QuiremSpheres
Isotope Y-90 Y-90 Ho-166
Material Glass Resin Poly-L-lactic acid
Mean
diameter

20-30 µm 20-60 µm 15-60 µm

Activation of
microspheres

Neutron
bombardment of Y-89
after microsphere
fabrication

Ion-exchange process
to incorporate Y-90 in
the microspheres

Neutron bombardment
of Ho-165 after
microsphere
fabrication

Activity per
microsphere

2500-4000 Bq 75 Bq 240-375 Bq

Characteristics Biocompatible, permanent lodging Biocompatible,
biodegradable

2.2. Radioisotope Ho-166
Ho-166 is produced in a nuclear reactor using two different methods. Either through neutron
activation by (n, 𝛾) radiation of Ho-165, or through double neutron irradiation of dysprosium-
164 [26, 27]. Due to the 100% natural abundance of Ho-165, the first pathway results in isotope
of a high purity, but a large amount of inactive Ho-165 atoms. The second pathway requires
extensive separation methods, but results in no-carrier-added Ho-166 with a high specific activity,
especially favourable when high doses are required in radiotherapy [28]. Figure 2.1 shows the
two production pathways and decay pathways of Ho-166, including cross sections, half-lives,
and radiation types with corresponding energies [9, 29].

(1) 165Ho 166Ho 166Er
(𝑛, 𝛾)

σ = 64 barns
Decay

β−
max = 1.85; 1.77 MeV (48.4; 50.2%)

𝛾 = 81 keV (6.6%)
𝑡1/2 = 26.8 h

(2) 164Dy 165Dy 166Dy
(𝑛, 𝛾)

σ = 2650 barns
(𝑛, 𝛾)

σ = 3600 barns

166Ho

Decay β−
max = 400; 481 keV (97.6; <4%)

𝛾 = 82 keV (14%)
𝑡1/2 = 81.6 h

166Er

Decay β−
max = 1.85; 1.77 MeV (48.4; 50.2%)

𝛾 = 81 keV (6.6%)
𝑡1/2 = 26.8 h

Stable (non-radioactive)

Figure 2.1: Diagram of the production pathways and decay of Ho-166 through neutron
irradiation of (1) Ho-165 and (2) Dy-164. Only the major transitions are given [9, 29].
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Ho-166 decays into the stable erbium-166 for 100% by emission of 𝛽- to either a ground state
or an excited level of Er-166, with a maximum 𝛽-energy of 1.85 MeV. The schematic overview
of the two major transitions is given in Figure 2.2 [29]. The 𝛽- emission with an average pene-
tration depth of 1.2-2.5 mm and a maximum penetration depth of 8 mm in soft tissue makes the
nuclide ideal for delivering local high doses in radiotherapy. The transition from excited state to
ground state ejects 𝛾-radiation of 81 keV, and these 𝛾-rays can be detected in-vivo using Single
Photon Emission Computed Tomography (SPECT) [30]. Furthermore, holmium can be detected
using magnetic resonance imaging (MRI) due to its paramagnetic properties. In nuclear reactor
production, the higher neutron-caption cross-section of holmium compared to yttrium (64 barns
versus 1.28 barns, respectively) reduces the neutron-activation time to produce therapeutic ra-
dioactivity levels [31, 32].

166
67 Ho

𝑡1/2 = 26.8 h

80.58

0 stable
166
68 Er

β−

48.4%

50.2%

𝛾 (80.58 keV, 6.6%)

Figure 2.2: Decay scheme of Ho-166 to Er-166 through the major transitions [29].

Holmium microspheres have been investigated before in their stable form as MRI contrast agent
or as radiolabelled form for therapeutic or diagnostic purposes [7]. Examples of the latter include
but are not limited to 166Ho-DOTMP for bone metastases [33], or 166Ho-labelled chitosan [34]
and previously mentioned 166Ho-PPLA microspheres for liver tumour [35, 36]. The published
literature on synthesis and characterisation of holmium microspheres using alginate, especially
towards radioembolisation, is very limited as of now.

2.3. Alginate
Alginate has been of interest for a wide range of applications, as its structure can be modified to
obtain different functional properties [37]. Within the field of medicine, alginate has been used in
wound-healing, tissue engineering and in drug delivery systems, where drugs are encapsulated
and protected by alginate microspheres [38, 39]. In drug delivery, alginate microspheres have
been widely investigated as a stable, polymer-type carrier device to control the release of drugs
and provide the ability to deliver the drug to a specific target site [40–43]. These drug delivery
alginate systems are biodegradable, and they are metabolized and eliminated from the body
after the drug has been delivered [44]. Comparing alginate to poly-L-lactic acid for radioembolic
devices, both polymers are biodegradable, biocompatible, and can be obtained from renewable
bio-based sources. However, alginate can be found all over the world, and its production pro-
cess is simple and cheap [45–48]. The concept of existing biodegradable alginate-systems in
drug delivery, combined with the simple and cheap production process of alginate, propose a
new purpose of alginate microspheres for non-permanent radioembolisation.

The structure of alginate is composed of copolymers of two uronic acid units, namely 𝛼-L-
guluronic acid and 𝛽-D-mannuronic acid, which are 1-4 linked in a linear chain. The 𝛼-L-
guluronic acid residues and 𝛽-D-mannuronic acid residues are arranged in polymeric regions,
creating G-blocks and M-blocks, respectively, of polymer along the linear chain. The M/G ratio
differs depending on the source of alginate, and can be determined by liquid-state nuclear mag-
netic reference analysis [49–51]. The chemical structure of and conformation of alginate with
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its polymeric regions is presented in Figure 2.3.

Figure 2.3: Chemical structure and conformation of alginate polymer. M unit:
𝛽-D-mannuronic acid residues; G unit: 𝛼-L-guluronic acid residues; MM block:
homopolymeric blocks of M units; GG block: homopolymeric blocks of G units; and MG or
GM block: heteropolymeric blocks of M and G or G and M unit. Taken from [52].

The polymeric blocks can be crosslinked with divalent or trivalent cations in a process called
gelation. When G-blocks are crosslinked, the alginate chains are structured in a so-called ’egg-
box model’. Divalent charged calcium has been studied as a favourable ion in creating alginate
gel, with its ability to crosslink the G-blocks with high affinity. The strength of the alginate gel also
increases with increasing calcium concentration [53–56]. The schematic of this crosslinking is
provided in Figure 2.4, taken from [53].

Figure 2.4: Schematic drawing of calcium crosslinking the alginate’s G-blocks, creating the
so-called ’egg-box model’ structure. Taken from [53].

Several lanthanide ions have been investigated on their alginate crosslinking by DeRamos et
al. [57]. This study showed a less positive preference of trivalent lanthanide ions for G-blocks
than divalent ions like calcium. This difference was explained due to an increased participation
of M-blocks in lanthanide ion binding. The study attributed the difference to additional water
molecules in the inner sphere of the lanthanide ions. This way, the lanthanide ions pack less
easily into the G and M-blocks compared to calcium. It was also concluded that the extent
of metal-alginate binding increases with increasing atomic number, and thus with increasing
charge density. This charge density was concluded to be a larger contributing factor to the ex-
tent of metal-alginate binding than the size of the trivalent ion. The highest atomic number in the
study of DeRamos et al. was that of the lanthanide terbium (Tb, atom number 65). Following
the conclusion on increasing metal-alginate binding for higher atomic numbers, it is expected
that holmium (atom number 67) should exhibit an even higher affinity for alginate than the lan-
thanides studied by DeRamos et al.

The crosslinking of holmium with alginate has been studied once before by Zielhuis et al., who
hardened alginate droplets with holmium or calcium in a crosslinking bath followed by charac-
terisation of the microspheres [12]. It was mentioned that the binding capacity of alginate for
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Ho3+ is equal to that of Ca2+, indicating that these cations have the same binding affinity for
alginate. Zielhuis et al. also investigated the radiolabelling properties of alginate microspheres.
Here, ion-exchange was done by adding Ho-166 to previously synthesized calcium-alginate mi-
crospheres. This ion-exchange method was adapted in this research to obtain 166Ho-alginate
microspheres for loading efficiency and stability experiments.

2.4. Synthesis of alginate microspheres
Synthesis of alginate microspheres was done through two methods in this research. First, the
extrusion dripping method is explained in Section 2.4.1, followed by the emulsification method
in Section 2.4.2. In this research, it was desired to form Ca-alginate microspheres to eventually
exchange the calcium for holmium in radiolabelling experiments. This is why both methods use
a type of calcium source for crosslinking.

2.4.1. Extrusion dripping method - external gelation
The extrusion dripping method is a form of external gelation of alginate, and a schematic overview
is given in Figure 2.5. A syringe loaded with sodium alginate (Na-alginate) solution is mounted
to a vertical syringe pump, and alginate droplets from the syringe are dropped into a bath of
crosslinking ions. In this research, a bath of CaCl2 was used. The Ca2+ is captured on the sur-
face of the alginate droplets, hence the name external gelation, and diffuses from the surface
into the sphere. This creates a hard outer shell of the alginate beads and a decreasing concen-
tration gradient from the surface to the centre of the beads. The size of the alginate droplets is
determined by the choice of needle width, alginate concentration and collection distance from
the tip of the needle to the surface of the crosslinking bath [44]. Although it is not expected that
this method leads to small particle size [58], the influence of pH on the particle size has been
studied to determine the viability of smaller calcium-alginate microspheres.

Figure 2.5: Schematic overview of the extrusion dripping method in this research, a form of
external gelation in the production of alginate microspheres. Made with BioRender [59].
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2.4.2. Emulsification method - internal gelation
The emulsification method is a form of internal gelation of alginate, and a schematic overview of
the emulsification in this research is given in Figure 2.6. In this technique, an insoluble source
of calcium, such as calcium carbonate (CaCO3), is dispersed in a Na-alginate solution to create
the water phase. The oil phase is prepared by adding the surfactant, Span 80, to paraffin oil.
Under stirring, both phases are combined to form a water-in-oil emulsion, where the surfactant
stabilizes Na-alginate droplets within the oil. Acetic acid is dropwise added to the emulsion,
which releases Ca2+ from the CaCO3 inside the water phase droplets. The Ca2+ ions then
crosslink the alginate from within the droplets, hence the name internal gelation. As the ions
are captured internally, there is no concentration gradient like the droplets created in external
gelation. The particle size using emulsification can reach below 100 µm [60], which is promis-
ing in creating alginate microspheres for liver embolisation. The experiments in this research
included adjusting the concentration of CaCO3 and the acetic acid amount.

Figure 2.6: Schematic overview of the emulsification method in this research, a form of
internal gelation in the production of alginate microspheres. Made with BioRender [59].

2.5. Analytical instruments
This section provides background theory on the analytical instruments used in this research.
This includes the optical microscope, the scanning electron microscope, the Wallac automated
gamma counter and the particle sizer.

2.5.1. Optical microscope
The optical microscope is used to visualize the alginate microspheres on a micrometer scale,
where a brightfield light microscope images the microspheres against a bright background. Sev-
eral objective lenses can be attached, and this research used 4x, 10x and 40x zoom lenses. By
changing the light input (brightness) and aperture on the microscope, a good contrast is created
to characterize the microspheres. The optical microscope is paired to a digital camera system
to capture and display pictures on a computer. Within the provided computer program, scale
bars are added and microsphere diameter can be calculated.
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2.5.2. Scanning Electron Microscopy
Scanning Electron Microscopy (SEM) is an imaging technique to create high resolution images
of a sample, and is used for the analysis of surface morphology [61]. A schematic overview of
SEM is presented in Figure 2.7. The sample is attached to carbon tape on an aluminium stub,
and placed in the chamber of the SEM. Under vacuum environment, electrons are accelerated
with acceleration voltages up to 30 keV and aimed onto the sample. The interaction of the elec-
tron beam with the sample generates a.o. secondary electrons and characteristic x-rays, which
can be detected using a Secondary Electron Detector (SED) or using Energy Dispersive X-ray
Spectroscopy (EDS), respectively.

Figure 2.7: Schematic overview of Scanning Electron Microscopy (SEM), taken from [62].

The secondary electrons are generated by inelastic collisions at a depth of 0-10 nm from the
sample [63]. In this research, the SED is used to obtain a 3D type of image of the sample’s
surface. SEM can be coupled with EDS to obtain an elemental composition of the sample.
X-rays are emitted by the atoms in the sample when an excited electron in the electron shell
relaxes to the ground state. The energy of these X-rays are characteristic to a specific element,
and the EDS provides a quantitive and qualitative summary of the imaged sample. In EDS, the
acceleration voltage for an element depends on the electron shell. Calcium has a minimum
accelerating voltage of >5 keV for its only K-shell, whereas the holmium M-shell needs >5 keV,
and the holmium L-shell needs >10 keV acceleration voltage to excite the electrons and generate
characteristic X-rays. The option of elemental mapping using EDS provides a colour-coded, 2D
image showing the spacial distribution of elements in the sample.
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2.5.3. Wallac gamma counter
In this research, the counts per minute (cpm) of Ho-166 in a sample is determined by the Wal-
lac automated gamma counter using the scintillation technique. In this instrument, a thallium-
activated sodium iodide crystal (NaI(Ti) crystal) is used as scintillation medium. When a Ho-166
sample is placed in the detection chamber, its emitted 𝛾-photons are absorbed by the NaI-
crystal, which excites electrons to a higher energy state. Relaxation of these electrons back
to the ground state emits a photon in the form of visible light. A photomultiplier tube then con-
verts these light photons into electrical pulses, where the voltage of the pulse is related to the
energy of the originally absorbed 𝛾-photon [64]. The individual pulses are counted to create a 𝛾-
spectrum of the sample. Ho-166 has a characteristic 𝛾-photon energy peak of 81 keV, and the
gamma spectrum can be integrated in this region of interest to obtain the count-rate of Ho-166
[29]. The efficiency of the detector depends on sample geometry and 𝛾-ray energy, providing
only the counts per minute of the sample. The gamma counter should therefore not be used as
a measurement of activity, but it is suitable for the calculations on loading efficiency and stabil-
ity in this research. Sample geometry should be kept the same to be able to compare results
between samples. The measurements can be corrected on background radiation by measuring
an empty vial in each measurement series.

