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Abstract

Cancer is still one of the most serious diseases for humanity. Internal radiation therapy with alpha particles
is a promising method to battle cancer, but it is currently limited to easily accessible tumors. A more
advanced and selective method for alpha radiation therapy that will have better outcomes, fewer side
effects, and higher efficacy is needed. A promising alternative is a two-step approach in which super
paramagnetic iron oxide nanoparticles (SPION’s) are first delivered to the cancer cells and then receive the
radiotherapeutics in a targeted manner. One of the most important conditions for this strategy is retention of
SPIONs at the cell membranes in order to ensure in vivo click-reaction between the azide-functionalized

nanoparticles and cyclooctyne-conjugated radiotracer.

The goal of this study is to observe the behavior of two types of SPION’s on the glioblastoma multiforme
(GBM) cancer cell line U87 and to verify whether the nanoparticles are internalized by the cancer cells or
stay on the outside of the membrane. This has been done by growing U87 spheroids, incubating them with
the nanoparticles, performing a cryosection on these spheroids, photographing the slices of the cryosection
with a fluorescence microscope and analyzing the iron-content of the slices with inductively coupled plasma
optical emission spectrometry (ICP-OES). The second part of the study concerns the preliminary in vitro
click-reaction of the nanoparticles by adding beta emitter "’Lu coupled to DOTA-cyclooctyne complex to

spheroids that were incubated with the nanoparticles.

The fluorescence microscope analysis concludes that the nanoparticles functionalized with polyethylene
glycol (PEG) penetrate the U87 spheroids less than the nanoparticles without PEG. The azide click reaction
between the nanoparticles and '’Lu-DOTA-cyclooctyne complex was observed and showed more cell
damage to the spheroid incubated with nanoparticles then the spheroids that were only treated with '""Lu-

DOTA-cyclooctyne.
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Abbreviations and acronyms

Abbreviation
DMEM
EPR

FA

FBS

Fe

FITC
ICP-OES
Ly

MQ

MRI

PBS
PEG
SPION

Definition

Dulbecco's Modified Eagle Medium
Enhanced permeability and retention
Folic acid

Fetal Bovine Serum

Iron

Fluorescein isothiocyanate
Inductively coupled plasma — optical emission spectrometry
Lutetium-177

Milli-Q

Magnetic resonance imaging
Phosphate buffered saline
Polyethyleenglycol

Super paramagnetic iron oxide nanoparticle



1 Introduction

Cancer is still one of the most serious diseases for humanity: in 2020 it was estimated that there were 19,3
million new cancer cases and 10 million cancer deaths worldwide (Sung, 2021). This makes cancer globally
the second leading cause of dead after cardio-vascular diseases (WHO, 2021). New treatments like
hormone, immune, photodynamic and photothermal therapies are showing promising results in pre-clinical
studies, but surgery, radiation and chemotherapy are still the most common treatments (Arruebo, 2011).
These treatments fail, however, to control metastatic cancers to spread through the human body and are
highly non-specific in delivering the drugs into cancer cells, which results in undesirable side-effects to

healthy tissues and organs (Kumari, 2015).

Internal radiation therapy is promising as it works by damaging the genes in the cancer cells in the form of
DNA strands breaks, either by directly ionizing the genes or indirectly by forming free radicals that damage
the genes (Hur, 2017). Genes control how the cells grow and divide. The cells that are affected by radiation
cannot grow and divide anymore, which results in apoptosis (Figure 1) (American Cancer Society, 2014).
Internal radiation therapy uses targeting agents such as antibodies or small molecules tot deliver radiation
to the area that needs to be treated. This can be done with radionuclides emitting alpha and beta particles.
Beta particles have a longer range and lower energy transfer, which can cause side-effects to non-targeted
cells (Medicalexpress, 2019). Alpha particles have higher energy and shorter range, this allows the alpha
particles to deliver a cytotoxic effect to a small cell area while limiting the effect on the cells that are not
targeted (Solini, 2020).

lonizing radiation
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Figure 1. Direct and indirect gene damage by ionizing radiation. Radiation can directly damage genes. The indirect
gene damage is caused by the free radicals derived from the ionization or excitation of the water component of the
cells (Hur, 2017).

However, alpha particles do have limitations. The first problem is their availability, because majority of the

alpha radionuclides have half-lives either too short or too long for therapeutic use, their production is not
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economically viable or chemical properties do not allow their use in medicine (Majkowska-Pilip, 2020). The
short half-life radionuclides that can be used are limited to easily accessible tumors. The less easily
accessible sites, where the targeting agent is taken up slowly, or solid tumors where longer penetration time
is necessary, need longer-lived alpha emitting particles. The last problem with alpha particles is that the
recoiled daughter-nuclides of the long-lived alpha emitting particles can do significant damage to healthy

tissues when not retained at the tumor site (de Kruijff, 2015).

A more advanced and selective method for alpha radiotherapy with better outcomes, fewer side effects, and
higher efficacy is needed. A promising method is pre-targeted drug delivery with super paramagnetic iron
oxide nanoparticles (SPION’s). SPION’s have great potential due to their biocompatibility, facile synthesis,

functionalization and fine-tuning of the properties towards various applications (Revia, 2016).

This paper is part of a bigger project that focuses on the development of functionalized SPION’s for pre-
targeting of tumor cells for the subsequent in vivo cycloocytyne promoted click-reaction (Ramil, 2013) with
an alpha-emitting radionuclide chelated to DOTA-cyclooctyne complex (***Ac-DOTABCN). The principle of
this idea is as follows: firstly, the nanoparticles will accumulate at the tumor site, which can be confirmed by
magnetic resonance imaging (MRI) due to the convenient magnetic properties of SPIONs. Secondly, an
injection of a radiotherapeutic agent will be given which binds to the accumulated nanoparticles on the
tumor site via the cyclooctyne click reaction, as shown in Figure 2 (Knight, 2014). As the nanoparticles are
not expected to re-enter the bloodstream after accumulation at the tumor site, the effect of the
radiotherapeutic agent will only occur locally, resulting in limited damage to healthy tissue surrounding the

tumor.

Targeting vector
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Figure 2. Schematic representation of the two-step tumor targeting process with cyclooctyne promoted click
reaction. Step one shows the first injection with nanoparticles which accumulate at the tumor site, step two is
injection of therapeutic agent which while bind to the nanopatrticles via the cyclooctyne click reaction.



