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Chapter 1

Introduction

Cancer is currently the second most frequent cause of death with more than a million cases
happening yearly in Europe. In 2020, cancer accounted for 10 million lethal cases worldwide
(WHO Data). There are several types of cancer treatments, which are typically applied in
the current clinical practice. Surgery is usually the first chocie often combined with external
beam therapy and chemotherapy. In the case of metastasised tumors chemotherapy or
radionuclide therapy is preferred.l!! In the last few years radionuclide therapy has gained a
lot of attention since it has shown to lead to considerable prolongation of the life
expectancy of terminal patients.”? Timely diagnosis plays an important role here, increasing
the survival chances for cancer patients and allowing to choose the most optimal treatment
based on disease characteristics. To do that, numerous imaging techniques are used, such
as Magnetic Resonance Imaging (MRI), Computed Tomography (CT), Ultrasonography (US),
Single Photon Emission Computed Tomography (SPECT) and Positron Emission Tomography
(PET). Each of these techniques differ in terms of resolution, sensitivity and application of
imaging agents. Thereby, the type and stage of the disease usually dictate the choice for a
certain imaging modality. The benefits of monitoring the delivery of therapeutics as well as
monitoring of the therapeutic outcome are important for an optimal treatment. Therefore,
the current research is very much focused on the development of agents that combine
imaging and therapeutic components in one system, called theranostics,'® which is seen as
the key to a high-precision cancer treatment.*

One way to realize a theranostic product is by implementing metals with dual and even
triple properties, such as in the case of the beta-emitters Y7Lu (t1/, = 2.8 d) and *®Ho (t1/; =
2.1 d), respectively. Y’Lu has been used in peptide receptor radionuclide therapy (PRRT)
through administration of 7Lu-DOTA-Tyr3-octreotate (DOTATATE). In this case, the
accumulation of the agent at the tumor through somatostatine receptors overexpressed at
the disases site visualize by SPECT, is combined with the delivery of therapeutic radiation
dose leading to a promising treatment.! *¢Ho has a similar multimodal potential as it can
be observed by SPECT and additionally by MRI (due to its high magnetic moment of 10.6

uB), and kill tumors by delivering beta-radiation.®! *¢Ho-microspheres are aleady applied
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succesfully in the clinic for radioembolization of liver cancer, and their feasibility for head-
and-neck” and brain® cancers is being investigated.

Another promising approach is exploiting nanotheranostics®® by development of small
nanoparticles composed of polymers,'*?! inorganic materials,!** dendrimerc structures,*?
and lipids,i** which can be use to conjugate or encapsulate diagnostic and therapeutic
moieties.’¥ Nanosystems are believed to play an important role in the future cancer
theranostics due to their versatiliy and advantegeus pharmaco-kinetic features, such as
prolonged blood-circulation time, tumor accumulation/retention, and most importantly,
the ability to carry multiple components in one scaffold. These benefits are especially

attractive in the case of radionuclide therapy, which is exlpored in this thesis.

Radionuclide therapy

An important advantage of radionuclide therapy compared to the conventional external
beam radiation therapy is its capability to treat methastized tumors using rather high
radiation dose.!* The effects depend on the radiation dose and type of the accompanying
linear transfer (LET) energy causing the DNA damage. DNA can be damaged directly by the
radiation itself or indirectly through generated reactive oxygen species (ROS) and hydrated
electrons. As a consequence, cells that are exposed to radioactivity, i.e. in the proximity of
radionuclides, will undergo apoptosis.[*’!

There are several radionuclides, which are currently being applied in the clinic. These
include beta-emitting radionuclides 3!l (t1/> = 8.0 d), Y"7Lu (t1/2= 6.7 d), 13Sm (t12= 46.5 h),
and %Y (t1> = 64.1 h) that are characterized by low LET and approximate range of 0.4 - 5.3
mm in tissues. Despite its very high potential, radionuclide therapy is still often hampered
by the relatively low radiation dose delivered to the tumor or inhomogenity of the dose
which is insufficient to kill all cancer cells. Therefore, in radionuclide therapy more and more

radionuclides having high linerar energy transfer, such as alpha particles are being pursued.
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Alpha-therapy