2.5.4. Particle sizer
Referred to in this research as the particle sizer, a Coulter Counter is used to determine the
particle size of alginate microspheres. The instrument is based on the Coulter principle and
is able to provide data on particle number, volume, mass, and surface area size. For each
measurement, the particles are suspended in a conductive liquid (isotone) with two submerged
electrodes located on either side of a small, electrified aperture. The Coulter principle is based
on the change of electrical resistance when a particle passes through the aperture, which gen-
erates an electrical pulse. It is important that the particles are diluted enough in the conductive
liquid, so that one particle at a time passes through the aperture. The number of electrical pulses
is related to the number of particles, while the amplitude of the electrical pulse corresponds to
a particle’s volume [65]. The size of the aperture can go from 10 µm to 2 mm, and should
be selected depending on the expected particle size. These apertures can measure particles
within a size range of 0.2 µm to 1.6 mm, and their application ranges from micrometer-scale
bacterial studies to millimetre-scale blood clots [66]. Coulter counters have been reported at
high efficiency, with a variance of less than 2% [67]. The generated pulses are collected within
the provided computer program, which generates the particle size distribution of the alginate
microsphere solution. Before each measurement, the blank isotone solution is measured to
correct for background.



3
Materials and methods

This chapter begins with an overview of chemicals and devices used in this research in Section
3.1. Then, the experimental procedures for alginate microsphere synthesis using the extrusion
dripping method as well as the emulsification method are outlined in Section 3.2. The calcium-
holmium crosslinking and loading efficiency experiments are described in Section 3.3, followed
by the stability experiments in Section 3.4. Lastly, specifications on the characterisation and
analysis methods can be found in Section 3.5. Experiments were done at ambient temperature
and atmospheric pressure, unless stated otherwise.

3.1. Materials
Table 3.1 provides the overview of chemicals used in the experimental procedures, stating the
product name, chemical formula, CAS number and supplier per reagent. Similarly, Table 3.2
lists the devices used, including their product name and manufacturer.

11
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Table 3.1: Specification of chemicals in this research.

Product name Chemical
Formula

CAS
number

Supplier

Acetic acid >99.5% CH3COOH 64-19-7 Sigma-Aldrich
Beckman Coulter
isotone solution

ISOTON-II - Beckman Coulter, Inc

Calcium carbonate,
99%, extra pure

CaCO3 471-34-1 Thermo Scientific

Calcium chloride
dihydrate

CaCl2 ⋅ 2 H2O 10035-04-8 Merck

Citric acid C6H8O7 77-92-9 Sigma-Aldrich
Ethanol C2H6O 64-17-5 Central warehouse

L&M
HEPES Pufferan
>99.5%

C8H18N2O4S 7365-45-9 Carl Roth

Holmium(III) chloride
hexahydrate

HoCl3 ⋅ 6 H2O 14914-84-2 STREM Chemicals INC

Holmium(III) nitrate
pentahydrate, 99.9%

Ho(NO3)3 ⋅ 5 H2O 14483-18-2 Merck-Sigma

Sodium chloride Baker
Analyzed

NaCl 7647-14-5 J.T. Baker (Avantor)

Paraffin oil CZ 600 CnH2n+2 8012-95-1 CMC
Alginic acid sodium
salt, very low viscosity

C28H54O1 9005-38-3 Thermo Scientific

Sodium hydroxide NaOH 1310-7302 Honeywell
Span(R) 80 C24H44O6 1338-43-8 Sigma-Aldrich
Trizma(R) base (TRIS) C4H11NO3 77-86-1 Merck
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Table 3.2: Specification of devices in this research.

Device Product name Manufacturer
Centrifuge VWR Mega Star 600R

Cat.No. 521-3501
VWR International bvba

Microscope glass slides Objektträger geschliffen Knittel Glass
Needles 30 G x 1/2” (0.3 x 13mm) BD Microlance 3
Optical Microscope Model ECLIPSE Ci-L,

imaging software
NIS-Elements D version
6.10.01

Nikon Corporation

Particle sizer Multisizer 3 Coulter Counter,
Aperture tube diameter 100
µm

Beckman Coulter, Inc

Pasteur pipettes 3 mL IN PE Unknown
Pasteur pipettes VWR Disposable transfer

pipettes (23 mL, 1.5 mL)
Avantor

pH meter FiveEasy F20 Mettler-Toledo GmbH
pH meter probe LE438 Mettler-Toledo GmbH
Pipette 2-10 mL Unknown
Pipette tips 10 mL Gilson
Pipette tips 5 mL Sarstedt AG & Co. KG
Pipette tips 200 uL Greiner Bio-One GmbH
Pipettes 2-20 uL, 20-200 uL, 0.5-5

mL
JoanLab Equipment Co.
LTD

Plastic tubes Tube 50 mL, 115x28 mm,
PP

Sarstedt AG & Co. KG

Precision balance New Classic MF Mettler-Toledo GmbH
Rotating mixer RMO-80PRO Joan Lan Equipment Co.

LTD
Scale Mettler PE 2600 Delta

Range
Mettler Instrumenten B.V.

Scanning Electron
Microscope

JSM-IT100 JEOL Ltd.

Scintillation vials Scintillation Vials, 20 mL,
Borosilicate Glass, with
Screw Caps

VWR International bvba

Sonicator Ultrasonic cleaner Model
200 46 KHz

Branson

Stirrer HS5Pro JoanLab Equipment Co.
LTD

Syringe BD 5mL Syringe Luer-Lok
Tip

Becton, Dickinson & Co.

Syringe pump Aladdin Single Syringe
Pump

World Precision Instruments

Vortex mixer Super Mixer II Lab-line Instruments, Inc.
Wallac Automated NaI
detector

2480 Automatic Gamma
Counter, Wizard2 3

PerkinElmer
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3.2. Alginate microspheres synthesis
This section describes two synthesis methods for alginate microspheres, namely extrusion drip-
ping and emulsification. For the alginate solutions, sodium alginate (Na-alginate) was weighed
and dissolved in demiwater or pH buffer solution. These solutions were stirred at 55°C for 30
minutes to ensure a homogenous Na-alginate solution.

3.2.1. Extrusion dripping method - external gelation
For the alginate solutions, sodium acetate, HEPES and TRIS were dissolved in demiwater to
obtain 100 mM buffer solutions and Na-alginate was added to form 2% w/v solutions. NaOH
was used to adjust the HEPES-alginate solution to pH 7. Acetic acid was used to adjust the
TRIS-alginate solution to pH 9. The sodium acetate-alginate solution was already at pH 4 and
therefore did not need pH adjustment.
For the crosslinking solutions, sodium acetate, HEPES and TRIS were dissolved in demiwater to
obtain 100 mM buffer solutions and CaCl2 was added to a molarity of 100 mM. NaOH was used
to adjust the sodium acetate-CaCl2 and HEPES-CaCl2 solutions to pH 4 and pH 7, respectively.
NaOH and acetic acid were used to adjust the TRIS-CaCl2 solution to pH 9.
For the reference solutions without buffer, 2% w/v Na-alginate in demiwater and 100 mM CaCl2
in demiwater were prepared. The reference alginate solution had a pH of 6.85, and the refer-
ence CaCl2 solution had a pH of 7.40.

The crosslinking bath was prepared by taking 50 mL 100 mM crosslinking solution in a petridisk.
A 5 mL syringe with an internal diameter of 1.2 cm was loaded with 2 mL alginate solution. This
created a ratio of Ca:alginate at 14:1 w/w. A 30G x 1/2” (0.3 x 13 mm) needle was used. While
stirring at 300 rpm, the extrusion pump was set to a flow rate of 4.0 mL/min or 3.0 mL/min into
the crosslinking bath at a collection distance of 6 cm. The first and the last droplets from the
needle were collected to ensure homogeneous alginate solution flow. Crosslinking time was
30 minutes in these experiments. This method was repeated for all three buffer solutions and
the reference solution without buffer. The crosslinking bath was collected and washed with
demiwater. The high-speed centrifuge was set to 400 rpm (26 RCF) for 1 minute with soft de-
acceleration, collecting the Ca-alginate particles at the bottom. The supernatant was removed
and the washing step repeated. Demiwater was added to the resulting Ca-alginate and the
sample was vortexed to suspend the Ca-alginate particles in the solution.

3.2.2. Emulsification method - internal gelation
A 100 mL paraffin oil bath was prepared with 1 mL Span 80, stirring at 1500 rpm. In a separate
beaker, CaCO3 was added to 25 mL 2% w/v Na-alginate to a molarity of 26 mM or 52 mM. This
solution was sonicated and stirred until visually homogeneous. Giving the CaCO3 no time to
settle, the alginate-CaCO3 solution was immediately added to the paraffin oil-Span 80 bath to
form an emulsion while stirring at 1500 rpm. 100 µL or 200 µL acetic acid from the stock was
dripped into the emulsion using a micropipette. The emulsion was left to crosslink for 2.5 hours
at 1500 rpm. The resulting emulsion was divided into five plastic tubes. Washing of the sample
was done twice with demiwater as follows: the tube was filled with demiwater until the 45 mL line,
vortexed, centrifuged for 2 minutes at 1500 RCF with soft de-acceleration, and the supernatant
was pipetted off. New caps were used for the tubes after every wash. After the second wash,
demiwater was added, the samples vortexed, and all samples were collected and redistributed
over new tubes to ensure homogeneous particle distribution. In the 26 mM CaCO3 with 100
µL acetic acid emulsification, 60% EtOH was additionally used as washing solution instead of
demiwater.
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3.3. Calcium-holmium crosslinking and loading efficiency
3.3.1. Stable holmium crosslinking
Two stock solutions of HoCl3 were made: (1) 26 mM HoCl3 and (2) 2.6 mM HoCl3. The pH of
these solutions were 5.03 and 4.93, respectively.

Adding holmium directly into the crosslinking bath
The water-in-oil emulsion was prepared as previously explained in Section 3.2.2. After the acetic
acid was added, 5 mL solution of a 2.6 mM HoCl3 stock solution was pipetted into the bath, giving
a molar ratio of Ca:Ho at 50:1. The emulsion was left to crosslink for 2.5 hours at 1500 rpm. The
resulting emulsion was divided into tubes. The tubes were centrifuged for 2 minutes at 1500
RCF with soft de-acceleration and the supernatant was pipetted off. The tubes were washed
twice with demiwater. The vortex mixer was used to break up alginate gel between washing
and centrifuging. After the second wash, demiwater was added, the samples vortexed, and
all samples were collected and redistributed over new tubes to ensure homogeneous particle
distribution. Drying sample for SEM analysis was done by removing the supernatant first, and
using a tissue to absorb the remaining liquid.

Calcium-holmium exchange using synthesized Ca-alginate microspheres
For the exchange of calcium with holmium, readily synthesized Ca-alginate microspheres were
used from the previous emulsification experiments. An exchange bath was prepared as follows:
10 mL of HoCl3 at 26 mM, 2.6 mM, 260 µM or 26 µM was added to a beaker. The latter two
HoCl3 concentrations were obtained by diluting the 2.6 mM stock solution. 1 mL of Ca-alginate
microsphere solution was pipetted into the beaker, stirring at 300 rpm. The 26 mM and 2.6
mM solutions were left to exchange for 1 hour. The 260 µM and 26 µM solutions were left
to exchange for 30 minutes. Each bath was distributed over two tubes, of which one was left
unwashed and the other was washed twice with demiwater. Washing of the sample was done
twice with demiwater as follows: the tube was filled with demiwater until the 45 mL line, vor-
texed, centrifuged for 2 minutes at 1500 RCF with soft de-acceleration, and the supernatant
was pipetted off. After the second wash, demiwater was added and the sample was vortexed
to suspend the particles in solution. Particle analysis was done using the optical microscope.
Drying sample for SEM analysis was done by removing the supernatant first, and using a tissue
to absorb the remaining liquid.

3.3.2. Radioactive holmium exchange and loading efficiency
Ho-166 was obtained by neutron irradiation of 0.97 mg Ho(NO3)3 with a thermal neutron flux of
4.57 × 1012 cm-2/s in the BP3 facility at the Reactor Institute Delft, with a maximum activity of
4.5 MBq. The irradiated sample was added to 20 mL of demiwater to create the Ho-166 stock
solution. When the stock solution was used, the solution was first pipetted up and down at least
three times to obtain a homogeneous distribution. To measure the stock in an automated NaI
detector, hereafter referred to as the Wallac gamma counter, 0.1 mL stock solution was added
to 0.9 mL demiwater in a scintillation vial.

An exchange bath at 26 µM 166Ho(NO3)3 was prepared in a 40 mL beaker by combining 7.5 mL
of demiwater with 2.5 mL of Ho-166 stock solution. Then, 2 mL of the Ca-alginate microspheres
solution from the emulsion experiments was added. Under stirring at 300 rpm, the microspheres
were left to exchange for 30 minutes. The solution was added to a 50 mL tube and the beaker
was rinsed with demiwater until the solution in the tube was at a total of 45 mL. The tube was
centrifuged at 1500 RCF for 2 minutes with soft de-acceleration. Then, 1 mL of supernatant
at the top was separated into a scintillation vial. This kept the geometry the same as the stock
solution scintillation vial. The remaining supernatant was removed until 5 mL solution at the
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bottom of the tube remained. This 5 mL solution was kept for further stability experiments as
described in Section 3.4. The scintillation vials each containing 1 mL of supernatant solution
were measured in the Wallac gamma counter together with the Ho-166 stock solution scintillation
vial. An empty scintillation vial was measured to use as background correction of all samples.
The theoretical loading efficiency, also called encapsulation efficiency EE (%), is then calculated
by:

EE (%) = (1 −
𝑐𝑝𝑚𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡

𝑐𝑝𝑚𝑠𝑡𝑜𝑐𝑘
) × 100% (3.1)

Where:

• 𝑐𝑝𝑚𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 is the counts per minute of Ho-166 from the exchange bath supernatant
• 𝑐𝑝𝑚𝑠𝑡𝑜𝑐𝑘 is the counts per minute of Ho-166 from the stock solution

After all Ho-166 had decayed, the loading efficiency samples were analysed using the optical
microscope.