SPION’s can target tumors passively and actively. Passive targeting happens by the enhanced permeability
and retention (EPR) effect. This effect occurs due to the rapid growth of tumors, which requires quick
vascularization resulting in abnormal growth of tumor blood vessels. This makes the tumor vascular
structure more permeable to macromolecules, like nanoparticles, than that of a normal tissue. The
increased permeability and poor lymphatic drainage results in the accumulation of nanoparticles at the
tumor site (Stéen, 2018, Zwicke, 2012). Figure 3 shows the passive targeting of nanoparticles by the EPR

effect.

A Small molecules

Endothelial cells

Figure 3 Difference between normal (A) and tumor (B) blood vessels. Tumor vessels contain larger fenestrations
between endothelial cells than normal vessels. This allows nanoparticles (NPs) to reach tumor cells by the enhanced
permeability and retention effect (Bozzuto, 2015).

SPIONs can also be functionalized for active targeting of cancer cells. The nanoparticles are then
conjugated with a targeting group that interacts specifically with antigens or receptors that are either
uniquely expressed or overexpressed on the cancer cells relative to normal cells (Pearce, 2019). Folic acid
(FA) is one of those groups that can actively target tumor cells based on overexpression of folate receptors

by the majority of cancer cells compared to healthy tissues (Zwike, 2012).

The behavior of the SPIONs on cancer cells in this report was studied on the glioblastoma multiforme
(GBM) cancer cell line U87. U87 cancer cell line was grown in 1966 from the tissue of a 44-year-old woman
with an aggressive brain cancer known as GBM (Dolgin, 2016). GBM has a high invasiveness, the
propensity to spread through the brain parenchyma and elevated vascularity. This makes these tumors
extremely recidivist. Even after surgical procedures and chemoradiotherapy this results in a short survival
period for patients (D'Alessio, 2019). GBM has one-year survival rate of 29,6% making it one of the

deadliest types of cancer (Clark, 2010).



The U87 cancers cells were grown into spheroids. Spheroids are a three-dimensional in vitro model system
that show more resemblance to in vivo tumors than two-dimensional monolayer cell cultures (Khanna,
2020). Spheroids share three characteristics with in vivo tumors: 1) heterogenous cellular growth with
proliferating cells at the outside surrounding quiescent cells and a necrotic core; 2) similar pH, nutriments
and oxygen gradients; 3) matrix and network of cell-to-cell and cell-to-matrix interactions (Millard, 2017).

Figure 4 shows the resemblance of a spheroid and a vivo tumor.

Leaky vasculature

Spheroid

Proliferative zone

Quiescent zone

Necrotic core

{
o cells in hypoxic zone 53’ Cells in quiescent zone &’ Cells in proliferative zone /& ECM @K NP

Figure 4. Schematic representation of similarities between spheroid (left) and tumor (right). Spheroid is composed of proliferative
cells on the outside surrounding quiescent cells and a necrotic core. Nutrients pH and oxygen are comparable. Abbreviations:
ECM, extra cellular matrix, NP, nanoparticle (Millard, 2017).

Four SPIONs prepared in earlier experiments were evaluated in this study, two with polyethylene glycol
(PEG)(SPIONs-PEG-N3-FA-FITC)(SPIONs-PEG-N3-FA) and two without PEG (SPIONs-FA-N3-
FITC)(SPIONs-FA-N3), shown in Figure 5. The nanoparticles were made by the following method. 5 — 10
nm SPION’s were coated with oleic acid were synthesized via the thermal decomposition method based on
the study of Herranz et al. with some modifications (Herranz et al., 2008). Afterwards, the FA, azide, FITC
(fluorescein isothiocyanate) for SPIONs-FA-N3-FITC and SPIONs-PEG-N3-FA-FITC, and PEG for the
SPIONs-PEG-N3-FA-FITC and SPIONs-PEG-N3-FA were functionalized to the SPIONs as silane

conjugates, this procedure was adapted from the study Bloemen et al. (Bloemen et al., 2012).

All the modifications made to the SPIONs have been done with a specific purpose. The groups that are
common for all the SPIONs are FA and azide. FA groups were used for the active targeting of the cancer
cells, because cancer cells, including U87 cancer cells, overexpress the FA receptor (Low, 2009). The
azide groups were used for two-step targeting strategy based on the bioorthogonal mechanism by using
cyclooctyne promoted click reaction between azide and a radiation emitting DOTA complex. The FITC
groups were placed on the SPIONs-FA-N3-FITC and SPIONs-PEG-N3-FA-FITC nanoparticles as labels to

visualize the nanoparticles by fluorescence microscopy.

The functionalized group where SPIONs-FA-N3-FITC and SPIONs-PEG-N3-FA-FITC, SPIONs-FA-N3 and
SPIONs-PEG-N3-FA differ is PEG. PEG is known as a stealth polymer and is widely used in drug delivery
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systems (Mohapatra, 2019). PEG functionalization is able to modify the pharmacokinetic and
pharmacodynamic properties, and biodistribution of molecules, improving the solubility and stability,
prolonging the body-residence time, assuring a sustained drug concentration and decreasing the

immunogenicity (Milla, 2012).

The SPIONs-FA-N3 and SPIONs-PEG-N3-FA nanoparticles will be used in combination with the
radionuclide Lutetium-177 (*’Lu) linked to DOTA-complex ("’Lu-DOTA-cyclooctyne) made in earlier
experiments. ""’Lu decays to stable Hafnium-177 by emission of B~ particles with a maximum energy of
497 keV, which is suitable for treating small- and medium-sized tumors (Banerjee, 2015). This research will
treat U87 GBM cancer cells with '""Lu-DOTA-cyclooctyne with dose of 0.1 and 1 MBq. These doses were
chosen based on the results of cell viability analyses of another research (Poty, 2020). We used "’Lu-
DOTA-cyclooctyne instead of #°Ac-DOTA-cyclooctyne because '""Lu was available. While "’Lu-DOTA-
cyclooctyne does not have the same the same effect as ?°Ac-DOTA-cyclooctyne it does suffice as a model

to study the cyclooctyne promoted click reaction.

“’ = Azide

= Folic acid

Figure 5. Schematic representation of SPIONs from left to right SPIONs-N3-FA, SPIONs-PEG-N3-FA, SPIONs-N3-
FA-FITC, SPIONs-PEG-N3-FA-FITC. Abbreviations: PEG, polyethylene glycol, FITC, fluorescein isothiocyanate.