Alpha-emitting radionuclides are receiving much attention in oncology due to their
appealing therapeutic properties.*! For instance, shorter penetration depth (50 — 100 um)
and higher LET (50-250 keV/um)*”! compared to the beta-emitting radionuclides lead to
more effective DNA destruction, and hence, the cytotoxic effects of alpha-particles are
much more potent.'8! Several alpha-emitters such as astatine-211 (***At, 7.2h), bismuth-
213 (*'3Bi, 45.6 min), radium-223 (**3Ra, 11.4 d), and actinium-225 (**Ac, 10.0 d) are
currently under investigation.*8! There, the latter radionuclide is the most interesting one
due to its convenient half-life.l*” The challenge in the case of 2*°Ac is the release of its
daughters due to the recoil effect resulting from the alpha-emission. The energy that the
recoiling daughter receives is above 100 keV, which leads to breaking of chemical bonds.
Some of the daughters such as ?2'Fr and 21Bi (i.e.?*3Po) are relatively long-lived alpha-
emitters in this situation,?” and therefore, their release can damage healthy tissues and
organs.?! Therefore, in the case of alpha-radionuclide therapy it is very important to deliver
the alpha emitting radionuclides to the site of interest very fast and selectively, preventing

harm to the healthy tissues.!?”

Drug delivery strategies

Passive targeting

Considering nanotheranostic materials, it is important to realize that the size of the
nanoparticles is an essential determinant for an effective tumor delivery. Nanoparticles
with the sizes below 5-10 nm are typically excreted by the kidneys,?? while larger particles
(20-100 nm) are most likely ending up in the liver and/or spleen.¥! Accumulation of larger
nanoparticles in the lungs has also been reported.?*! Provided that the nanoparticles are
not instantly removed from the blood-circulation, their accumulation at the tumor site can
be expected. The reason for this passive targeting is the rapid tumor growth that is
associated with formation of neovasculature. The immature blood vessels are composed of

endothelial cells that are more permeable compared to those around the normal tissues.
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These leaky blood vessels allow nanoparticles to extravasate through the gaps and
accumulate at the tumor site (Figure 1.1). This phenomenon is called enhanced permeability
and retention (EPR) effect, widely exploited in tumor drug delivery of nanoparticles.’?*
Basically, correctly chosen size of the nanoparticles facilitates blood-circulation and thus
higher tumor uptake.?®!

However, size is not the only parameter determining the blood-circulation and tumor
uptake. The surface properties also play an important role in the tumor accumulation,
mainly due to the recognition of nanoparticles by the immune system resulting in activation
of macrophages and fast clearance from the blood stream.?”! To prevent this, nanoparticles
are typically decorated with stealth molecules that prevent the premature removal of the
nanoparticles, and by doing this, prolong the circulation time allowing for accumulation at
the tumor. Polyethyleneglycol (PEG) is one of the typically used coating macromolecules
that is known to enhance biocompatibility of the nanoparticles and increase their blood-
circulation time.?®! When injected intravenously, PEG-coated nanoparticles will neither be
recognized as foreign objects nor be taken up by the macrophages and mononuclear
phagocyte system (MPS) cells.?® Additionally, PEGylation of the surface of nanoparticles
can enchance their hydrophilicity and colloidal stability, thus preventing their

aggregation.B%

Tumor cells
Q‘ . N 0 Leaky vasculature
G e Endothelial cells

Nanoparticles
P Blood vessel

Figure 1.1. Schematic of nanoparticles taking part in the EPR effect in the tumor vasculature.
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Active targeting

While the effectiveness of passive targeting is still under debate,®*! another strategy for
specific tumor delivery by means of targeting vectors is implemented. These vectors range
from small molecules, such as folic acid (FA),*? prostate specific membrane antigen
(PSMA),2 to large entities such as monoclonal antibodies (mABs).2% The principle is based
on the recognition of tumors by binding to overexpressed receptors. In the case of folic acid
receptors (FAR), four different types can be distinguished: FAR-a, FAR-B, FAR-y, and FAR-
5.B%1 Among of these, FAR-a is most commonly used for targeted drug delivery due to its
overexpression on cancer tissues.®! FAR on the normal tissues are limited to the kidney,
and epithelia of intestine, lung, retina, placenta and choroid plexus, and thus not accessible
for the binding with the blood-circulating targeting agents. The affinity to FAR-a (K4 = 1071°
M) at the surface of ovarian, lung, breast, brain, and endometrium tumor cells is sufficient

for FA to be used as a targeting vector in combination with nanoparticles.37

Step 1 — Diagnostic part Step 2 — Therapeutic part

5 <P Slow uptake (hr/d) ¢ Rapid uptake (min/hr)
s Imaging agents, 8 Radiotherapeutic
nanoparticles agents

o dvoove oo v ©»
® ([ Ty 2

. é 50 g oy
oY o

Blood vessel

Figure 1.2. Schematic representation of the pretargeting approach.
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Pretargeting