3.4. Stability experiments using radioactive holmium
The 50 mL plastic tubes containing 5 mL Ca-Ho-alginate microsphere solution from the previous
loading efficiency experiments were used in the stability experiments. For three tubes, one was
filled with 30 mL demiwater, and the other two were filled with 30 mL 0.9% NaCl in demiwater.
The pH of the 0.9% NaCl stock solution was 5.45. The tubes were placed in the rotating mixer
shaker at 20 rpm. Sample of the supernatant was taken after 5 minutes, 30 minutes, 1 hour,
3 hours and 24 hours. This was done by centrifuging the tubes for 2 minutes at 1500 RCF
with soft de-acceleration and taking 1 mL from the top of the supernatant into a scintillation vial.
The supernatant samples were measured together with the Ho-166 stock solution scintillation
vial in the Wallac gamma counter. An empty scintillation vial was measured to use as back-
ground correction of all samples. The stability was determined through the theoretical retention
percentage, calculated by:

Theoretical retention (%) = (1 −
𝑐𝑝𝑚𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡

𝑐𝑝𝑚𝑠𝑡𝑜𝑐𝑘
) × 100% (3.2)

Where:

• Theoretical retention is the percentage of Ho-166 remaining in the alginate microspheres
after a given time

• 𝑐𝑝𝑚𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 is the counts per minute of Ho-166 from the sample supernatant after a given
time

• 𝑐𝑝𝑚𝑠𝑡𝑜𝑐𝑘 is the counts per minute of Ho-166 from the stock solution

After 24 hours, the 0.9% NaCl samples were centrifuged and the 0.9% NaCl supernatant was
pipetted off. The samples were then washed twice with demiwater as follows: the tube was
filled with demiwater until the 45 mL line, vortexed, centrifuged for 2 minutes at 1500 RCF with
soft de-acceleration, and the supernatant was pipetted off. After all Ho-166 had decayed, the
particles were suspended in demiwater and analysed using the optical microscope.
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3.5. Characterisation and analysis
3.5.1. Optical microscope analysis
The optical microscope was used in the extrusion dripping method, emulsification method, as
well as in the exchange experiments and stability experiments. A pasteur pipette was used to
take sample from the tube onto a microscope glass. The sample image was sharpened using
4x, 10x or 40x zoom to observe particle morphology. Light and contrast were manually adjusted
on the optical microscope as desired. The built-in camera was used to take pictures. Pictures
were edited post-production in contrast, brightness and exposure for clearer pictures.
The optical microscope pictures were used to determine whether crosslinking the alginate with
calcium or holmium had been successful in producing 30-50 µm microspheres. When individual
particles were found, the built-in sizing tool was used to obtain the size of particles. Once
Ca-alginate particles were found in the emulsification experiments, the loading efficiency and
stability experiments were performed.

3.5.2. SEM analysis and EDS mapping
Alginate microspheres were analysed for their particle morphology and surface morphology in
the scanning electron microscope (SEM). Crosslinked alginate was too wet to immediately use
for SEM analysis. Therefore, sample was scooped onto double sided carbon tape and left to
air-dry for at least 24 hours before being placed in the SEM. Pictures were made using the sec-
ondary electron detector (SED), with an acceleration voltage of 5.0 to 15.0 keV in low vacuum.

Elemental analysis was performed to assess the presence and distribution of calcium and/or
holmium throughout the alginate sample. This was done quantitatively and qualitatively. The
outcome of the EDS in stable holmium exchange experiments was important to determine
whether loading had been successful, before moving on to radioactive holmium exchange ex-
periments. Optimal settings in detecting holmium were an acceleration voltage of 15 keV.

3.5.3. Wallac gamma counter measurements
To determine the loading efficiency of a sample, the supernatant samples were measured along-
side a sample of the Ho-166 stock solution in the Wallac gamma counter. Similarly, to determine
the stability of 166Ho-alginate microspheres, the counts of Ho-166 in the supernatant was mea-
sured using the Wallac gamma counter. All samples had a volume of 1 mL to obtain results at
the same geometry. The protocol region of interest was set for Ho-166 without interference of
Ho-166m using a low boundary of 60 keV and a high boundary of 90 keV for 𝛾-rays. Samples
were measured for 5 minutes each when the stock was not older than 3 days. Samples were
measured for 10 minutes each when the stock was older than 3 days to assure enough counts.

3.5.4. Particle sizer analysis
The particle sizer was used to measure the size of Ca-alginate microspheres from the emul-
sification experiments. An aperture tube with a diameter of 100 µm was installed, suitable for
particle sizes between 2.0 to 80 µm. The microsphere-solution was pipetted in a beaker contain-
ing isotone, supplied with the particle sizer, until the measured concentration was stable around
5%. Measuring time was 90 seconds. Analysis of the results was done in the Multisizer 3 3.53
supplied program. The results were background corrected by measuring the isotone solution
before microsphere-solution was added.





4
Results and discussion

This chapter presents and discusses the findings of the experiments in this research. The ex-
trusion dripping method is discussed in Section 4.1, followed by the emulsification method in
Section 4.2. The calcium-holmium exchange experiments, using stable holmium as well as ra-
dioactive holmium, are discussed in Section 4.3. Lastly, the outcome of the stability experiments
is presented in Section 4.4.

4.1. Extrusion dripping method
The extrusion dripping method was the first synthesis method to be carried out during the exper-
imental phase of this research. In the beginning, the buffers and concentrations of Na-alginate
and CaCl2 needed to be determined to obtain alginate particles. These choices are described in
Section 4.1.1 and 4.1.2, respectively. Moving into the experimental phase, the extrusion pump
settings were explored. Firstly, the highest achievable flowrate on the pump was used, namely
4 mL/min. However, 3 mL/min was deemed optimal for further experiments, as explained in
Section 4.1.3. The results of alginate synthesis at different pH are discussed in Section 4.1.4.

4.1.1. Buffer selection
Choice of pH range
As a part of the general blood circulation, the hepatic artery carries blood at a pH range of 7.34
to 7.44 [68]. Alginate microspheres produced at pH 7 would require less steps before they can
be used in-vivo, and therefore pH 7 was chosen for one set of experiments.

It was hypothesized that pH would affect the spacing of alginate molecules due to charging of
functional groups, therefore leading to crosslinking into smaller microspheres or lowered aggre-
gation chances compared to neutral pH. For the choice of pH, literature was consulted.

A lower pH would cause protonation of carboxylic groups, which would decrease repulsion forces
and cause shrinkage of crosslinked particles [69]. However, study by Rosiak et al. reported that
alginates are prone to degradation at low and high pH. Alginate can even undergo hydrolysis in
acidic environment, as reported by Smidsrød et al. [37, 70]. When the pH is lowered below the
pKa of uronic acid, an acid hydrogel is formed through the intermolecular network of hydrogen
bonds. A study by Francis et al. measured the pKa of mannuronic acid and guluronic acid
residues of alginate to be 3.38 and 3.65, respectively [71]. In the extrusion dripping method, the
H+ could then prevent crosslinking with Ca2+. It was therefore decided that the lower bound in
the extrusion dripping experiments should be set at pH 4. This prevents alginate degradation
through complete protonation of the carboxylic groups but still provides an acidic environment
to compare to microspheres crosslinked at higher pH.
It must be said however that post-experimental phase, new literature was found on the degrada-
tion of alginate. Here, Haug et al. reported on the significant degradation of alginate below pH 5
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[72]. If this research was to be repeated, it is advised to set the lower bound pH at 5 instead of 4.

A higher pH would cause deprotonation of carboxylic groups, therefore increasing the repulsion
of alginate. This was hypothesized to assist in avoiding aggregation, therefore creating individual
microspheres when crosslinked. It was reported in literature that this repulsion would, however,
cause the expansion of alginate microspheres due to swelling, which would not aid in creating
the smallest particles possible [73]. On the rate of degradation of alginate at different pH, it
was reported by Haug et al. that the degradation increased rapidly above pH 10 due to the
elimination reaction of the carbonyl group [72]. Rosiak et al. also reported on the solubility of
alginate, which decreases significantly when deprotonation of carboxyl groups occurs. With this
in mind, the upper bound was set at pH 9.

Choice of buffer
The Buffer Reference Center by Sigma-Aldrich was consulted for the options of pH buffers in this
research [74]. This provided useful pH ranges of biological buffer. HEPES was advised at pH 6.8
to 8.2, and TRIS was mentioned for pH range of 7.0 to 9.0. Both these chemicals were readily
available at the research department and therefore chosen for pH 7 and pH 9, respectively. For
pH 4, citric acid was first considered as buffer with its pH range of 3.0 to 6.2. However, there were
concerns of precipitation when citric acid was used in combination with calcium. It is reported in
literature that the reaction of citric acid with Ca2+, mainly concerning the mineral calcite, gives
insoluble precipitation of calcium citrate [75]. This resulted in the proposal of a pH 4 buffer made
from the mixture of sodium acetate with acetic acid. This sodium acetate buffer has a pH range
of 3.7 to 5.6. Within the crosslinking bath, sodium would already be present from the alginate,
and calcium acetate is a highly soluble salt, leading to no precipitation problems.

4.1.2. The effect of alginate and CaCl2 concentrations on particle formation
Previous unpublished research within the same research group looked at alginate concentra-
tions at 1%, 2% and 3% w/v with CaCl2 concentrations between 5 to 100 mM [76]. This pre-
vious research concluded an ideal alginate concentration of 2% w/v, which provided smaller
particles than 3% w/v and more stable particles than 1% w/v. In terms of CaCl2 concentra-
tion, the research concluded that although this had no influence on the particle size, increasing
crosslinking concentration resulted in increasingly spherical particles with increasingly smoother
particle surface. A study by Lee et. al reported that the minimum alginate concentration required
to enable the formation of spherical bead was 15 g/L, or 1.5% w/v [77]. A study by Chuang et al.
used three CaCl2 crosslinker concentrations (1%, 5% and 10% w/v) at pH 1, 4, 7 and 10 for the
crosslinking of three alginate solutions (0.8%, 1.6% and 2% w/v) [78]. This study concluded that
the sphericity of particles decreased when the crosslinker concentration and the alginate con-
centration decreased. This result was especially noticeable at low pH. A study by Ramdhan et
al. investigated the gel strength of cuboid alginate gels using 2% alginate solutions, with CaCl2
crosslinking solutions between 0.05 M and 0.20 M at pH 4 to 11 [79]. This study concluded that
a higher CaCl2 concentration led to increased gel strength.

At the start of the experimental phase of this research, different crosslinking concentrations and
alginate concentrations were tested by hand-needling the alginate solution into a crosslinking
bath. These supportive experiments are provided in Appendix D. A 3% w/v alginate solution
into a 8 mM CaCl2 crosslinking bath proved to crosslink into gel substance rather than into
individual particles. A 2% w/v alginate solution into a 4 mM CaCl2 crosslinking bath did not
crosslink into particles. A 2% w/v alginate solution into a 8 mM CaCl2 crosslinking bath showed
alginate particles under the optical microscope. Combining these supportive hand-needling
experiments with literature, it was therefore decided to use an alginate concentration at 2% w/v.
Building onto the unpublished research in the research group, a CaCl2 concentration of 100 mM
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was chosen, which gave a Ca:alginate ratio of 14:1 (w/w) in this research.

4.1.3. The effect of syringe pump flowrate on particle formation
Initial extrusion dripping experiments were set up using a flowrate of 4 mL/min for all three pH
solutions. These settings were the highest achievable on this particular syringe pump in terms
of speed and diameter of the syringe. Previous research at the department showed that a higher
flow rate obtained smaller alginate particle size, therefore it was speculated that this maximum
flow rate combined with a small needle diameter would result in the smallest achievable particle
diameters. In literature, any type of extrusion method where pressure is applied to create a
stream of alginate droplets into a crosslinking bath, a higher pressure or smaller nozzle/needle
diameter usually resulted in smaller beads [80, 81]. In this research, the experiments at three
different pH were analysed using the optical microscope, which showed the solutions mostly
resulted in gel formation and only few separate alginate particles were found in pH 7 and pH 9
solutions. An example of the gel formation at pH 4 and the particles at pH 7 and 9 are shown in
Figure 4.1.

(a) pH 4, showing gel formation. (b) pH 7, showing individual
Ca-alginate particles.

(c) pH 9, showing a Ca-alginate
particle.

Figure 4.1: Ca-alginate particle formation using extrusion dripping method at flowrate 4
mL/min, with solutions at pH 4, 7 and 9. The darker spot in the middle of a particle indicates
the flattening of the particle’s underside against the microscope glass.

The syringe pump flow rate might have been too high for singular droplets to form, resulting in
a bulk of alginate hitting the crosslinking bath to crosslink into gel formation. The shape of the
separate Ca-alginate particles followed a trend where flat tails could be seen. This shape could
be assigned to the force with which the droplet hits the surface of the crosslinking bath. The gel
formation and particle tail shape led to the decision of lowering the syringe pump flowrate to en-
sure separate particle formation. A test with Na-alginate solution onto a glass surface showed
that a flowrate <3 mL/min would result in an unreliable stream of solution instead of droplets
from the needle. The flowrate was therefore set at 3 mL/min for future experiments.