The goal of this research is to observe the behavior of the SPIONs-FA-N3-FITC and SPIONs-PEG-N3-FA-
FITC nanoparticles when added to U87 spheroids for 4 and 24 hours and to verify whether the
nanoparticles are internalized by the cancer cells or stay on the outside of the membrane. This will be done
by growing spheroids of U87 and incubating them with the nanoparticles. After the incubation the spheroids
will be cryo cut into slices and analyzed with a fluorescence microscope and with inductively coupled
plasma optical emission spectrometry (ICP-OES). """Lu-DOTA-cyclooctyne with radioactivity of 0.1 and 1
MBq was added to spheroids incubated with SPIONs-FA-N3 and SPIONs-PEG-N3-FA nanoparticles and
analyzed with an inverted microscope over a period of 7 days to study the click reaction of the nanoparticles
with the """Lu-DOTA-cyclooctyne.

In this report the following will be discussed. In chapter 2, the Materials and Methods of the experiments
performed are described. In chapter 3, the Results and Discussion of the experiments are presented.
Chapter 4 contains the Conclusion of the report and finally chapter 5 concerns recommendations on further

research of this topic.
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2 \\aterials and Methods

Chemicals

U87 GMB cells were supplied by VU Medical Center, Dulbecco's Modified Eagle Medium (Dmem) High
Glucose from biowest, 5% Fetal Bovine Serum (FBS) from biowest, Penicillin-streptomycin solution from
biowest, Phosphate buffered saline (PBS) from biowest, Trypsine-EDTA 1x from biowest, MemBrite™ Fix
569/580 Cell surface Staining kit from Biotum, Paraformaldehyde (PFA) 4% supplied by the lab, NucBlue™
fixed cell stain from Thermo Fisher, PELCO Cryo-Embedding Compound transparent freezing medium from
Ted Pella, 67% nitric acid from Thermo Fisher, Milli-Q (MQ) water created with a MQ water machine, '""Lu

supplied by Erasmus Medical Center.

Instruments

Inverted microscopy was conducted with a SZ 45 B zoom Binocular stereo microscope 7x-45x under the

following conditions: 2x magnification, photos were taken with camera and analyzed with samplescan.

Fluorescence microscopy was conducted with a KERN transmitted light microscope OBN-14 under the
following conditions: 20x magnification, photos were taken with lens 2, 3 and 4, program to analyze the

pictures was Microscopevis2.0pro, ImageJ was used to merge the photos taken with the different lenses.

Inductively coupled plasma — optical emission spectrometry (ICP-OES) was conducted with an OPTIMA
4300DV Perkin Elmer ICP-OES (Perkin Elmer, Waltham, MA USA) under the following operating
conditions: RF power 1350 W, nebulizer gas flow 0.8 L/min, auxiliary gas flow 0.2 L/min sample, Sample
Flow Rate 1.50 mL/min. The detection wavelengths: 238.204, 239.256, 259.939, 234.349, 234.83, 238.863,

273.955 nm were selected for the quantification of Fe.

Cryosection on the spheroids was performed with a cryostat Leica CM1900. The cryostat was operated
under the following conditions: Room of cryostat temperature -25°C, cutting table temperature -20°C,
cutting size was set to 14 or 16 ym, freezing medium PELCO Cryo-Embedding Compound was used to

freeze the samples.

Methods

Growing and passage of cells
The cells of U87 were passaged once a week. The cancer cells should reach at least about 80-90% of
confluency (Souster, 2020), therefore the U87 GBM cells were passaged once a week, in order to keep

them healthy and prevent contamination. The medium used for the cell growth and the passages consisted
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of 45 mL DMEM, 5 mL serum and 0,5 mL penicillin. The DMEM medium is designed to support the growth
of the cancer cells, is composed of amino acids, vitamins, inorganic salts and glucose. However, the
medium also needed an addition of serum as a source of hormones, as well as growth- and attachment
factors. The medium helps to maintain pH and osmolality. The antibiotics penicillin-streptomycin were
added to control the growth of bacterial and fungal contaminants. (Arora, 2013) The old medium was
pipetted out of the flask and the flask with the cancer cells was washed twice with 2 mL PBS. PBS is a
balanced salt solution that provides an environment that helps to maintain the structural and physiological
integrity of cells in vitro (Thermo Fischer 1, 2021). 1 mL trypsin was added to the flask and kept for 6 min in
a 37°C incubator to release the cells from the bottom. After 6 min, the flask was taken out of the incubator
and checked under a microscope to see if the cells were detached from the bottom and from each other, if
the cells were still stuck then the flask was gently tapped on the counter. The cancer cells are only
incubated for 6 min with trypsin to prevent the trypsin from cleaving of the cell surface growth factor
receptors or membrane proteins (Huang, 2010). 2 mL of medium was added to the trypsin and the solution
was centrifuged for 5 min at 2000 rpm. The 3 mL solution of medium and trypsin was pipetted out leaving
the cells behind, 1 mL of medium was added to the cells and mixed by pipetting the solution in and out a
couple of times. 20 pL is of this solution was pipetted in the cell counter disk. The cells were counted with a
LUNA 1l cell counter and a certain amount of the cell suspension was brought into the new flask depending

on the amount cells. This flask was kept at 37°C in the incubator until next passage or other use.

Growing U87 spheroids in 96 u-shape well plate

Spheroids were grown by seeding of a 96 well U-round bottom plate, which was done during the cells
passage. 96 well U-round bottom plate was used because the well shape promotes the formation of a
single spheroid (Bresciani, 2019). After counting the cells, a dilution with medium was prepared, depending
on the number of cells counted with a LUNA Il cell counter. The suspension used for this work was 10*
cells/mL. 200 L of this suspension was added to the separate wells in the 96 well plate. All the wells on the
outside of the 96 well plate were filled with 200 uyL PBS. The 96 well plate was then incubated for certain

number of days, depending on the desired size of the spheroids in the incubator at 37°C.

Nanoparticles

The nanoparticles SPIONs-FA-N3-FITC and SPIONs-PEG-N3-FA-FITC, needed to be diluted to 100 pg/mL
before they were added to the spheroid. This was done by first adding 1 mL PBS to 1 mg of nanoparticles.
The solution was then sonicated until the nanoparticles were fully dispersed in the PBS. Finally, 9 mL of
medium was added and the solution was irradiated with UV-light for 5 min to prevent bacterial
contamination of the spheroids. Then, the 150 uL nanoparticles solution was added to the spheroids in the
96 well plate after first pipetting 150 pL of old medium out of the wells. This was done 4 and 24 hours before

staining and fixating the spheroids.
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Staining spheroids
To stain membranes of the spheroids, 150 uL of medium was taken out of the wells of the 96 well plates

and rinsed 3 times with 150 yL PBS. Prestaining solution was made by diluting 1 pL pre-stain with 1 mL
PBS. 150 uL PBS out was taken out of the wells that were going to be treated with dye and 150 pL of
prestaining solution was added and kept in the incubator at 37°C for 5 min. The staining solution was made
by diluting 1 yL pre-stain with 1 mL PBS. 150 uL prestaining solution was taken out and 150 uL of staining
solution was added. 96 well plate with staining solution was then kept for 5 min in the incubator at 37°C.
After 5 min, the staining solution was taken out and washed 3 times with 150 yL PBS. Then all the wells
were washed 3 times with PBS. 150 yL PBS was taken out from all the wells and 150 pL of 4% PFA was
added to fixate the spheroids. The 96 well plate was incubated for 15 min in room temperature. Finally, 150
ML 4% PFA was taken out and the spheroids were washed 3 times with 150 yL PBS. Fixation is needed to
make a snapshot of a cell state. Without fixation, the structures in cells would fall apart and diffuse away.
PFA causes covalent cross-links between molecules, effectively gluing them together. (Hobro, 2017). The

spheroids could then be stored in PBS in the fridge.