Pretargeting concept involves injecting two components in sequence, from which the first
is used to target the tumor and the second to seek the tumor-bound moiety. When
theranostic approach is concerned, one of the components has an additional imaging
capacity (Figure 1.2). Being already applied preclinically, this strategy has a clear potential
for monitoring the therapeutic response in cancer patients during and after the
treatment.®¥ Initially, the pretargeting strategy was designed for antibodies in
radioimmunotherapy using antibody/hapten,®*" strept(avidin)-biotin,!*® and in vivo click-
reaction mechanisms.*Y The latter example describes injection of immunoconjugate, which
was left to circulate, accumulate at the tumor and be cleared from the blood, after which a
84Cu-tracers was injected and its binding to the first component via the click-reaction was
visualized by PET. When the PET-tracer was cleared, its therapeutic analogue ®’Cu was
injected and delivered to the tumor via the same route for the treatment.*!! In the current
research, the in vivo click-reaction strategy is considered very attractive due to the
formation of covalent binding that leads to a higher tumor uptake of the

radiopharmaceuticals.!*?

Click-reaction

A classic representation of the click-reaction is copper catalyzed alkyne-azide cycloaddition
(CUAAC).*® This reaction is very slow and requires high temperatures and copper as a
catalyst to increase the reaction rate (Figure 1.3A).* However, the use of copper in vivo
has to be ruled out due to its toxicity. Therefore, utilization of highly strained cyclooctyne
derivatives has been presented as alternative click-reaction mediator compatible with living
organisms (Figure 1.3B).1*%!

The very first example of the click-reaction in vivo was demonstrated by Bertozzi and co-
workers, who explored selective labeling of biomolecules to investigate biological

processes. For this purpose, mice were injected with an azide-modified sugar N-

azidoacetylmannosamine (AcsManNAz), which was then metabolized and came to
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expression as part of glycan-chain at the surface of the cells.[*® Injection of antibody labeled
with fluorescein isothiocyanate and cyclooctyne enabled visualization of the target via the
click-reaction. Keeping in mind that some glycosilation patterns are typical for certain
diseases, this approach can be used for therapeutic purposes and enables imaging during
the treatment.[*”) High efficiency and selectivity as a result of bioorthogonality without
interferrance with physiological processes in vivo represent the main arguments for the

interest on click-chemistry in the medical field./8!

N
A @ O—c=o—O 2 |

Figure 1.3. Click-reactions between azides and alkynes with (A) and without (B) copper as a catalyst.

Outline of the thesis

The aim of this thesis is to develop a two-step tumor targeting strategy based on the
bioorthogonal mechanism by using cyclooctyne promoted click-reaction between azide-
functionalized superparamagnetic iron oxide nanoparticles (SPIONs) and alpha-emitting
DOTA-cyclooctyne complex. Thereby, the ultimate goal is to exploit this combination for
fast and selective delivery of alpha-therapeutics to the tumor under visualization of the
whole process with MRI. The principle of MRI-guidance during different types of

radiotherapy is reviewed in Chapter 2.



General Introduction

Advantage of the two-step tumor pretargeted therapy is the possibility to introduce an MRI-
active label on the tumor cells, followed by delivery of the radiotherapeutic in a rapid, and
most importantly, selective way. The choice for MRI as an imaging modality is based on its
non-invasive character and high resolution. SPIONs, commonly applied as T, MRI contrast
agents (dark contrast),’*”! can be functionalized on their surface to ensure tumor specificity
(folic acid), prolonged circulation times (PEG), click-reaction (azides) and optical signal for
in vitro confocal microscopy (fluorescein-tag). Once the presence of SPIONs at the tumor
site is confirmed by MRI, the radiotherapeutics can be injected in the second step.