The lowered flowrate resulted in less significant flat edges of the particles, but the shapes were
considered more tear-shaped than spherical. The particles now showed pointed tails that can be
assigned to the way a droplet releases from the needle and hits the surface of the crosslinking
bath. A schematic overview of the stages an alginate solution droplet goes through is provided
in Figure 4.2.
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Figure 4.2: Stages of deformation of an alginate solution droplet hitting the crosslinking
bath in the extrusion dripping method [77]. Created in BioRender [59].

A study by Davarci et al. investigated alginate droplet formation at the nozzle tip, the evolution
of the droplet shape during falling and the penetration of the droplet in a CaCl2 crosslinking bath
[82]. In this study, the deformation of alginate droplets (2% w/v) increased when the viscosity of
the crosslinking bath increased. It was also reported that the length of the droplet tail increased
with increasing flow rate as well as with increasing needle diameter. This affected the time it
took for an alginate droplet to become spherical while falling. Davarci et al. reported a minimum
falling distance of 20 mm for the droplets to become spherical when a flowrate of 3 mL/min and
a internal nozzle diameter of 0.6 mm was used. In this research, the department had a readily
available setup for a collection distance of 6 cm. The needle size was the smallest available,
with an internal diameter of 0.16 mm. However, the needle type was slanted, whereas Davarci et
al. used a flat edged nozzle. It could be hypothesized that flat edged needles assist in creating
spherical alginate droplets by reducing tail formation at the needle tip. Nevertheless, a flowrate
of 3 mL/min allowed for adequate individual particle analysis to continue with pH experiments.

4.1.4. The effect of pH on particle formation
With the flowrate now set at 3 mL/min, the extrusion dripping method was performed using the
three pH solutions and the reference solution without pH buffer in demiwater. The reference
CaCl2 solution had a pH of 7.40, and the reference alginate solution a pH of 6.85. The ref-
erence solution was used to indicate whether the pH buffer ions would have influence on the
crosslinking besides affecting functional groups through protonation or deprotonation . After
collecting and washing, the pH 7 Ca-alginate sample was visually more viscous in the tube than
its pH 4 and pH 9 counterparts. The Ca-alginate was analysed under the optical microscope at
4x and 10x zoom. A picture for every pH at 10x zoom is presented in Figure 4.3, where a is pH
4, b is pH 7, c is pH 9 and d is the reference sample. The full collection of pictures can be found
in Appendix A.1.
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(a) pH 4, 10x zoom. (b) pH 7, 10x zoom.

(c) pH 9, 10x zoom. (d) Reference, 10x zoom.

Figure 4.3: Side-by-side comparison of Ca-alginate particles using extrusion dripping
method at flowrate 3 mL/min. With solutions at pH 4, 7 and 9, and the reference solution
without pH buffer. Singular particles at 10x zoom with scale bar 50 µm.

The particle size was analysed using the microscope pictures and the imaging software siz-
ing tool. It needs to be noted that only clear spherical or nearly spherical particles, such as
tear-shaped or flat-edged particles, were included, while gel formation or particle clustering
was unaccounted for. This bias in the analysis influences the distribution. Especially pH 7
Ca-alginate was already more viscous due to gel formation, resulting in less opportunities for
(near-)spherical particles. A definite conclusion on the size of particles from the microscope
pictures alone should be approached carefully. If the extrusion dripping method is favoured for
further research, the size of particles should be studied in a particle sizer or the collection of
pictures should be increased and made with the intent of finding as many spherical particles as
possible per sample. The particle size analysis is shown as histograms in Figure 4.4, showing
the counts of particles in a size range for pH 4, 7, 9 and the reference sample. The dataset
used to create the histograms can be found in Appendix A.2. pH 4 in this dataset provided the
smallest particles around 400-500 µm. Between pH 7, 9 and the reference sample, there is no
indication that a higher pH would lead to smaller particles. Considering the reference pH to be
around 7, comparison of pH 7 to the reference sample in particle morphology and size indicated
that the buffer ions did not have a significant effect on the crosslinking. Both samples contained
crosslinked gel and particles formed were non-spherical with rough surfaces.

It can be noted from the microscope pictures that pH 4 gave the most opportunity for spherical
particles with a smoother surface morphology, whereas particles at pH 9 obtained a wrinkled
surface and the particles were more see-through. This study did not succeed in creating a
homogeneous particle solution using the extrusion dripping method. Instead, the alginate mostly
crosslinked into viscous gel formation, especially at pH 7 and pH 9. A study by Ramdhan et
al. used cuboid gels at 2% w/v alginate and 100 mM CaCl2 to study the viscosity. Ramdhan
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et al. reported an increase in viscosity from pH 4 to pH 7, and a decrease in viscosity from
pH 7 to pH 9. This was in line with the visual increase of viscosity at pH 7 in this research.
Furthermore, the gel strength of cuboid alginate gels was shown to increase with decreasing
pH. Besides the visual comparison of pH 4 and pH 9 morphology, the stability or strength of the
Ca-alginate particles per pH was not further explored in this research. As the extrusion dripping
method did not produce the desired particle size below 100 µm, the experimental phase was
continued using the emulsification method. This shifted the focus and time to expansion of
the emulsification method rather than the extrusion dripping method. The extrusion dripping
method can be continued as research when particle size between 200-900 µm is preferred, and
recommendations can be found in Chapter 6.

(a) (b)

(c) (d)

Figure 4.4: Size distribution of Ca-alginate particles at pH 4, 7, 9 and of the reference
sample from the extrusion dripping method. The distributions were obtained by counting the
alginate particles from the optical microscope analysis pictures. The dataset can be found
in Appendix Section A.2.
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4.2. Emulsification method
The emulsification experimental method was described in Section 3.2.2. Experiments were
carried out using 26 or 52 mM CaCO3 and 100 or 200 µL acetic acid. The choices of these ex-
perimental parameters are discussed in Section 4.2.1. The experimental results are presented
and discussed in Section 4.2.2 to 4.2.4. At a later stage in the emulsification method experi-
ments, the centrifuge settings were investigated for their efficiency during the washing steps,
and results are presented in Section 4.2.5.

4.2.1. The choice of emulsification method parameters
Literature on alginate using emulsification as internal gelation used CaCO3 molarities for calcium
levels up to 144 mM [83]. This research was adapted from the research of Poncelet et al. and
an initial molarity of 26 mM for the insoluble calcium salt was chosen [84]. This also included
the choice of an initial acetic acid quantity of 100 µL. While Poncelet et al. dispersed the acetic
acid in oil before adding it to the emulsion, this method did not produce alginate-microspheres
in this research. The paraffin oil was too viscous in pipette tips, which made it difficult to add
the paraffin-acetic acid mixture into the emulsion. The first experiments did not produce any
Ca-alginate, and it was therefore decided to pipette the acetic acid directly from the stock.
During the emulsification, stirring speed creates the dispersion of the water-phase and oil-phase.
A study by Alnaief et al. reported the change of mean diameter of alginate particles from 168
µm to 34 µm in an emulsion when the stirring speed was increased from 200 to 1400 rpm
respectively [85]. The study by Poncelet et al. used a stirring rate of 200-500 rpm, resulting in
only several small peaks below 150 µm in the particle size distribution. A study by Song et al.
set the stirring speed at 200 rpm during emulsification while adding acetic acid, resulting in a
mean diameter of 151.1 µm on the distribution [60]. To ensure smallest size possible to start
with, the stirring rate in this research was decided at the maximum rate of the stirrer at 1500
rpm.
Three different combinations of CaCO3 molarity and acetic acid quantity were investigated in
this research: (1) 26 mM CaCO3 with 100 µL acetic acid, (2) 52 mM CaCO3 with 200 µL acetic
acid, and (3) 26 mM CaCO3 with 200 µL acetic acid. The alginate solution was kept at 2%
w/v. The goal of these combinations was to find enough CaCO3 to crosslink the alginate into
microspheres without gel aggregation, and to find the right amount of acetic acid to release Ca2+

from the CaCO3.

4.2.2. Results on the 26 mM CaCO3 and 100 µL acetic acid emulsification
The emulsification method was performed using 26 mM CaCO3 and 100 µL acetic acid. The
samples were washed twice with demiwater, and the results under the optical microscope are
presented in Figure 4.5. More optical microscope pictures of these samples can be found in
Appendix B.1.
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(a) 26 mM CaCO3 and 100 µL acetic acid, 4x zoom. (b) 26 mM CaCO3 and 100 µL acetic acid, 10x zoom. Several
oil droplets are indicated with red squares; Several alginate
microspheres are indicated with yellow squares.

Figure 4.5: Optical microscope pictures of the 26 mM CaCO3 and 100 µL acetic acid
emulsification.

In recognizing alginate particles stabilized by surfactant, a study by Song et al. provides a
picture of Ca-alginate particle morphology [60]. These particles were prepared using the emul-
sification method and rinsed with Tween 80. Another study by Lupo et al. rinsed the alginate
microspheres with Tween 20 as surfactant [58]. An example of Span 80 as surfactant is provided
by Leister et al., where demiwater droplets are characterised by a black border of surfactant [86].
These examples from literature are presented in Figure 4.6. The Ca-alginate particles from the
emulsification experiment in this research, which was presented in Figure 4.5, correspond to
the examples from literature. This indicates that the stabilisation of alginate was successful in
the emulsification experiments.

(a) (b) (c)

Figure 4.6: Literature comparison of (alginate) microparticles with surfactant; Ca-alginate
particles with Tween 20 (a) [58], Ca-alginate particles with Tween 80 (b) [60], and demiwater
droplets with Span 80 (c) [86].

As a size below 100 µm was not reached in previous unpublished research at the research
department [76], the main goal of the emulsification method was to create alginate particles of
the smallest size possible. From the optical microscope pictures, the 26 mM CaCO3 and 100 µL
acetic acid emulsification was successful in producing Ca-alginate microspheres between 5 to
100 µm. However, in future liver radioembolisation application, the goal size of alginate particles
lies between 20 to 60 µm, as microspheres <10 µm would travel through the sinusoid network
towards healthy tissue [22]. Further research could investigate parameters to bring the particle
size between 20 to 60 µm, such as stirring speed. An indication of the particle size distribution
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from the 26 mM CaCO3 and 100 µL acetic acid emulsification was obtained using the particle
sizer. These results are included at the end of this section. First, the washing with EtOH is
presented and discussed.

Washing with 60% EtOH
As shown in Figure 4.5b, numerous oil droplets still remained after washing twice with demiwa-
ter. In an attempt to remove the oil, a sample was washed twice with 60% EtOH. The optical
microscope pictures are presented in Figure 4.7, accompanied by Appendix B.1.

(a) 26 mM CaCO3 and 100 µL acetic acid washed with 60%
EtOH, 4x zoom.

(b) 26 mM CaCO3 and 100 µL acetic acid washed with 60%
EtOH, 10x zoom.

Figure 4.7: Optical microscope pictures of the 26 mM CaCO3 and 100 µL acetic acid
emulsification after washing with 60% EtOH.

From the optical microscope pictures, it can be concluded that EtOH washing was successful in
removing the oil-droplets from the sample. However, Span 80 is soluble in organic solvents such
as EtOH, and the alginate microspheres lose their black Span 80 border [87]. To analyse the
remaining Ca-alginate microspheres under the optical microscope, the focus of the microscope
is adjusted. The resulting picture of Ca-alginate microspheres is presented in Figure 4.8.

Figure 4.8: Optical microscope picture of the Ca-alginate microspheres from the 26 mM
CaCO3 and 100 µL acetic acid emulsification after washing with 60% EtOH, 10x zoom.
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Even though the Span 80 was removed, the particles are individual and spherical. This indicates
that the Ca-alginate microspheres were sufficiently crosslinked and remain stable even when the
surfactant is removed. The EtOH-washed alginate particles did show an increase in diameter up
to 100 µm, which could be assigned to swelling during washing. It must be said however that the
increased transparency of the washed alginate microspheres made it difficult to find individual,
perhaps smaller, particles between the mass of alginate microspheres. If these experiments
were repeated, perhaps adding a surfactant which is less soluble in EtOH could assist in keeping
the Ca-alginate microspheres within 20 to 60 µm particle size.

Particle sizer
The particle sizer was used to measure 26 mM CaCO3 and 100 µL acetic acid emulsification
samples with three different washing steps: (1) washed twice with demiwater, (2) washed four
times with demiwater, and (3) washed twice with 60% EtOH. The particle size was only mea-
sured when the concentration of sample in the isotone reached ≈ 5%. A lower concentration
of sample was not recommended by the manufacturer. This resulted in three measurements
for (1) and two measurements for (2) and (3), as there was no remaining sample for a third
measurement. The graphs are presented in Figure 4.9(a-c) for the washing steps, respectively.

(a) Particle sizer results of 26 mM
CaCO3 and 100 µL acetic acid, two times
washed with demiwater.

(b) Particle sizer results of 26 mM
CaCO3 and 100 µL acetic acid, four
times washed with demiwater.

(c) Particle sizer results of 26 mM
CaCO3 and 100 µL acetic acid, two times
washed with 60% EtOH.

Figure 4.9: Particle sizer results of the 26 mM CaCO3 and 100 µL acetic acid emulsification
with different washing steps: two times washed with demiwater (a), four times washed with
demiwater (b), and two times washed with 60% EtOH (c).
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The graphs were analysed with a lower bound of 20 µm and an upper bound of 60 µm to deter-
mine the amount of particles (in %) in this region. The results are given in Table 4.1.

Table 4.1: Overview of the particle sizer results for the amount of particles measured
between 20 to 60 µm for the 26 mM CaCO3 and 100 µL acetic acid emulsification. Samples
were prepared by washing with demiwater (DW) or 60% EtOH.