Cryo-section

The stained spheroid was pipetted in the tip of 2 mL Eppendorf vial and all the PBS was pipetted out while
keeping the spheroid in the tip. Transparent tissue freezing medium was added until the tip was filled,
making sure the spheroid stayed in the tip. The tip of the vial was then placed in the chamber of the
cryostat, where it was frozen. Transparent tissue freezing medium was added on to a cooled cutting table.
When the medium in the tip was frozen it could be taken out of the tip and added to the medium on the
cutting table. Medium was added to the cutting table to glue frozen medium from the tip and the frozen
medium on the cutting table to each other. It is important to see where the spheroid was in the medium, to
know when the spheroid will be cut. The cutting table was set back in the cryostat to let it freeze. The
cutting of the medium could start once it was completely frozen. The cryostat cutting size was set to 14 or
16 um and the temperature of the room of the cryostat was set to -25°C, the temperature of the holder of
the cutting table was set to -20°C. The first slices that were cut did not yet contain the spheroid. The first cut
slices were checked regularly under the microscope to see if the spheroid is being cut. The spheroid could
not always be seen by the eye, especially not in the first slices of the spheroid. The slices that did contain
the spheroid were collected on 16x16mm coverslips and numbered. Slices were made until the spheroid
could not be seen under the microscope. The last slide functioned as zero point from where the spheroid

starts and how deep the other slices were in the spheroid.

Fluorescence microscopy

The slices made with the cryostat were not covered to preserve them for the microscope images to prevent
crushing or breakage of slices by a cover slip. The fluorescence microscope was turned on 15 min before
use. DAPI was added to the slice just before using the microscope. Before the pictures can be taken the

slice of the spheroid has to be sought and then the microscope must be focused. 3 pictures were taken of
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every slice with 3 filters, each set to 635, 543 and 488 nm. After the images were taken, the slices were
covered with another microscope glass and glued together with nail polish. The covered slices were then

stored in the fridge until used for the ICP. The 3 images of the slices were merged in ImagedJ.

ICP-OES
Calibration curve was made by measuring Fe solutions of 1, 2, 3, 4 and 5 mg/L. With this calibration served

to determine the iron concentration in the cryosection slices as the result of accumulation of nanoparticles.

ICP analysis was done on the slices made from the cryosection. The slices from the cryosection were
dissolved from the microscope slices by putting them in a 50 mL tube, adding 1 mL of 67% nitric acid and
letting it sit overnight. The solution of slices in nitric acid were diluted the next day with 9 mL MQ water, 5

mL of this solution was then transferred to a 15 mL tube, which could then be used for the ICP-analysis.

177Lu-DOTA-cyclooctyne experiment

Method “Growing and passage of cells” was used to supply the U87 cancer cells and method “Growing U87
spheroids in 96 U-shape well plate” was used for growing the U87 spheroids. Nanoparticles SPIONs-FA-N3
and SPIONs-PEG-N3-FA were prepared with method “Nanoparticles” and added 4 hours before adding
"’Lu-DOTA-cyclooctyne. '""Lu-DOTA-cyclooctyne was diluted to 1MBq and 0.1MBgq. 1MBq "’Lu-DOTA-
cyclooctyne solution was made by diluting 186 uL 12.1 MBq with 165 pL PBS and 1 mL medium. 0.1 MBq
"’Lu-DOTA-cyclooctyne solution was made by diluting 18.6 yL 12,1 MBq with 16.5 yL PBS and 1.315 mL
medium. The """Lu-DOTA-cyclooctyne solution was added to the wells by first pipetting 150 uL of medium
out of the wells and adding 150 pL of '"Lu-DOTA-cyclooctyne solution. The 96-well plate was then
incubated for 30 min. After the incubation, 150 pyL of '"Lu-DOTA-cyclooctyne was taken out and the
spheroids were washed with 150 yL of PBS 3 times. Finally, 150 pL of medium was added to the washed
spheroids and the 96-well plate was incubated for 7 days. The medium in all the wells was refreshed on day
4 and day 6 after the "’Lu-DOTA-cyclooctyne treatment. Pictures with inverted microscope at 2x
magnification were taken 0, 1, 4, 5, 6, and 7 days after treating the spheroids with '""Lu-DOTA-cyclooctyne.
The spheroids were fixed 7 days after addition of the '""Lu-DOTA-cyclooctyne by washing them 3 times with
150 pL PBs, incubating them with 150 uL 4% PFA for 15 minutes for fixation and washing them 3 times with
150 uL PBS again. The spheroids were stored in PBS in the fridge.
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3 Results and Discussion

Cryosection
To verify how the nanoparticles SPIONs-FA-N3-FITC and SPIONs-PEG-N3-FA-FITC behave on a U87

GMB spheroid, it was chosen to incubate the spheroids for 4 and 24 hours. Earlier experiments showed that
2 hours incubation did not show enough attachment of the nanoparticles to the spheroids. After the
incubation, the spheroids were cut into slices of 14-16 um, which corresponds approximately to one layer of
U87 GMB cells (Bionumbers, 2021). The cryo section was done in triplicate for each set of nanoparticles at
different incubation times. Appendix A shows the best performed cryo section of these spheroids.
Cryosection technique was used because it allows to observe the interior U87 spheroids with multiple

slices. In this way, it was possible to see how deep the nanoparticles penetrate the spheroid.