The following three chapters focus on the actual development of SPIONs, their full
characterization and demonstration of their ability to generate MRI contrast, target tumors
and bind radiotherapeutics. The design and preparation of SPIONs as well as
functionalization of their surface are explained in Chapter 3. Special attention is paid to the
size-control and uniformity of the resulting nanoparticles. Examination of different
preparation methods leads to conclusion that the co-precipitation procedure is the best
method to prepare SPIONs with a diameter of 10 nm and a narrow size-distribution. Besides
the morphological and physical properties of the nanoparticles, surface chemistry
represents an important aspect in the design of theranostic probes. The purpose of
functionalization is firstly to enable conjugation with targeting vectors for specific tumor
delivery via folic acid receptors overexpressed by a number of tumors. Further modification
is necessary to enable the click-reaction with a cycooctyne-carrying radiotherapeutic
molecule. Finally, polyethyleneglycol (PEG) molecules are introduced on the surface of
SPIONs and their influence on the tumor-recognition as well as to the cellular uptake is
investigated in vitro.

Chapter 4 focuses on determination of experimental conditions for an optimal click-reaction
between azide-functionalized SPIONs and cyclooctyne-DOTA. Aiming at the final application
of an alpha-emitting metal ion, DOTA (1,4,7,10-Tetraazacyclododecane-1,4,7,10-

tetraacetate) is first complexed with Eu'

and the click-reaction process is studied by NMR
and UV-spectroscopies. Further complexation with Gd" enables T:/T, NMR relaxation

studies in which the click-reaction can be monitored by increase in relaxation times. Both
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types of contrast enhancements simultaneously confirm the successful conjugation
between the nanoparticles and the radiotherapeutic prototype.

The effectiveness of the click-reaction under physiological conditions is evident from the in
vitro experiments, in which the azide-functionalized SPIONs are incubated with Hela and
U87 glioblastoma cells that are grown as 2D pallets and 3D spheroids. Visualization of cell
interaction (incl. possible internalization) by confocal miscroscopy is possible due to the
presence of a fluorescent tag at the surface of SPIONs. Complexation of DOTA-cyclooctyne
with radioactive metal-ions !In and Y’Lu enables gamma-counting to confirm that the
click-reaction took place. In addition, therapeutic effects of beta-emmitter 1’’Lu is observed
using 3D glioblastoma tumor model.

Finally, in the last Chapter 5 the designed two-step tumor targeting approach is adopted to
the alpha-emitter 22°Ac. Another series of in vitro experiments similar to those described in
the previous chapter is performed and the growth and morphology of the cells exposed to
the 22°Ac-DOTA-complex after the click-reaction with SPIONs accumulated in the tumor is
presented. Additionally, DNA damage caused by the alpha-emitter 2°Ac to the glioblastoma

spheroids is analyzed and the therapeutic impact is evaluated.

10
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Chapter 2

Introduction

Radiotherapy (RT) has become an indispensable tool in oncology, representing non-surgical
treatment by cytotoxic ionizing radiation with the ability to destroy cancerous cells. One of
the main objectives of a successful treatment is an accurate delivery of a correct therapeutic
dose to the target while avoiding radiation exposure of the surrounding healthy tissues. This
requires careful delineation of tumor by detecting its extension as well as assessing
morphology, physiology, and biochemistry prior to therapy. All this information is gathered
typically within the radiotherapy treatment planning (RTP) practice, which basically includes
collective efforts by radiation oncologists, physicians, and radiologists for determination of
the appropriate RT procedure, be it application of external radiation beams, internal
brachytherapy or prescription of internal radionuclide therapeutics. Modern medical
imaging is a valuable aid for RTP, and for many years computed tomography (CT) was
considered the most suitable imaging modality based on its accessibility and high precision
in determination of geometrical target parameters necessary for accurate external
irradiation, and tissue electron density for the dose calculation. However, its poor soft-
tissue contrast is in many cases limiting the spatial accuracy, which is important for the
correct determination of tumor margins, especially when cancer is in the proximity to the
vital organs. Another concern in external RT is patient misalignment as a result of internal
motions, such as swallowing, respiration or muscle contraction/relaxation. Again the
insufficient depiction of soft-tissues in radiographic images forms a serious drawback that
requires calling in of complementary imaging techniques.