Amount of particles measured between 20 to 60 µm (%)
Sample: 2x DW washed 4x DW washed EtOH washed
Average 0.17 ± 0.02 0.49 ± 0.08 0.44 ± 0.04
#1 0.19 0.43 0.47
#2 0.18 0.55 0.41
#3 0.15

The measured percentage of particles between 20-60 µm is lower than 1% in the results from the
particle sizer. These measured results do not compare to the imaging results of the Ca-alginate
under the optical microscope. The optical microscope pictures of the sample two times washed
with demiwater did show very small Span80 microparticles, which could be an explanation for
the particle sizer results in Figure 4.9a. However, the optical microscope pictures of the sample
washed four times with demiwater and the sample washed with 60% EtOH showed the majority
of particles between 20-60 µm in size, whereas the measurements from Figure 4.9b-c do not
agree with these imaging results. A possibility is the degradation of Ca-alginate particles in
the isotone solution, which could degrade the microspheres and/or cause the microspheres
to cluster into gel formations. Any particle size or gel formation >60 µm in size would not be
measured with the aperture tube of 100 µm used in this research [66]. If further research aims
to use the particle sizer again for Ca-alginate microsphere measurements, stability tests could
be performed to explain the difference between the measurements and imaging results.

4.2.3. Results on the 52 mM CaCO3 and 200 µL acetic acid emulsification
The 26 mM CaCO3 and 100 µL acetic acid experiments showed promising results on particle
formation, which resulted in the question whether doubling both the molarity and acetic acid
quantity would have an effect on particle formation.

During crosslinking, the 52 mM CaCO3 and 200 µL acetic acid emulsion created a thin film on
top of the emulsion compared to the 26 mM CaCO3 and 100 µL acetic acid emulsion. Even at
the highest rpm, this film would remain on top and was not included in the vortex, indicating an
unwanted gelation. Not surprisingly, this experiment showed visual gel-like structures after the
emulsion was collected and washed in the tubes. The optical microscope pictures are presented
in Figure 4.10, accompanied by Appendix B.2.
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(a) 52 mM CaCO3 and 200 µL acetic acid, 4x zoom. Several
alginate gel formations are indicated with green squares.

(b) 52 mM CaCO3 and 200 µL acetic acid, 10x zoom. Several
individual Ca-alginate particles are indicated with a yellow
square. An alginate gel formation is indicated with a green
square. An oil-droplet is indicated with a red square.

Figure 4.10: Optical microscope pictures of the 52 mM CaCO3 and 200 µL acetic acid
emulsification.

Several individual Ca-alginate microspheres are indicated with a yellow square in Figure 4.10b.
These particles are characterized by their black-grey edges, caused by Span 80, and resembled
the reference literature from Figure 4.6. Their colour is a sheen green at 10x zoom and the
surface of the Ca-alginate microspheres present moon-crater like morphology, as shown at 40x
zoom in Figure 4.11, indicated with yellow arrows. The microsphere diameters ranged between
5 and 50 µm.

Figure 4.11: Optical microscope picture at 40x zoom of the 52 mM CaCO3 and 200 µL
acetic acid emulsification. The moon-crater surface structure of alginate microspheres is
indicated with yellow arrows.

The optical microscope pictures also show major crosslinking of alginate into gel formations,
indicated with green squares in Figure 4.10a-b. Figure 4.12a shows one of these alginate gel
formations indicated with a green square, which is surrounded by individual alginate particles.
Figure 4.12b has been edited post-production to show the typical iridescent sheen of oil on wa-
ter, and the oil droplet surface is indicated with a red circle. Alginate microspheres are clustered
around the surface of the oil-droplet. This clustering can be explained by the surfactant prop-
erties, as Span 80 has a hydrophilic-lipophilic balance (HLB) of 4.3 [87]. On the HLB scale, a
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value of zero means the surfactant is completely lipophilic, while a value of twenty means the
surfactant is completely hydrophilic. Span 80 shows lipophilic properties, where it is highly sol-
uble in oil and organic solvent, but dispersible in water. An oil droplet will therefore attract the
Span 80 alginate microspheres, resulting in the picture of Figure 4.12b.

(a) Gel formation, indicated with a green
square, can be seen surrounded by
individual alginate microspheres.

(b) Individual alginate microspheres collect on the surface
of an iridescent oil droplet, indicated with a red line.

Figure 4.12: Optical microscope pictures of a gel formation (a) and an oil-droplet (b) in the
52 mM CaCO3 and 200 µL acetic acid emulsification.

It can be concluded that the emulsification of 52 mM CaCO3 and 200 µL acetic acid resulted in
individual alginate microspheres with promising particle size, but the alginate mostly crosslinked
into gel formations.

4.2.4. Results on the 26 mM CaCO3 and 200 µL acetic acid emulsification
The emulsification method was performed using 26 mM CaCO3 with 200 µL acetic acid to in-
vestigate the influence of acetic acid on particle formation. After washing with demiwater, the
solution visually contained less gel formation than its 52 mM CaCO3 counterpart, and the colour
was milky throughout the tube. The result under the optical microscope is presented in Figure
4.13.

In the 26 mM CaCO3 with 200 µL acetic acid emulsification, the alginate microparticles were
again characterised by a black Span 80 border. The alginate crosslinked into individual parti-
cles, without significant gel formation compared to the 52 mM CaCO3 with 200 µL acetic acid
emulsification. Figure 4.13c once more shows a collection of alginate microspheres around oil-
droplets, indicated by red squares, due to the lipophilic properties of Span 80. The majority of
measured particle size was in range of 10 to 60 µm, which comes close to the favoured range
of 20 to 60 µm, but particles <10 µm were also present.
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(a) 26 mM CaCO3 and 200 µL acetic acid, 4x zoom. (b) 26 mM CaCO3 and 200 µL acetic acid, 10x zoom.

(c) 26 mM CaCO3 and 200 µL acetic acid, 10x zoom. Oil
droplets are indicated with red squares.

(d) 26 mM CaCO3 and 200 µL acetic acid, 40x zoom.

Figure 4.13: Optical microscope pictures of the 26 mM CaCO3 and 200 µL acetic acid
emulsification.

Compared to the 26 mM CaCO3 and 100 µL acetic acid experiments from Section 4.2.2, the
doubled acetic acid quantity concluded in no direct remarks on the morphology or size of the
Ca-alginate microspheres. As the desired size range of 20 to 60 µm could already be reached
using 26 mM CaCO3 with 100 µL acetic acid, these parameters were concluded to be opti-
mal. It could be however interesting for further research to compare 100 µL to 200 µL acetic
acid amount in terms of stability and hardness of the Ca-alginate microspheres. As already
discussed in the extrusion dripping method, Section 4.1.2, a higher Ca2+ concentration during
crosslinking presents increased gel strength. A study by Pathak et al. investigated the effect
of calcium-ion concentration on Ca-alginate characteristics. This study concluded that alginate
crosslinked with higher concentration of calcium was more thermally more stable. The optimal
acetic acid quantity for releasing Ca2+ could be investigated by keeping the CaCO3 concentra-
tion the same and adjusting the acetic acid volume. In the application of Ca-alginate towards
radioembolisation, an optimal value of calcium crosslinked in the alginate structure could max-
imize the loading efficiency of holmium in the alginate. The comparison of acetic acid quantity
versus the release of calcium for crosslinking was not of further interest, due to time restriction
and the priority to moving on to holmium-calcium exchange experiments.
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4.2.5. Evaluation of centrifuge settings
In the final stages of the emulsification method experiments, samples tubes had been left to
settle for a couple days. These settled tubes showed a better separation of alginate than when
the tubes were centrifuged during the emulsification experiments washing steps. The alginate
had now formed a distinct white-coloured layer at the bottom of the tube, with a clear layer
of demiwater on top. This discovery led to the revisiting of the 26 mM and 100 µL acetic acid
emulsification samples from Figure 4.5 under the optical microscope to investigate the centrifuge
settings. For this, one of the settled tubes was shaken and centrifuged. Optical microscope
pictures were taken of the top layer of the centrifuged tube and of the top layer of a settled tube.
The results are presented in Figure 4.14.

(a) Top layer of the centrifuged tube, 10x zoom. (b) Top layer of the settled tube, 10x zoom.

Figure 4.14: Optical microscope pictures of the top layer of two sample tubes from the 26
mM CaCO3 and 100 µL acetic acid emulsification; shaken and centrifuged (a); settled for a
couple days (b).

It can be said that settlement was more successful in collecting alginate microspheres at the bot-
tom of the tube. The settled top layer barely showed any alginate compared to the centrifuged
top layer. The inefficiency of the centrifuge was further confirmed when the supernatant of the
demiwater washing steps was analysed under the optical microscope. A picture of this super-
natant is presented in Figure 4.15, showing a significant presence of Ca-alginate microspheres.
This research was neither focused on the efficiency of washing nor the efficiency of microparti-
cle collection, but it can be concluded that the centrifuge settings need to be revisited for future
research. Especially towards production of alginate microspheres for radioembolisation, it is
important to maximize the collection of particles from the emulsification method.

Figure 4.15: Optical microscope picture of the supernatant from the demiwater washing
step in the 26 mM CaCO3 and 100 µL acetic acid emulsification, 10x zoom.
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4.3. Calcium-holmium exchange experiments
Crosslinking alginate with Ho3+ was first attempted using stable HoCl3. Without radioactivity,
the Ho-alginate microspheres could be analysed under the optical microscope as well as under
the SEM. Adding stable holmium directly to the emulsion was investigated for whether the triva-
lent cations had an influence on particle formation during internal crosslinking, and the results
are discussed in Section 4.3.1.

However, alginate microspheres have to be crosslinked with radioactive holmium if they are des-
tined for radioembolisation. If radioactive holmium was directly added to the emulsion, the 2.5
hour crosslinking time with washing steps would decrease the therapeutic activity significantly.
In terms of radiation exposure, a radioactive emulsification with washing steps increases the
exposure risk for radiation personnel involved. Instead, the alginate particles can be synthe-
sized first by crosslinking with calcium. Then, the readily synthesized Ca-alginate microspheres
are added to a bath of dissolved radioactive holmium solution. Here, calcium ions in the micro-
sphere structure are exchanged with holmium ions, resulting in radioactive Ho-loaded alginate
microspheres.

The experiments on exchange of Ca-alginate microspheres in a holmium bath were first car-
ried out using stable holmium, discussed in Section 4.3.1. When the right concentration of the
exchange bath was found, Ho(NO3)3 was irradiated to continue with radioactive exchange ex-
periments. Here, the loading efficiency of alginate microspheres was determined in Section
4.3.2.

4.3.1. Crosslinking experiments using stable holmium
Two types of experiments were performed for the crosslinking of alginate with stable holmium:
(1) Adding HoCl3 stock solution into the emulsion, and (2) using synthesized Ca-alginate micro-
spheres from previous emulsification experiments into a bath of HoCl3 of different molarities.

Adding HoCl3 to the emulsion
In this method, HoCl3 was added during emulsification into the crosslinking bath to create a
molar ratio of Ca:Ho of 50:1. The emulsification was done using 26 mM CaCO3 and 100 µL
acetic acid. The optical microscope pictures are presented in Figure 4.16. Alginate particles with
a black Span80 border are seen in Figure 4.16a, indicated with yellow squares, with oil droplets
present in the solution indicated with red squares. In Figure 4.16b, indicated with yellow squares,
the alginate microspheres have lost their black Span 80 border and are more see-through. Both
types of particles were spherical, with particle sizes in the same range as previously discussed
Ca-alginate microspheres.
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Figure 4.16: Optical microscope pictures at 10x zoom of the crosslinking experiments
where HoCl3 is directly added to the emulsion. Alginate microspheres are indicated with
yellow squares. Oil-droplets are indicated with red squares.

For SEM analysis, a scoop of the sample was placed on the stub. As the alginate microparti-
cles can not be seen with the naked eye, it was deemed unfeasible in terms of time to try to
obtain individual particles on a SEM stub. As the alginate sample fused during air drying, this
research does not include analysis on the size or surface of individual microspheres, nor the dis-
tribution of holmium within a single alginate microsphere. The SEM with EDS was only used to
draw conclusions about the presence of holmium, and therefore whether the designed holmium
crosslinking or exchange method was successful.

Several spots on the samples were checked for their elemental composition in EDS. A SEM im-
age and its elemental analysis of one of these spots can be found in Figure 4.17. The elemental
mapping on calcium shows that the particles seen on the SEM image are not linked to individual
Ca-alginate microspheres, but rather impurities that collected during air-drying. The scoop of
sample dried into a plaque of alginate on the carbon tape, which confirms the difficulty of trying
to analyse individual alginate microspheres under the SEM. A calcium peak around 3.7 keV to-
gether with a sodium peak around 1 keV showed up on the elemental spectrum, but a holmium
peak was missing. From here, it can be concluded that this method of crosslinking with holmium
was unsuccessful, and the holmium was likely washed away in the process. Crosslinking could
be improved with higher Ca:Ho ratios in the emulsion. However, in this research process param-
eters were not further investigated due to time restriction in favour of holmium exchange using
synthesized Ca-alginate microspheres.
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(a) SEM image at 400x zoom. (b) EDS mapping of calcium from the SEM image.

(c) EDS spectrum of the SEM image.

Figure 4.17: SEM image (a), its EDS mapping on calcium (b), and its EDS spectrum (c) of
the 26 mM CaCO3 and 100 µL acetic acid emulsification with HoCl3 added to the
crosslinking bath.