Size of the spheroids cryosection

The spheroids used for the cryosection, were grown for 6 days before adding the nanoparticles and had an
average diameter of 438 um, as determined from the inverted microscope images. The spheroids were
grown to this size because spheroids of 300-500 um of size are those that best mimic in vivo tumors in
terms of hypoxia and proliferation gradients (Pinto, 2020). When cutting the spheroid, it was unclear when
the cutting of the spheroid started, but it was clear when no spheroid was being cut. Knowing when the
spheroid was stopped being cut it is possible to count back the slices to determine approximately how deep
the slices are in the spheroid, because the size of the spheroid is known. Figure 7 shows a 3D visualization
of a spheroid and the depth in ym. The size of the slices and the depth of the nanoparticles in the slices are
harder to determine because the slices transform after being cut and when they are transferred from the
cryo cutter on to microscope slices. The spheroids had an average size of 438 um and the cryo-section was
set to make 14 — 16 um thick slices of the spheroids. This means that a maximum of 27 — 31 slices could be
made of the spheroids if the cryo-section went perfect. This was not always the case, as the average

number of slices per spheroid in the cryo-section was 15 — 20.

Orientation spheroid in freezing medium cryosection

The nanoparticles tend to primarily cluster on one location on the spheroid, which could be seen with the
naked eye before the cryosection, as also shown in the cryosection results. The place where the
nanoparticles cluster is different for every spheroid because the spheroids cannot be cut the same way
every time. The orientation of the spheroid in the freezing medium, and therefore, the position of the cluster
of nanoparticles differs for every cryosection of a spheroid. This should be kept in mind when drawing
conclusions from the cryosection results. Figure 8 shows how the orientation of the spheroid influences the

pictures of the slices.
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Figure 7. 3D visualization of the depth of slices Figure 8. Influences of orientation of spheroid in freezing
in the spheroid. Blue is the spheroid, orange medium on pictures of slices. Blue is the spheroid, orange
cluster of nanopatrticles. cluster of nanopatrticles.

Results Fluorescence Microscopy cryosection

The slices of the spheroids were analyzed with a fluorescence microscope using three different filters.
Three images taken on every slice were merged with Imaged. The first filter set to emission between
wavelength 610 to 750 nm showed the Membrite-stained cell membrane as a red color. The second filter
with emission between wavelength 500 to 570 nm showed the FITC group on the nanoparticles with as
green color. Finally, the third filter with emission between wavelength 450 to 500 nm showed the DAPI-
stained nucleus of the cells as a blue color. Figure 9 shows the emission spectra of Membrite, FITC and

DAPI. Figure 10 shows the 3 different pictures and the merged picture of one slice.

It can be seen in figure 10A that the red membrane dye is not visible in the whole slice of the spheroid. The
red color gradually decreases toward the center of the spheroids, which is likely explained by the diffusion
gradient. The dye stains the cells at the periphery of the spheroid more than at the cells within the core of
the spheroid (Tchoryk, 2019).

The nanoparticles can interact in a couple ways when brought in contact with a U87 spheroid: 1)
agglomerate with other nanoparticles without being attached to the spheroid; 2) attach to the cancer cells at
the outer layer of the spheroid; 3) diffuse into the spheroid between the cancer cells; 4) penetrate the
cancer cells. The fluorescence microscope can only show where the nanoparticles are in the slice of the

spheroid, but possible internalization of nanoparticles by the cells can unfortunately not be distinguished.

The functional groups conjugated to the surface of nanoparticles are expected to influence their interacting
behavior with the cancer cells. FA is present on both nanoparticles and actively targets the cancer cells.
Based on overexpression of folate receptors, the FA groups present on both nanoparticles are expected to

increase their affinity towards U87 GBM cancer cells (Zwike, 2012).
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Figure 10. Photos taken with fluorescence microscope. A:
Membrit-stained cell membrane in red, B: the FITC groups on
the nanoparticles in green, C: the cell nucleus stained with
DAPI in blue and D: merged images of A, B and C.

Figure 9. Emission spectra of Membrite
(orange), FITC (green) and DAPI (blue)

The presence of PEG (nanoparticles SPIONs-PEG-N3-FA-FITC) is expected to reduce the cellular uptake
of SPIONs (Dulinska-Litewka, 2019, Lassenberger, 2017). Uncoated SPIONs have a positive charge at the
surface which can interact with the negatively charged interface of the cell membranes. However, when
PEG is added to the SPIONs it can be sufficient to screen this interaction (Gal, 2017). Therefore, it is
expected that the uptake and diffusion of nanoparticles into the spheroid will be higher for the SPIONs-FA-
N3-FITC nanoparticles than for the SPIONs-PEG-N3-FA-FITC nanoparticles.

Cryosection Results

The fluorescence microscope photos of the cryosection of the spheroids treated with SPIONs-FA-N3-FITC
for 4 hours can be seen in figure 11 in column A. The images show that some amount of nanoparticle is
attached clustered on one side of the spheroid and inside the spheroid. Small amounts of nanoparticle can
be seen on other places in the spheroid but not further moved into the spheroid than the clustered
nanoparticles. The 24 hours incubation can be seen in figure 11 in column B. Significant number of
nanoparticles is moved into the spheroid after 24 hours incubation. The nanoparticles are still clustered on
one side, but diffusion reaches the middle of the spheroid. There was no membrane dye used in this
cryosection, the cryosection of this nanoparticle and incubation time in the appendix A does have
membrane dye. This cryosection was chosen here because it showed the best comparison with the other

cryosections.

Figure 11 column C shows the cryosection of the spheroids treated with SPIONs-PEG-N3-FA-FITC for 4
hours. The nanoparticle shows resemblances to the spheroids treated with SPIONs-FA-N3-FITC
nanoparticle for 4 hours. Small number of nanoparticles is clustered on the outside of the spheroid, the

nanoparticles hardly moved further into the spheroids. Column D of figure 11 shows the cryosection of the
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24 hours incubation time. The nanoparticles are clustered on one side and moved further into the spheroid
than the nanoparticles that were incubated for 4 hours. However, the dept that the SPIONs-PEG-N3-FA-
FITC particles go into the spheroid is significantly less than that of the of the SPIONs-FA-N3-FITC
nanoparticles, this probably is caused by the PEG group on the SPIONs-PEG-N3-FA-FITC nanoparticle.

The results of the cryosection are in line with the expectations based on literature. The SPIONs-PEG-N3-
FA-FITC nanoparticles move less far into the spheroid than the SPIONs-FA-N3-FITC nanoparticle. The
uptake of SPIONs-FA-N3-FITC nanoparticles seems higher than the uptake of the SPIONs-PEG-N3-FA-
FITC nanoparticles. An ICP-OES analyses of whole spheroids incubated with the nanoparticles and of the
cryosection slices were done to confirm this. The results of the ICP analyses are discussed in section “ICP-
OES".

A. SPIONS-FA-N3-FITC | B. SPIONS-FA-N3-FITC [ C. SPIONS-PEG-FA-N3-|D. SPIONS-PEG-FA-N3-

4h 24h FITC 4h FITC 24h

Figure 11. Fluorescence microscopic images on cryosections of spheroids incubated with SPIONs-FA-N3-FITC and
SPIONs-PEG-N3-FA-FITC nanopatrticles for 4 hours (column A - SPIONs-FA-N3-FITC and column C - SPIONs-PEG-
N3-FA-FITC) and 24 hours (column B - SPIONs-FA-N3-FITC and column D - SPIONs-PEG-N3-FA-FITC). The size of
the spheroids is around 435 um, the depth of the slice is indicated in the left upper corner of each image.
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ICP-OES

ICP-OES analysis was used to determine the concentration of iron in the cryosections in order to estimate
the number of nanoparticles retained by the spheroids after incubation with differently functionalized
SPIONs. The spheroids treated with SPIONs-FA-N3-FITC and SPIONs-PEG-N3-FA-FITC for 4 and 24

hours with the most successful cryosections were chosen for analysis with ICP-OES.

Next to the slices of the cryosections, the whole spheroid incubated with 150 puL of SPIONs-FA-N3-FITC
nanoparticles (4 and 24 hours), SPIONs-PEG-N3-FA-FITC nanoparticles (4 and 24 hours), were analyzed
by ICP-OES (Table 1).

Sample Concentration Fe in mg/L
SPIONs-PEG-N3-FA-FITC 24h spheroid 3,00E-02
SPIONs-PEG-N3-FA-FITC 4h spheroid 7,74E-03
SPIONs-FA-N3-FITC 24h spheroid 3,36E-02
SPIONs-FA-N3-FITC 4h spheroid 5,17E-03
Black marker 2,00E-04
150 microliter SPIONs-PEG-N3-FA-FITC 2,53E-01
150 microliter SPIONs-FA-N3-FITC 1,92E-01
Freezing medium 2,75E-04

Table 1. ICP-OES analysis of the whole spheroids treated with nanoparticles SPIONs-FA-N3-FITC and SPIONs-PEG-
N3-FA-FITC for 4 and 24 hours, the black marker used to label the slices, the nanopatrticles incubation solutions and
the freezing medium used for the cryosection.

The uptake of the SPIONs-PEG-N3-FA-FITC and SPIONs-FA-N3-FITC nanoparticles can be determined by
dividing the uptake of the 4- and 24-hour incubation spheroids by the total of nanoparticles, 150 pL
SPIONs-PEG-N3-FA-FITC and SPIONs-FA-N3-FITC. The uptake of SPIONs-PEG-N3-FA-FITC
nanoparticles for 4 hours is 3% and for 24 hours is 12%. The uptake of SPIONs-FA-N3-FITC nanoparticles
for 4 hours is 3% and for 24 hours is 18%. This is in accordance with results of the fluorescence microscopy
images, which showed that after 24 hours more nanoparticles were inside the spheroid compared to 4
hours. The difference between the SPIONs-FA-N3-FITC and SPIONs-PEG-N3-FA-FITC at 24-hour
incubation could be caused by the PEG group on the SPIONs-PEG-N3-FA-FITC nanoparticles, which is in
compliance with literature (Dulinska-Litewka, 2019, Lassenberger, 2017, Gal, 2017).

Table 1 also shows the ICP-OES results of the black marker used to label the slices and the freezing
medium, it shows that these contain Fe and that this can influence the Fe concentration of the cryosection
slices. Therefore, the concentration of the freezing medium and the marker are subtracted of the
concentration of the cryosection slices. When adding all the Fe concentrations of the slices of one single
cryosection, it is expected that this Fe concentration would match the Fe concentration of the whole
spheroid treated with the same nanoparticle for the same amount of time. Though the sum of the

concentrations of the slices of the cryosection for all 4 spheroids have a higher value than the 4 whole
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spheroids treated with the same nanoparticle for the same amount of time. Further research is needed to
find out what is causing higher Fe concentration.

The ICP results of the cryosection slices are shown in Figures 14, 15, 16 and 17. It appears that there are
traces of Fe in the slices, which can be due to the presence of nanoparticles or another substance which
contains Fe. The higher concentration of iron measured with ICP-OES does not always correspond with the
intensities found in fluorescence images (Appendix A). A possible explanation could be that not all
nanoparticles found in the slices happened to contain FITC. In Figures 14 and 15, the results of the ICP

analysis of the whole spheroid are also displayed for comparison.
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Figure 14. ICP-OES analysis of the cryosection slices of the spheroid incubated with nanoparticle SPIONs-FA-N3-

FITC for 4 hours compared to the ICP-OES analysis of whole spheroid (J1) incubated with nanoparticle SPIONs-FA-
N3-FITC for 4 hours.
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Figure 15. ICP-OES analysis of the cryosection slices of the spheroid incubated with nanoparticle SPIONs-FA-N3-
FITC for 24 hours.
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Figure 16. ICP-OES analysis of the cryosection slices of the spheroid incubated with nanoparticle SPIONs-PEG-N3-
FA-FITC for 4 hours compared to the ICP-OES analysis of whole spheroid (J2) incubated with nanoparticle SPIONs-
PEG-N3-FA-FITC for 4 hours.
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Figure 17. ICP-OES analysis of cryosection slices of the spheroid incubated with nanoparticle SPIONs-PEG-N3-FA-
FITC for 24 hours.

77Lu experiment

7Lu-DOTA-cyclooctyne complexes with radioactivity of 0.1 and 1 MBq were added to spheroids incubated
with SPIONs-FA-N3 and SPIONs-PEG-N3-FA nanoparticles to investigate the effect of the click-reaction

with the azide-functionalized nanoparticles retained by the spheroids.
The spheroids were grown for 7 days had an average size of 420 um before incubation with nanoparticles

SPIONs-FA-N3 and SPIONs-PEG-N3-FA and followed by addition of "’Lu-DOTA-cyclooctyne complexes

at two different doses (0,1 and 1MBq). The spheroids were treated in 9 different ways, see Table 2.
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Spheroid treated with SPIONs-
FA-N3

Spheroids treated with SPIONs-
PEG-N3-FA

Control spheroids

Only treated with SPIONs

Only treated with SPIONs

Control

1 MBq ""Lu-DOTA-cyclooctyne

1 MBq ""Lu-DOTA-cyclooctyne

1 MBq ""Lu-DOTA-cyclooctyne

0.1 MBq """Lu-DOTA-cyclooctyne

0.1 MBq """Lu-DOTA-cyclooctyne

0.1 MBq """Lu-DOTA-cyclooctyne

Table 2. 9 different ways the spheroids were treated for the '’Lu experiment

All the spheroids that were incubated with nanoparticles were washed after the 4 hours incubation and all
the spheroids that were treated with '""Lu-DOTA-cyclooctyne for 30 min were also washed. Fresh medium
was added and the spheroids were incubated for 7 days. Pictures of all the spheroids were taken with an
inverted microscope to monitor the growth on day 0, 1, 4, 5, 6 and 7. The medium of all the wells where the
spheroids grew in was refreshed on day 4 and 6 after the Lu-177 treatment, this was done to extend the

growth of spheroids (Thermo Fischer 2, 2021). The results are discussed in “Results '""Lu experiment’.