Exchange of calcium with holmium using synthesized Ca-microspheres
For the exchange of calcium with stable holmium in synthesized Ca-alginate, the microspheres
from the 26 mM CaCO3 with 100 µL acetic acid emulsion experiments were used. This ex-
change method was done using a HoCl3 bath at four different molarities: 26 mM, 2.6 mM, 260
µM and 26 µM. There is no data reported in literature related to using holmium to exchange with
calcium in internal gelation experiments. There is, however, reported data related to external
gelation with a HoCl3 crosslinking bath of 5.0 mM, 25 mM and 100 mM [12, 13, 88]. Also, previ-
ous unpublished research at the research department had experimented with external gelation
crosslinking baths at 6, 8, 10 and 20 mM holmium [76]. These baths were prepared by combin-
ing irradiated Ho(NO3)3 and stable HoCl3. The reported molarities and previously used 26 mM
CaCO3 crosslinking bath provided a starting point for these experiments. In this research, 26
mM HoCl3 was the highest concentration used. Lower concentrations were further explored to
determine the optimal Ho-loading without affecting the morphology of the microspheres.

Unwashed Ho-exchange experiments
For every HoCl3 concentration, the exchange bath was separated into two tubes. One tube was
washed with demiwater to remove ions that were not crosslinked with alginate. The other tube
was left unwashed, where the process of ion-exchange in the alginate microspheres continued
in the tube. The unwashed tube was analysed to determine the impact of longer ion-exchange
on the alginate microspheres. At the time of optical microscope analysis, the ion-exchange in
the unwashed tubes had continued for at least 4 hours. Their pictures are provided in Appendix
C.1, where a yellow colour at higher concentrations is caused by dissolved HoCl3.
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Unwashed sample of 26 mM and 2.6 mM HoCl3 showed deformed particles or alginate debris
instead of well-defined alginate microspheres. The 260 µM and 26 µM concentrations still con-
tained alginate particles, but these appeared less spherical. The 260 µM samples also showed
clustering of alginate particles into gel formations. From these results it can be concluded that
washing the samples from the exchange bath with demiwater is essential in preserving the al-
ginate microspheres in the solution, especially at higher holmium concentrations. For future
research plans on investigating the exchange time versus loading efficiency, it is recommended
to set intervals at ≤30 minutes when using higher holmium concentrations.

Ho-exchange experiments washed with demiwater
For the tubes washed with demiwater, the samples were analysed under the optical microscope
and the SEM. The optical microscope pictures for the HoCl3 exchange baths of 26 mM, 2.6 mM,
260 µM and 26 µM are presented in Figure 4.18a-d, respectively. The full picture collection can
be found in Appendix C.2.

(a) 26 mM HoCl3. The clustering of alginate
particles into gel formation is indicated with a green
square.

(b) 2.6 mM HoCl3.

(c) 260 µM HoCl3. (d) 26 µM HoCl3.

Figure 4.18: Optical microscope pictures of the exchange experiments washed with
demiwater, using 26 mM, 2.6 mM, 260 µM and 26 µM HoCl3 (a-d, respectively).

At 26 mM HoCl3 the optical microscope images show clustering of alginate microspheres into
large gel formations, indicated with a green square in Figure 4.18a. Most alginate microparti-
cles in this sample have collapsed into irregular particle structures, and the surface of particles
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became rough. When lowering the concentration to 2.6 mM HoCl3, the clustering of alginate
microspheres into gel formations is decreased significantly. The alginate particles are better de-
fined, but their shape and surface remain mostly irregular. At 260 µM HoCl3 the microspheres
remain small and mostly well-defined, but irregular shaped particles below 50 µm are common
here. Moving to 26 µM HoCl3, the irregularity in shape and surface disappears. The alginate mi-
crospheres show minimal clustering, and non-clustered microparticles are spherical with smooth
surface. The general particle size is between 20 to 60 µm, with outliers up to 100 µm.

The exchange experiments washed with demiwater were analysed using the SEM with EDS.
The SEM images at 30x zoom in Figure 4.19 show how the scoops of alginate gel dried on the
stubs. At 26 mM and 2.6 mM HoCl3 concentration, the sample visibly cracks on the carbon tape.
For 260 µM and 26 µM HoCl3 concentration, the alginate sample is presented as a plaque on
the carbon tape, still pulling on the carbon tape at the edges while it dries.

(a) 26 mM HoCl3. (b) 2.6 mM HoCl3.

(c) 260 µM HoCl3. (d) 26 µM HoCl3.

Figure 4.19: SEM images at 30x zoom of alginate sample from the exchange experiments
for different HoCl3 concentrations. Area of carbon tape is indicated with yellow arrows.
Alginate sample areas are indicated with green arrows.

EDS was used to determine the presence of holmium in the samples. Pictures were taken at
different spots on the sample, and element quantifications were obtained on carbon, oxygen,
chloride, calcium and holmium. For every HoCl3 concentration, the EDS average mass% of
calcium, chloride and holmium is presented in Table 4.2. The average mass% is presented as
n.a. when the EDS did not indicate atom presence in the sample, or if atom presence was not
obtained for at least three images. The average mass% of holmium against different exchange
bath concentrations are presented in Figure 4.20. The complete dataset can be found in Ap-
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pendix C.3. The data in the appendix further proves why EDS quantifications should only be
used as an indication of presence and not as a definite conclusion on the composition of the al-
ginate. Namely, two separate measurements at the same location on the 26 mM HoCl3 sample
gave different EDS quantifications.

Table 4.2: Average mass% of calcium, chloride and holmium obtained from the EDS
analysis of the exchange experiments using different HoCl3 exchange bath concentrations.

Average mass% 26 mM 2.6 mM 260 µM 26 µM HoCl3
Ca n.a. n.a. 4.24 5.74
Cl 0.69 0.05 n.a. n.a.
Ho 15.73 8.42 6.32 1.76

Figure 4.20: Graph of the holmium presence in EDS analysis of alginate microspheres,
showing the average Ho mass% against the concentrations of the HoCl3 exchange bath.

The elemental analysis shows no plateau of the average mass% of holmium in the alginate mi-
crospheres when the ion-exchange process is performed using different HoCl3 concentrations.
This indicated that the holmium content in the alginate microspheres is directly related to the
HoCl3 concentration. It was also found that chloride quantity increases with increasing HoCl3
concentration, indicating that chloride ions can be ionically bound to the holmium ions in the
alginate structure.
On the other hand, the calcium quantity decreases with increasing HoCl3 concentration, and
disappears completely at ≥2.6 mM HoCl3 in the EDS analysis. In the exchange bath, both cal-
cium and holmium are in competition for the binding sites in the alginate structure. An excess of
holmium therefore shifts the equilibrium towards holmium and decreases the amount of calcium
in the alginate. The optical microscope pictures at ≥2.6 mM HoCl3, Figure 4.18a-b, showed
collapsed microspheres with gel formation, but when the HoCl3 concentration was decreased,
the sphericity of the particles increased. A study by Pathak et al. reported on the effect of cal-
cium concentration on alginate beads in terms of surface morphology and thermal stability [89].
It was concluded that increasing calcium concentrations gave increasingly dense bead surface
with less pores, and thermal stability increased with increasing calcium concentration. These
results indicate calcium is a necessary component in the stability of alginate microspheres. The
EDS analysis on calcium can also explain the change of morphology of the alginate gel SED
images from Figure 4.19. Calcium alginate beads reportedly dry through the surface of the
particles while moisture is trapped inside [90]. As calcium content increases, the surface be-
comes dense with crosslinker and the particles become less prone to dehydration, leading to
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a gel plaque on the carbon tape. When calcium content decreases due to increasing holmium
content, the alginate gel can dehydrate and crack on the carbon tape while air-drying. Further
research towards Ho-alginate particles for liver embolisation should therefore investigate the
balance between calcium content and holmium loading in the microspheres. An ideal HoCl3
concentration exchange bath should provide a holmium loading content for maximum radiation
dose, while the alginate microparticles contain enough calcium content to remain spherical with
a smooth surface.

As the microspheres were spherical and more intact using a 26 µM HoCl3 exchange bath com-
pared to higher concentrations, it was decided that the radioactive loading efficiency experi-
ments should be carried out using a 26 µM 166Ho(NO3)3 bath.

4.3.2. Exchange experiments using radioactive holmium and loading efficiency
The loading efficiency of holmium into the alginate microspheres was determined by performing
the ion-exchange process of calcium with Ho-166. These experiments were performed with an
exchange bath of 10 mL 26 µM irradiated Ho(NO3)3 and 2 mL of synthesized Ca-alginate micro-
sphere solution from the 26 mM CaCO3 and 100 uL acetic acid emulsification. Ion-exchange
time in this research was set at 30 minutes. The loading experiments were done in triplo.

The average loading efficiency was found to be (86.5 ± 1.4)% from these experiments. This
can be considered an excellent loading efficiency percentage. The loading efficiency of 166Ho-
alginate microspheres in ion-exchange has only been investigated by Zielhuis et al. up until now.
This study used a 3 mL exchange bath at 7 µM Ho-166, and exchanged 2.5 g of Ca-alginate
microspheres for 3 hours. The loading efficiency using these parameters was reported at (96
± 2)% [12]. It must be noted however, that Zielhuis et al. produced Ca-alginate microspheres
using the extrusion method, with external gelation. Externally gelated microspheres have a
higher concentration of Ca2+ on the surface of the microspheres, which could positively affect
loading efficiency in ion-exchange. Therefore, this research should not be directly compared
with the results from Zielhuis et al.
An extended ion-exchange time could have a positive effect on the loading efficiency, but this
research was prevented due to time restriction. Nevertheless, the obtained loading efficiency
was considered high enough to continue with stability experiments.

When all Ho-166 had decayed, the Ho-alginate microspheres were analysed under the optical
microscope. The full picture collection can be found in Appendix C.4, of which one picture is
presented in Figure 4.21. The general particle size was between 20 to 60 µm with outliers
up to 100 µm, and the morphology was spherical and see-through. These results correspond
to the optical microscope analysis from the stable holmium exchange in Section 4.3.1, Figure
4.18d. In radioembolisation, the particles need to keep their structure until the maximum ra-
diation dosage is given to a patient and all radioactivity has decayed. The results under the
optical microscope indicate that the radioactivity did not affect the alginate particle morphology
in the exchange experiments. However, this research used a maximum activity of 4.5 MBq,
whereas diagnostic or therapeutic applications reach activity levels of GBq. Future research in
exposure time at different activity levels of Ho-166 could give insight on the radiation stability of
the Ho-alginate microspheres. This research further focused on the radiochemical stability of
Ho-alginate microspheres.
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Figure 4.21: Optical microscope picture of the Ho-alginate microspheres from the
radioactive holmium exchange experiments.

4.4. Stability experiments using radioactive holmium
166Ho-microspheres destined for liver embolisation radiotherapy should have a high in-vivo sta-
bility to ensure no leakage of radioactive substance into the bloodstream of a patient. The
stability of 166Ho-alginate microspheres was studied once before by Zielhuis et al. [12]. This
study reported a radiochemical stability of (94 ± 2)% after incubation in human serum at 37°C
for 48 hours. In the experiments of this research, a solution of 0.9% NaCl was used to study
in-vivo stability of the 166Ho-alginate microspheres. This type of saline solution is often used in
medicine, as a 0.9% NaCl solution represents a physiological environment [91].

The stability experiments were done using the 166Ho-alginate microspheres of the three samples
from the loading efficiency experiment. In the first sample, 30 mL demiwater was added. In the
second and the third sample, 30 mL 0.9% NaCl was added. After 5 minutes, 30 minutes, 1
hour, 3 hours and 24 hours, the solutions were centrifuged and supernatant was taken. The
stability of the 166Ho-microspheres was determined through the retention of Ho-166, calculated
using Equation 3.2. The calculated retention for every sample is presented against the time in
Figure 4.22. It must be noted that the loading efficiency experiments and stability experiments
are two separate methods with separate Wallac gamma counter measurements. Their standard
deviation remains unknown and therefore their values should be compared carefully.
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Figure 4.22: Graph of the retention percentage of Ho-166 in alginate microspheres from
stability experiments with demiwater or 0.9% NaCl.

For the sample in demiwater, the retention percentage remains above 90% and stable even after
24 hours, showing excellent stability of the Ho-alginate microspheres. The graph shows a sig-
nificant drop in retention after five minutes when 0.9% NaCl solution is added to the Ho-alginate.
The retention percentage stabilizes between 50-60% for up to 24 hours afterwards. This indi-
cated that the Ho-alginate microspheres were affected, but not completely disintegrated. As
discussed previously in the extrusion method Section 4.1, the rate of degradation of alginate
increases below pH 7, as reported by Haug et al. [72]. Human serum, as used in the stability
tests by Zielhuis et al., will have a pH between 6.5 to 9.0 [12, 92]. The 0.9% NaCl solution
had a pH of 5.45, which can influence the structure of alginate. This could lead to leakage of
Ho-166 as the alginate structure degrades, but does not explain why only a part of the alginate
microspheres is affected.

When all Ho-166 had decayed, the samples were analysed under the optical microscope. Imag-
ing of the 0.9% NaCl samples proposed difficult, as the Ho-alginate was significantly more see-
through than the microspheres in demiwater. Post-production editing was done in an attempt
to visualize the microspheres in this report, and the results are presented in Figure 4.23. The
full picture collection can be found in Appendix C.5. In accordance to the retention percentage
results, the amount of Ho-alginate microspheres has decreased under the optical microscope.
The alginate microspheres that remain are still spherical, and their morphology corresponds to
the images from the stable holmium exchange in Figure 4.18d and the radioactive holmium ex-
change in Figure 4.21.



CHAPTER 4. RESULTS AND DISCUSSION 43

(a) Ho-alginate microspheres after demiwater stability experiments.

(b) Ho-alginate microspheres after 0.9% NaCl stability experiments.