The spheroids treated with nanoparticle SPIONs-FA-N3 and SPIONs-PEG-N3-FA were incubated for 4
hours, because the cryosection showed that this is enough time for the nanoparticle to attach to the outside
of the spheroid. Here the nanoparticles can interact via the azide click reaction with the '""Lu-DOTA-
cyclooctyne, the 24 hours incubation showed that more nanoparticles were located inside the spheroid

where they are less likely to interact with the '"’Lu-DOTA-cyclooctyne via the click reaction.

It is expected that the nanoparticles that are retained on the spheroid after washing will have the click
reaction with """Lu-DOTA-cyclooctyne. The radionuclide can then enter the cell and create cell damage with
its radiation, we should observe less growth or shrinkage of the spheroids. Spheroids that are not treated
with nanoparticles and only with ""’Lu-DOTA-cyclooctyne should show less damage because there is no
click reaction. The spheroids treated with TMBq should show more damage than the spheroids treated with
0.1 MBq, because of the higher dose (Poty, 2017).

Results "’Lu experiment

After incubation of spheroids with nanoparticle and the subsequent addition of radioactive complex, the
growth, shape and size were monitored over 7 days. As it can be seen in Figure 12, the spheroids treated
with only nanoparticles show resemblance to the control spheroids. This can also be seen in Figure 13,
where the mean sizes of the differently treated spheroids are shown. It can also be concluded that the
spheroids treated with 0.1 MBq ""’Lu-DOTA-cyclooctyne, with and without SPIONs-FA-N3 and SPIONs-
PEG-N3-FA nanoparticles do not affect the growth of the spheroid. It is possible that the click reaction and
passive retention of has "’Lu-DOTA-cyclooctyne occurred, but that the dose of 0.1 MBq was too low to
influence the growth of the spheroids. From the microscope photos it cannot be concluded if the click

reaction happened.
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The spheroids treated with 1 MBq "’Lu-DOTA-cyclooctyne are affected. The spheroids show cell death and
shrinking of size diameter over 7 days. The spheroids that were first incubated with nanoparticles SPIONs-
FA-N3 and SPIONs-PEG-N3-FA appear to have more size shrinking and a bigger layer of dead cells
around the spheroid one day after the "’Lu-DOTA-cyclooctyne treatment, this can be seen in figure 12, 13
and 14. This implies that the click reaction could have taken place. Figure 14 shows the spheroids treated
with 1MBq "’Lu-DOTA-cyclooctyne one day after the treatment, it can be seen that the spheroids treated
SPIONs-PEG-N3-FA are more damaged than the spheroids treated with SPIONs-FA-N3. After day 4 the
size of the spheroids and the layer of dead cells around the spheroids treated with 1MBq are similar. The
spheroids not treated with nanoparticles and only '""Lu-DOTA-cyclooctyne appear to be just as affected.
This could be due to the passive retention of the '""Lu-DOTA-cyclooctyne into the spheroids, which can
happen without the nanoparticles, but the spheroids were only incubated with '’Lu-DOTA-cyclooctyne for
30 minutes. Other explanation could be that the radiation of the '""Lu-DOTA-cyclooctyne was toxic enough

that it effected the spheroids in 30 minutes of exposure.

Control PPION-FA-N3 [FPION-FA-N3 [SPION-FA-N3 [PION-PEG- [SPION-PEG- [SPION-PEG- TMBq 0.IMBq
IMBq 0.1MBq FA-N3 1 MBQ [FA-N3 0.1MBq [FA-N3
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Figure 12. /nverted microscope images of the spheroids used in the Lu experiment taken over 7 days. From left to
right columns: control spheroid, spheroid treated with SPIONs-FA-N3 nanopatrticles and 1MBq Lu-177, spheroid
treated with SPIONs-FA-N3 nanoparticles and 0.1 MBq Lu-177, spheroid treated with SPIONs-FA-N3 nanopatrticles,
spheroid treated with SPIONs-PEG-FA-N3 nanoparticles and 1 MBq Lu-177, spheroid treated with SPIONs-PEG-FA-
N3 nanoparticles and 0.1MBq Lu-177, spheroid treated with SPIONs-PEG-FA-N3 nanopatrticles, spheroid treated with
1 MBq Lu-177 and spheroid treated with 0.1 MBq Lu-177.
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Figure 13. Inverted microscope images of a spheroids treated with 1MBq ""’Lu-DOTA-cyclooctyne one day after
treatment. First row shows the 3 spheroids only treated with 1MBq "’Lu-DOTA-cyclooctyne, second row shows the 3
spheroids that were incubated with SPIONs-FA-N3 and treated with 1MBq ""’Lu-DOTA-cyclooctyne, the third row
shows the 3 spheroids that were incubated with SPIONs-FA-N3 and treated with 1MBq ""’Lu-DOTA-cyclooctyne.
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Figure 14. Growth of the diameter of the spheroids. This graph shows the growth curve of the diameter of the
spheroids over 7 days after the 177Lu-DOTA-cyclooctyne treatment. The legend on the right indicates which color

portraits the growth curve of the spheroid with the specific treatment. The error bar indicates the results of the triplet
experiment that was done for every treatment.

The spheroids that were treated with 1 MBq """Lu-DOTA-cyclooctyne had a layer of dead cells around them
that loosened when the medium got refreshed. The size of the spheroids shown in Figure 14 on day 4 and 6
is the size of the spheroid after the medium is refreshed. Figure 15 shows the growth of the spheroids
treated with ""’Lu-DOTA-cyclooctyne over 7 days and the influence of the handling of the spheroids with the

pictures before and after the spheroid is treated with something.
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Figure 15 also shows images of the spheroids that were just treated with nanoparticles and after 4-hour
incubation. The spheroids were washed with PBS after the incubation with the nanoparticles and after the
incubation with "’Lu-DOTA-cyclooctyne. All the nanoparticles and DOTA-complexes that were not attached
were washed out. It can be seen in figure 15 in column day O after nanoparticle that the SPIONs-FA-N3
nanoparticles are far more dispersed than the SPIONs-PEG-N3-FA nanoparticles, possibly because of the
PEG group on the SPIONs-PEG-N3-FA particle. This influences the attachment of the nanoparticles to the
spheroid and depth that the nanoparticles go in the spheroid. The cryosection also concluded that the

nanoparticles without PEG move deeper into the spheroid than the nanoparticles with PEG.
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Figure 15. Shows inverted microscope images of control spheroid and the spheroids treated with 1 MBq ""Lu-DOTA-
cyclooctyne taken over 7 days. Furthermore, it shows every picture of every handling (spheroid just after adding
nanoparticles, spheroid after 4 hours incubation with nanoparticles, spheroid just after ""’Lu-DOTA-cyclooctyne
treatment and the spheroids before and after medium refresh on day 4 and 7) of the spheroid and the influence of the
handling. The first row shows the control spheroid, the second row the spheroid treated with nanoparticle SPIONs-FA-
N3 and 1 MBq ""’Lu-DOTA-cyclooctyne, the third row shows the spheroid treated with nanoparticle SPIONs-PEG-N3-
FA and 1 MBq Lu-177 and the last row the spheroid treated with only 1MBgq "7Lu-DOTA-cyclooctyne.
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4 Conclusion

The goal of this study was to observe the differences in cell uptake behavior of the SPIONs-FA-N3-FITC
and SPIONs-PEG-N3-FA-FITC nanoparticles due to addition of PEG to the nanoparticles. For this purpose
U87 spheroids were used to verify whether the nanoparticles are internalized by the cells. This has been
done by growing U87 spheroids, incubating them with SPIONs-FA-N3-FITC and SPIONs-PEG-N3-FA-FITC
nanoparticles, performing a cryosection on these spheroids, imaging the slices of the cryosection with a

fluorescence microscope and analyzing the iron-content of the slices with ICP-OES.

The images of the cryosection of the spheroids that were incubated for 4 hours showed both SPIONs-FA-
N3-FITC and SPIONs-PEG-N3-FA-FITC nanoparticles clustered together on the outside of the spheroid
and did not diffuse further to the interior of the spheroid. A signficant difference between the two types of
nanoparticles with and without PEG could not be seen. Similarly, the 24 hours incubation with both types of
nanoparticles did not show significant differences in the cryosection images of the spheroids. The
nanoparticles were still clustered like it the case of 4 hours incubation, with the difference that more
nanoparticles were clustered and more moved inside the spheroid. Thereby, SPIONs-FA-N3-FITC
nanoparticles penetrated further into the spheroid than the SPIONs-PEG-N3-FA-FITC nanoparticles. This is
probably caused by the presence of PEG group. It is yet unclear from the fluorescence microscope images
whether the nanoparticles are located in the exterior or taken up by the cancer cells. Further study must be

done to answer this question.

From the ICP-OES it can be concluded that 4 hours incubation with both SPIONs-FA-N3-FITC and
SPIONs-PEG-N3-FA-FITC nanoparticles results in 3% retention, while longer incubation for 24 hours
amounts to 18% for SPIONs-FA-N3-FITC and 12% for SPIONs-PEG-N3-FA-FITC. Unfortunately, the ICP-
data obtained on the cryosections cannot be used because there were too many impurities of Fe (like the

marker and freezing medium), which cannot be explained yet.

The second part of the paper was the preliminary study into the click-reaction between ""Lu-DOTA-
cyclooctyne complex and the azide-functionalized nanoparticles SPIONs-FA-N3 and SPIONs-PEG-N3-FA.
U87 spheroids were grown and incubated with nanoparticles SPIONs-FA-N3 and SPIONs-PEG-N3-FA,

incubated with Lu-177-complex and observed with an inverted microscope over 7 days.

The microscope images showed that the 0.1 MBq with SPIONs-FA-N3 and SPIONs-PEG-N3-FA had no
effect on the spheroids. There was no difference between the control spheroids and the spheroids treated
with 0.1 MBaq. It could not be seen if the click reaction between the '""Lu-DOTA-cyclooctyne complex and
the nanoparticles that retained on the spheroids took place. The 1 MBq dose had more damaging effect on
the spheroids. The spheroids treated with nanoparticles SPIONs-FA-N3 and SPIONs-PEG-N3-F in
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combination with '""Lu-DOTA-cyclooctyne showed more damage to the spheroids than the spheroids only
treated with '""Lu-DOTA-cyclooctyne one day after the treatment. This implies that the click reaction could
have taken place. However, after day 4 the spheroids showed the same amount of damage. The 30
minutes incubation of the 1MBq "’Lu-DOTA-cyclooctyne was enough to do significant amount of damage

with and without the click reaction.
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5 Recommendations

The data obtained in this research is not conclusive for evaluation whether the nanoparticles are taken up
by the cancer cells or accumulate in the outer layer of spheroids. However, small differences found for
PEGylated and non-PEGylated nanoparticles suggest that it is worth further investigation. It is clear that the
fluorescence microscope used in this study was not optimal. A confocal microscope with higher

magnification could provide more answers to this question as it enables imaging of individual cancer cells.

Only U87 GBM cancer cell line was used in this research, it would be interesting to investigate how the
nanoparticles behave with different cancer cells lines. U87 is just one of the cell lines of central nervous
system cancer. The other cancer cell lines, e.g., breast, colon, kidney, leukemia, lung, melanoma, ovary,
and prostate can be interesting as well due to overexpression of folate receptors. This would tell us more
about the effectiveness of the nanoparticles on the different types of cancers and would be useful to know

for further researching and developing the nanoparticles for a specific cancer.

To further study into the azide click reaction with '""Lu-DOTA-cyclooctyne complex and the nanoparticles
SPIONs-FA-N3 and SPIONs-PEG-N3-FA radioactivity lower than 1MBq should be used, because this dose
seemed to be too toxic. There should also be looked into longer incubation times of the nanoparticles with

the spheroid, to see if this influences the azide click reaction and the therefore the spheroid.
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Appendix A

Spheroid treated with SPIONs-FA-N3-FITC nanoparticle for 4h, the diameter of this spheroid was 431 um




Spheroid treated with SPIONs-FA-N3-FITC nanoparticle for 24h, the diameter of this spheroid was 431 um




Spheroid treated with SPIONs-PEG-N3-FA-FITC nanoparticle for 4h, the diameter of this spheroid was 431 um




Spheroid treated with SPIONs-PEG-N3-FA-FITC nanoparticle for 24h, the diameter of this spheroid was 431 um