Figure 4.23: Optical microscope pictures of the Ho-alginate microspheres after stability
experiments with demiwater (a) and 0.9% NaCl (b).
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Conclusion

In search of a new type of radioembolic device for transarterial radioembolisation, the combi-
nation of alginate as carrier material with Ho-166 was proposed. The alginate microspheres
can be loaded with Ho-166 in an ion-exchange process, and would provide a non-permanent
embolisation solution. Ho-166 provides adequate radiation dose, has a favourable half-life, and
can be imaged using Single Photon Emission Computed Tomography and Magnetic Resonance
Imaging.

The aim of this research was first of all to investigate particle formation of alginate microspheres.
Experiments were performed with two production methods, namely extrusion dripping method
(1) and emulsification method (2). This research also investigated the ion-exchange process
for replacing calcium in the alginate structure with holmium. The loading efficiency was inves-
tigated through ion exchange with Ho-166. Lastly, this research included experiments on the
radiochemical stability of the produced 166Ho-alginate microspheres in demiwater and 0.9%
NaCl solution.

Production of alginate microspheres
In the extrusion dripping method, the effect of pH on alginate particle formation was studied.
Analysis of particle size was difficult to obtain, as alginate mostly crosslinked into gel forma-
tion instead of individual particles. It was found that pH 4 offered the best conditions to produce
spherical alginate particles with smoother surface morphology and smallest particle size. On the
other hand, particles at pH 9 had a wrinkled surface. The majority of alginate at pH 7 crosslinked
into viscous gel formations, and individual alginate particles were scarce here. Across all pH,
the majority of particles had a diameter between 400 to 700 µm. Particle size below 100 µm
was not obtained in the extrusion dripping method.

In the emulsification method, process parameters were investigated to obtain alginate particles
having diameter of around 30 µm. This research succeeded in producing alginate microspheres
with sizes <100 µm, and the majority of microspheres had a diameter between 10 to 60 µm. The
optimal process parameters were found to be 26 mM CaCO3 and 100 µL acetic acid when using
2% w/v sodium alginate. Washing with 60% EtOH was deemed successful in removing the oil-
phase from the sample while keeping alginate microspheres intact. However, EtOH-washing
also removed the Span 80, which resulted in increasing alginate microsphere diameters. Still,
the particle size remained below 100 µm.

45
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Ion-exchange and loading efficiency
In the ion-exchange process, Ca-alginate microspheres from the emulsification method were
added to a bath of holmium ions. In stable holmium exchange, the optimal holmium concentra-
tion was concluded to be 26 µM. Here, alginate microspheres remained individual and spher-
ical, while holmium concentration >26 µM resulted in particle disintegration, irregular particle
morphology or gel formation. The particle sizes of Ho-alginate microspheres resembled the
particle sizes of Ca-alginate microspheres, with the majority being between 10 to 60 µm. When
Ca-alginate particles were ion-exchanged using Ho-166, an average loading efficiency of (86.5
± 1.4)% was found. The 166Ho-alginate microspheres remained individual and spherical, and
particle size did not differ from the stable Ho-alginate microspheres.

Stability of 166Ho-alginate microspheres
166Ho-alginate microspheres were suspended in demiwater and 0.9% NaCl after loading effi-
ciency experiments to investigate their radiochemical stability. The particles showed excellent
stability in demiwater as retention percentage remained above 90% and constant for 24 hours. It
was found that the retention percentage of 166Ho-alginate microspheres in 0.9% NaCl dropped
to ∼60% after five minutes. It was also discovered that the retention percentage did not further
decrease, but instead remained stable for up to 24 hours. Remaining microspheres were spher-
ical with particle size between 10 to 60 µm.

To conclude, this research demonstrates that alginate microspheres with a size between 20 and
60 µm can be produced using the emulsification method. The loading efficiency in this research
demonstrated excellent ion-exchange of calcium with Ho-166 in the alginate structure. The
theoretical retention of 166Ho-alginate microspheres in 0.9% NaCl solution dropped significantly
after five minutes, but stabilized for up to 24 hours. Literature on Ho-alginate microspheres is
very limited as of now, and this research takes a step towards 166Ho-alginate microspheres as
radioembolic device for transarterial radioembolisation.



6
Recommendations

The main focus of this research was obtaining alginate microspheres of 30 µm to develop a
new type of radioembolic device. This chapter includes several points of interest for further
research on the production of alginate microspheres using the extrusion dripping method and
the emulsification method. Furthermore, several recommendations on the loading efficiency
and stability of alginate microspheres are listed.

Extrusion dripping method
In this research, the extrusion dripping method showed particle formation with a majority of par-
ticles between 400 to 700 µm. As a particle size between 20 to 60 µm is desired in radioembolic
devices, this research advises the emulsification method above the extrusion dripping method.
In terms of external gelation however, a lower pH could induce smaller particle size. Perhaps
these findings could apply to other fields in medicine, such as production of alginate micro-
spheres for drug delivery systems. If particle size between 200 and 900 µm is desired, the
author proposes the following recommendations on the extrusion dripping method for alginate
microspheres:

• Replacing the slanted needles with flat edged needles to promote spherical particle for-
mation at the needle tip.

• Lowering the stirring speed to preserve the spherical shape of alginate microspheres in
the crosslinking solution during gelation.

• Stability experiments to investigate the influence of the pH during crosslinking on the stabil-
ity and strength of Ca-alginate microspheres. These could include suspending the alginate
microspheres in 0.9% NaCl solution and investigate morphology change.

Emulsification method
The emulsification method in this research was successful in reaching a size range of 20 to
60 µm, and therefore this production method can be further explored towards 166Ho-alginate
microspheres as radioembolic device. The author proposes the following points of interest:

• Span 80 is necessary in this method to favour the formation of a water-in-oil emulsion.
However, the surfactant is lipophilic, favours the paraffin oil, and is therefore washed away
in the process of oil-removal. The alginate microsphere particle size was found to increase
in this research when Span 80 was removed. Replacing the Span 80 with a different
surfactant post-emulsification could investigate whether the alginate microspheres can be
prevented from increasing in particle size. Here, surfactants with higher HLB values are
preferred to keep the alginate microspheres dispersed in water, such as Tween 80 (HLB
15) or Tween 20 (HLB 16.7). For example, a study by Lupo et al. rinsed the alginate
microspheres post-emulsification with a solution of CaCl2 and Tween 20 [58]. A study by
Song et al. rinsed Ca-alginate microspheres with Tween 80 [60].
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• Instead of calcium carbonate (CaCO3) as calcium source, calcium citrate (Ca3(C6H5O7))
has been investigated in literature. The calcium citrate was observed to crosslink the
alginate into microspheres with a more uniform surface morphology [58]. This can be
assigned to the formation of CO2 during gelation with CaCO3, which results in holes in the
surface of alginate microspheres. The calcium citrate also produced smaller particle sizes.
Further research could investigate whether the goal of 30 µm alginate microparticles with
small size distribution can be reached with calcium citrate in the emulsification method.

• Acetic acid was necessary in the emulsification method to liberate Ca2+ from CaCO3. In-
creasing the acetic acid quantity in this research did not visually impact the alginate micro-
spheres, however, literature reports that acetic acid can also induce gelation of alginate
by lowering the pH and stabilising the alginate structure through intermolecular hydrogen
bonds. Because of this phenomenon, the combination of acetic acid and alginate has
been investigated before as medical application for anti-virus and anti-cancer properties
[93–95]. If the relation between Ca2+-release and acetic acid quantity is investigated in
further research, this gelation phenomenon should be kept in mind.

Loading efficiency and stability
Within the loading efficiency and stability experiments, this author proposes the following rec-
ommendations:

• The relation between ion-exchange time and resulting loading efficiency should be inves-
tigated. These experiments can assist in maximizing the loading efficiency of alginate
microspheres with Ho-166.

• In the ion-exchange experiments, this research found a correlation between the degrada-
tion of alginate microspheres versus the holmium loading content. As radioembolic de-
vice, the alginate microspheres should be spherical, stable, with maximum 166Ho-content.
Further research could investigate the balance between calcium content for stability and
sphericity compared to maximum holmium loading within alginate microsphere.

• As radioembolic device, the microspheres should not display leakage of radioisotope. As
of now, the stability of 166Ho-alginate microspheres has not been published extensively
in literature. This research found stable 166Ho-alginate microspheres in 0.9% NaCl for
up to 24 hours, but only after a significant leakage was found during the first five min-
utes of stability tests. Further research should investigate the stability of 166Ho-alginate
microspheres in other physiological media, and explore ways of preventing degradation
of microspheres. This could include the previously mentioned recommendation of adding
surfactant post-emulsification.
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A
Extrusion dripping method

The extrusion dripping method results were presented and discussed in Section 4.1. This ap-
pendix includes the full picture collections of the optical microscope in Section A.1 and the
dataset of the particle analysis in Section A.2.

A.1. Optical microscope picture collection of 3 mL/min flow rate
Optical microscope pictures were taken of extrusion dripping method samples using 3 mL/min
flowrate at pH 4, 7, 9 and the reference sample. The results and discussion are found in Section
4.1.4. The full picture collection is given here, and an overview is given in Table A.1.

Table A.1: Overview of the appendix picture collection.

Zoom 4x Zoom 10x
Side-by-side comparison Figure A.1
pH 4 Figure A.2 Figure A.3
pH 7 Figure A.4 Figure A.5
pH 9 Figure A.6 Figure A.7
Reference Figure A.8 Figure A.9
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(a) pH 4, 4x zoom. (b) pH 7, 4x zoom.

(c) pH 9, 4x zoom. (d) Reference, 4x zoom

Figure A.1: Side-by-side comparison of the Ca-alginate particles from the extrusion
dripping method at flowrate 3 mL/min. With solutions at pH 4, 7 and 9, and the reference
solution without pH buffer. At 4x zoom with scale bar of 500 µm.
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Figure A.2: Picture collection of the optical microscope at pH 4, flowrate 3 mL/min, 4x
zoom with scale bar of 500 µm.

Figure A.3: Picture collection of the optical microscope at pH 4, flowrate 3 mL/min, 10x
zoom with scale bar of 50 µm.
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Figure A.4: Picture collection of the optical microscope at pH 7, flowrate 3 mL/min, 4x
zoom with scale bar of 500 µm.



APPENDIX A. EXTRUSION DRIPPING METHOD 61

Figure A.5: Picture collection of the optical microscope at pH 7, flowrate 3 mL/min, 10x
zoom with scale bar of 50 µm.

Figure A.6: Picture collection of the optical microscope at pH 9, flowrate 3 mL/min, 4x
zoom with scale bar of 500 µm.
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Figure A.7: Picture collection of the optical microscope at pH 9, flowrate 3 mL/min, 10x
zoom with scale bar of 50 µm.
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Figure A.8: Picture collection of the optical microscope of the reference sample, flowrate 3
mL/min, 4x zoom with scale bar of 500 µm.
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Figure A.9: Picture collection of the optical microscope of the reference sample, flowrate 3
mL/min, 10x zoom with scale bar of 50 µm.
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A.2. Data collection of the particle size analysis
The data collection used in the histograms from Section 4.1.4, Figure 4.4, is presented in Table
A.2. Data was collected under the optical microscope using the analysis software.

Table A.2: Particle size analysis in the extrusion dripping method, for pH 4, 7, 9 and the reference
sample.

pH 4 7 9 Ref
Particle size (µm) 674.99 740.85 611.63 378.03

695.16 665.52 536.11 873.22
536.83 798.20 845.14 812.10
343.95 960.33 785.46 590.73
470.90 719.52 850.47 758.87
660.94 383.24 599.29 508.60
369.88 389.93 472.58 886.99
290.55 547.88 357.81 568.98
575.82 653.48 558.21 486.84
604.97 716.92 334.60 477.89
346.64 726.28 506.04
356.71 598.62
330.56 721.57
472.33
482.92
481.21
462.14
480.04
414.91
523.73
595.94
507.07
443.80
561.23
474.69
497.25
615.73
493.87





B
Emulsification method

The emulsification method experiments were carried out using 26 or 52 mM CaCO3 and 100
or 200 µL acetic acid. The experimental results were presented and discussed in Section 4.2.
This appendix includes additional optical microscope images.

B.1. Optical microscope picture collection of 26 mM CaCO3 and 100
µL acetic acid

The emulsification method using 26 mM CaCO3 and 100 µL acetic acid was discussed in Section
4.2.2. Additional optical microscope images of samples washed with demiwater can be found
in Figure B.1. Additional optical microscope images of samples washed with 60% EtOH can be
found in Figure B.2.
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(a) 26 mM CaCO3 and 100 µL acetic acid, 4x zoom. (b) 26 mM CaCO3 and 100 µL acetic acid, 10x zoom.

(c) 26 mM CaCO3 and 100 µL acetic acid, 4x zoom. (d) 26 mM CaCO3 and 100 µL acetic acid, 10x zoom. Several
oil droplets are indicated with red squares.

Figure B.1: Optical microscope pictures of the 26 mM CaCO3 and 100 µL acetic acid
emulsification after washing with demiwater.

Figure B.2: Optical microscope pictures of the 26 mM CaCO3 and 100 µL acetic acid
emulsification after washing with 60% EtOH, 10x zoom.
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B.2. Optical microscope picture collection of 52 mM CaCO3 and 200
µL acetic acid

The emulsification method using 52 mM CaCO3 and 200 µL acetic acid was discussed in Section
4.2.3. Additional optical microscope images of samples can be found in Figure B.3.

(a) 52 mM CaCO3 and 200 µL acetic acid, 4x zoom. (b) 52 mM CaCO3 and 200 µL acetic acid, 4x zoom

(c) 52 mM CaCO3 and 200 µL acetic acid, 10x zoom. (d) 52 mM CaCO3 and 200 µL acetic acid, 4x zoom.

(e) 52 mM CaCO3 and 200 µL acetic acid, 40x zoom.

Figure B.3: Optical microscope pictures of the 52 mM CaCO3 and 200 µL emulsification.





C
Exchange experiments and stability

experiments
The exchange experiments were first performed using stable holmium with synthesized Ca-
alginate microspheres from the 26 µM CaCO3 and 100 µL emulsification. The results were
discussed in Section 4.3.1. For every exchange bath, one tube was washed with demiwater
while the other tube was left unwashed. The optical microscope picture collections of the un-
washed sample and the washed sample can be found in Section C.1 and C.2, respectively. The
quantification dataset of the EDS analysis from the washed sample can be found in Section C.3.

The labelling efficiency was determined through 166Ho exchange experiments, discussed in
Section 4.3.2. The alginate microspheres were analysed under the optical microscope when all
166Ho had decayed, and the picture collection is given in Section C.4.

The stability of radioactive Ho-alginate microspheres in demiwater and 0.9% NaCl solution was
discussed in Section 4.4. The alginate microspheres were analysed under the optical micro-
scope when all 166Ho had decayed, and the picture collection is given in Section C.5.

C.1. Optical microscope picture collection of the unwashed stable
holmium exchange experiments

The optical microscope pictures of unwashed stable holmium exchange experiments are pre-
sented in Figure C.1 for 26 mM and 2.6 mM, and Figure C.2 for 260 µM and 26 µM.
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(a) 26 mM HoCl3, 10x zoom. (b) 26 mM HoCl3, 10x zoom.

(c) 2.6 mM HoCl3, 10x zoom. (d) 2.6 mM HoCl3, 40x zoom.

Figure C.1: Optical microscope pictures of the unwashed exchange experiments using
HoCl3 at 26 mM (a,b) and 2.6 mM (c,d).
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(a) 260 µM HoCl3, 10x zoom. (b) 260 µM HoCl3, 10x zoom.

(c) 26 µM HoCl3, 10x zoom. (d) 26 µM HoCl3, 10x zoom.

Figure C.2: Optical microscope pictures of the unwashed exchange experiments using
HoCl3 at 260 µM (a,b) and 26 µM (c,d).

C.2. Optical microscope picture collection of the stable holmium
exchange experiments washed with demiwater

The optical microscope picture collections of the stable holmium exchange experiments washed
with demiwater are presented in Figure C.3-C.6 for 26 mM, 2.6 mM, 260 µM and 26 µM HoCl3,
respectively.
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Figure C.3: Optical microscope pictures of the exchange experiment with 26 mM HoCl3
after washing with demiwater.
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Figure C.4: Optical microscope pictures of the exchange experiment with 2.6 mM HoCl3
after washing with demiwater.

Figure C.5: Optical microscope pictures of the exchange experiment with 260 µM HoCl3
after washing with demiwater.
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Figure C.6: Optical microscope pictures of the exchange experiment with 26 µM HoCl3
after washing with demiwater.

C.3. EDS analysis quantification dataset of stable holmium exchange
The EDS analysis of the exchange experiments washed with demiwater using stable HoCl3
at different concentrations was discussed in Section 4.3.1. The average mass% of calcium,
chloride and holmium was presented in Table 4.2. The complete dataset can be found here in
Table C.1, C.2, C.3, and C.4 for HoCl3 exchange bath concentrations of 26 mM, 2.6 mM, 260
µM, and 26 µM, respectively.

Table C.1: EDS analysis quantification of three images for the exchange experiment with 26 mM HoCl3.

Concentration HoCl3: 26 mM
Formula mass% Atom% Sigma Net K ratio Line
C 42.84 55.8 0.01 497715 0.011168 K
O 43.73 42.76 0.05 403061 0.031467 K
Cl 0.45 0.2 0.01 16561 0.000887 K
Ho 12.97 1.23 0.09 53386 0.018482 L
Total 100 100
C 35.37 50.36 0.03 81286 0.005977 K
O 44.15 47.19 0.12 98865 0.025291 K
Cl 0.88 0.43 0.02 6595 0.001158 K
Ho 19.59 2.03 0.25 17236 0.019553 L
Total 100 100
C 38.58 51.81 0.01 422537 0.009481 K
O 46.03 46.41 0.05 453950 0.03544 K
Cl 0.75 0.34 0.01 26570 0.001424 K
Ho 14.64 1.43 0.09 59495 0.020597 L
Total 100 100
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Table C.2: EDS analysis quantification of three images for the exchange experiment with 2.6 mM HoCl3.

Concentration HoCl3: 2.6 mM
Formula mass% Atom% Sigma Net K ratio Line
C 54.73 64.86 0.01 831352 0.018655 K
O 38.88 34.59 0.04 336932 0.026304 K
Ho 6.39 0.55 0.06 30610 0.010597 L
Total 100 100
Formula mass% Atom% Sigma Net K ratio Line
C 51.7 62.8 0.01 713236 0.016004 K
O 39.92 36.41 0.05 342503 0.026739 K
Cl 0.14 0.06 0.01 5661 0.000303 K
Ho 8.24 0.73 0.07 37066 0.012832 L
Total 100 100
Formula mass% Atom% Sigma Net K ratio Line
C 45.37 57.3 0.01 596174 0.013377 K
O 43.99 41.72 0.04 418648 0.032684 K
Ho 10.64 0.98 0.08 46963 0.016259 L
Total 100 100

Table C.3: EDS analysis quantification of four images for the exchange experiment with 260 µM HoCl3.

Concentration HoCl3: 260 µM
Formula mass% Atom% Sigma Net K ratio Line
C 33.14 43.69 0.01 344056 0.00772 K
O 54.53 53.97 0.05 510867 0.039884 K
Ca 3.87 1.53 0.02 96627 0.007696 K
Ho 8.46 0.81 0.08 31096 0.010766 L
Total 100 100
Formula mass% Atom% Sigma Net K ratio Line
C 34.97 44.72 0.01 378644 0.008496 K
O 55.24 53.04 0.05 505676 0.039478 K
Ca 4.58 1.76 0.02 118424 0.009433 K
Ho 5.2 0.48 0.07 19611 0.006789 L
Total 100 100
Formula mass% Atom% Sigma Net K ratio Line
C 35.94 45.22 0.01 420582 0.009437 K
O 55.74 52.65 0.05 535450 0.041803 K
Ca 4.76 1.8 0.02 132355 0.010542 K
Ho 3.55 0.33 0.06 14329 0.004961 L
Total 100 100
Formula mass% Atom% Sigma Net K ratio Line
C 34.56 45.17 0.01 356549 0.008001 K
O 53.6 52.59 0.05 481805 0.037615 K
Ca 3.76 1.47 0.02 92785 0.007391 K
Ho 8.07 0.77 0.08 29254 0.010128 L
Total 100 100
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Table C.4: EDS analysis quantification of three images for the exchange experiment with 26 µM HoCl3.

Concentration HoCl3: 26 µM
Formula mass% Atom% Sigma Net K ratio Line
C 36.91 45.84 0.01 408682 0.00917 K
O 55.64 51.89 0.05 480557 0.037517 K
Ca 5.65 2.1 0.02 147844 0.011776 K
Ho 1.8 0.16 0.05 6789 0.00235 L
Total 100 100
Formula mass% Atom% Sigma Net K ratio Line
C 36.98 46 0.01 410849 0.009219 K
O 55.36 51.69 0.05 477085 0.037246 K
Ca 5.75 2.14 0.02 150846 0.012015 K
Ho 1.9 0.17 0.05 7194 0.00249 L
Total 100 100
Formula mass% Atom% Sigma Net K ratio Line
C 37.05 45.96 0.01 409033 0.009178 K
O 55.55 51.73 0.05 473924 0.036999 K
Ca 5.82 2.17 0.02 151662 0.01208 K
Ho 1.57 0.14 0.05 5916 0.002048 L
Total 100 100

The corresponding images to the EDS quantification in the previous tables are presented in Fig-
ure C.7-C.10, respectively. The order of pictures from left to right is the order of quantifications
top to bottom in the previous tables.

Figure C.7: SEM images corresponding to the dataset from Table C.1, using a 26 mM
HoCl3 exchange bath.

Figure C.8: SEM images corresponding to the dataset from Table C.2, using a 2.6 mM
HoCl3 exchange bath.
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Figure C.9: SEM images corresponding to the dataset from Table C.3, using a 260 µM
HoCl3 exchange bath.

Figure C.10: SEM images corresponding to the dataset from Table C.4, using a 26 µM
HoCl3 exchange bath.

The average mass% of the dataset for all elements found in the EDS analysis is presented in
Table C.5. If an element was not detected or not found in at least three images, the average is
noted as n.a.

Table C.5: Average mass% of elements in the EDS analysis of exchange experiments
using different HoCl3 concentrations.

Average mass% 26 mM 2.6 mM 260 µM 26 µM HoCl3
C 38.93 50.60 34.65 36.98
O 44.64 40.93 54.78 55.52
Ca n.a. n.a. 4.24 5.74
Cl 0.69 n.a. n.a. n.a.
Ho 15.73 8.42 6.32 1.76
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C.4. Optical microscope picture collection of radioactive holmium
exchange experiments

As discussed in Section 4.3.2, radioactive holmium exchange was used to determine the loading
efficiency of alginate microspheres. When all Ho-166 had decayed, the microspheres were
analysed under the optical microscope. The picture collection is given in Figure C.11.

Figure C.11: Optical microscope pictures of the Ho-alginate microspheres from the
radioactive holmium exchange experiments.

C.5. Optical microscope picture collection of stability experiments
As discussed in Section 4.4, radioactive Ho-alginate microspheres were investigated on their
stability in demiwater and 0.9% NaCl solution. When all 166Ho had decayed, the microspheres
were analysed under the optical microscope. The picture collection is given in Figure C.12. Sev-
eral alginate microspheres in the 0.9% NaCl samples are indicated by green squares.
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(a) Ho-alginate microspheres after demiwater stability. (b) Ho-alginate microspheres after demiwater stability.

(c) Ho-alginate microspheres after demiwater stability. (d) Ho-alginate microspheres after 0.9% NaCl stability.

(e) Ho-alginate microspheres after 0.9% NaCl stability. (f) Ho-alginate microspheres after 0.9% NaCl stability.

Figure C.12: Optical microscope pictures of the Ho-alginate microspheres after stability
experiments with demiwater (a-c) and 0.9% NaCl solution (d-f). Several alginate
microspheres in the 0.9% NaCl samples are indicated by green squares.





D
Supporting hand-needling experiments

The extrusion dripping method and the choice of parameters was discussed in Section 4.1.
At the start of the experimental phase, different crosslinking concentrations and alginate con-
centrations were tested by hand-needling the alginate solution into a crosslinking bath. These
supporting experiments are described here. It must be noted that these experiments were per-
formed before precipitation issues with citric acid was addressed. Therefore, the hand-needling
experiments use a lower bound of pH 3.

Hand-needling experiments method
Buffer solutions of 100 mM citric acid and HEPES were adjusted using NaOH to pH 3 and 7,
respectively. Sodium alginate solutions were prepared at 2% or 3% w/v by dissolving sodium-
alginate in demiwater. In a petridisk, 25 mL of buffer solution was stirred with 2 mL of 100 mM
or 50 mM CaCl2 solution, creating a 4 mM or 8 mM CaCl2 crosslinking bath. A syringe with an
internal diameter of 1.2 cm was loaded with 3 mL alginate solution. A 30G x 1/2” (0.3 x 13 mm)
needle was used. The alginate was added to the crosslinking bath by hand-needling, catching
the first and the last drops from the needle. The solution was left to crosslink for 30 minutes
under gentle stirring.

Hand-needling experiments results
In search of the right alginate w/v and experimenting with CaCl2 concentrations, different combi-
nations were investigated. The conclusions of the hand-needling experiments are summarized
in Table D.1, accompanied by Figure D.1. The results were further discussed in Section 4.1.2.

Table D.1: Conclusions of the hand-needling extrusion dripping experiments using different
combinations of alginate and CaCl2 concentrations.

pH used CaCl2 (mM) Alginate w/v Conclusion
3 and 7 4 2% Alginate did not crosslink
7 8 3% Alginate crosslinked into gel formation
3 and 7 8 2% Alginate crosslinked into particles

83



84 APPENDIX D. SUPPORTING HAND-NEEDLING EXPERIMENTS

(a) Optical microscope picture of 2% w/v
alginate, 8 mM CaCl2 crosslinking bath,
pH 3.

(b) Optical microscope picture of 2% w/v
alginate, 8 mM CaCl2 crosslinking bath,
pH 7.

(c) Picture of 3% w/v alginate, 8 mM
CaCl2 crosslinking bath, pH 7.

Figure D.1: Supporting pictures of the hand-needling experiments, using alginate solution
at 2% w/v (a,b) and 3% w/v (c) in a 8 mM CaCl2 crosslinking bath at different pH. The
alginate crosslinked into individual particles (a,b) or gel formation (c).
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For understanding basic concepts such as abbreviations and simple (medical) terms and tech-
niques during literature research, I used Google AI-mode, automatically implemented in Google
Search, to obtain basic explanations on the theory and methods behind (medical) treatment sys-
tems to familiarize myself with (medical) concepts that I was not yet educated in. I found the
theory to be a method to further understand what I was looking into and I read the literature
articles connected to the methods as soon as I understood the basic concepts. I found the short
AI statements to be helpful in quick assessment, but they did not further explain limitations, did
not compare medical treatment options, and did not include technical specifications such as
isotope choice or radiation dosage.

For correct code writing or fixing errors in LaTeX code lines, I used ChatGPT to obtain the basic
use of LaTeX coding. I found this helpful in setting up basic coding, however not all problems
were easily solved and I used further online documenting to adjust my code lines accordingly.

For creating pictures and lay-out using LaTeX TikZ package, I used Google AI-mode and Chat-
GPT to obtain LaTeX code lines, I found this method to be time efficient and I used literature
based values where necessary. I found using AI drastically decreased time spent on trying to
figure out LaTeX, but I still had to correct the majority of AI code lines to have the pictures the
way I wanted them to look.
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