Magnetic resonance imaging (MRI) overcomes the aforementioned limitations due to its
superb temporal and spatial resolution, and excellent soft-tissue contrast. As a non-invasive
imaging modality without implication of ionizing radiation, it relies on the observation of
water molecule protons, based on their density and relaxation dynamics. Altogether, these
parameters lead to visualization of the differences in tissues by generation of either Ti-
(positive/bright) or T>-weighted (negative/dark) contrast. Thereby, tailored MRI pulse-
sequences enable various types of contrast for functional and volumetric assessment of

tumors, with the possibility for unlimited multiplanar image reconstruction. Furthermore,
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dynamic contrast-enhanced MRI offers the possibility to monitor the signal in a tumor over
time with rapid (£ every 3 s) 3D-imaging using Ti-weighted sequences.*) The methods for
data acquisition in MRl allow for slice orientation in sagittal, coronal or any other convenient
angle for better alignment with anatomy, compared to transaxial CT. Concerning
assessment of functional tumor parameters, blood oxygenation level-dependent (BOLD)
MRI can be used to visualize tumor hypoxia, which is one of the predictors of patient
response to radiotherapy.”?! From the instrumental point of view, systems integrating MRI
and a linear accelerator are being developed and tested in the clinic with the goal to
improve definition and geometrical calibration of tumors and to enable simultaneous
irradiation"14],

With all the above-mentioned advantages, MRI suffers from intrinsic lack of sensitivity that
can be circumvented by administration of contrast agents (CAs), which are typically either
small paramagnetic Gd(lll)- or Mn(ll)-complexes or superparamagnetic iron oxide
nanoparticles (SPIONs) that shorten T: or T, relaxation times of surrounding protons,
respectively. The effectiveness of CAs is expressed in relaxivity (r1 or r), defined as the rate
of increase of the corresponding relaxation time per mM of metal ion. The relaxivity
enhancement is then either the result of dipolar interactions between the paramagnetic
center and the protons in its vicinity, or perturbation of magnetic field around
superparamagnetic center, which translates into the generation of high-resolution T; or T,
contrast, respectively.

All these features substantiate the importance of MRI as a technique complementary to CT
for its application in RTP®! and open perspectives for this imaging modality to serve as a
platform for new types of agents for combined imaging and therapy, called theranostics.[®!
This review focuses on the role of MRI for different types of RT (Figure 2.1) and surveys the
most important types of MRI CAs that have been developed to enhance the effects of
external RT, enable monitoring of delivery and distribution of the internal

radiotherapeutics, and evaluate the therapeutic outcome.
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Figure 2.1. Overview of radiotherapeutic methods and the role of magnetic resonance imaging (MRI)
in: (A) treatment planning, including volume of interest delineation and (B) monitoring delivery and
distribution of therapeutic agents (* = only for non-sealed source brachytherapy).
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The role of MRI in External Radiation Therapy

The essence of external radiation therapy (ERT) is the exposure of the patients to ionizing
radiation originated from the beams (photons, high-energy electrons, protons or neutrons)
produced by linear accelerators, cyclotrons or nuclear reactors. The treatment requires
methods to decrease healthy tissues risk, i.e., delivery of the therapeutic dose exclusively
to the site of interest. This precision matter involves several strategies, one of which is
adjustment of the dose distribution in and around the tumor known as intensity-modulated
radiation therapy (IMRT).[”) In this type of ERT, multiple beams directed to the tumor are
modulated in a way to intentionally deliver non-uniform intensity. Other exciting
applications are stereotactic radiosurgery (SRS) and stereotactic body radiotherapy (STBT),
both of which are types of ERT initially designed to treat small brain tumors with a high
precision of 1-2 mm. Thereby, 3D-imaging techniques are used not only to locate and
describe the tumor but also to design radiation beams to cover the target area from
different angles and plans, which implies careful patient positioning for the RT session. In

all the aforementioned techniques, accurate determination of tumor margins and
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morphology is the key factor, which can typically be achieved with CT. However, in many
cases, such as brain or head/neck tumors, the full extent of the tumor can often only be
fully visualized by an additional MRI scan on the basis of voxel to voxel matching resulting
in a CT-MRI fused image. The study by Emami et al. is, thereby, a good example that shows
a significant difference of the tumor volume obtained from the CT images compared to MRI
(74% increase), which consequently leads to underdosing of the applied radiation by 14%.!!
Another approach to minimize the damage of healthy tissues and enhance the effects of
ERT involves the application of radiosensitizers, which are typically therapeutically inert
(with exception to chemotherapeutic examples)® compounds that increase susceptibility
of cells to ionizing radiation and thus improving the dose efficacy.® The effect is based on
the particular physical properties of radiosensitizers such as high density and high atomic
number (Z) of the comprising elements (vide infra). An additional benefit can be gained by
providing these agents with the ability to generate an accompanied MRI signal that allows
for visualization of the delivery of such theranostic probes to the site of interest as well as

monitoring the effects of RT.

Radiosensitization

While careful definition of tumor size, shape and volume can to a certain extent be secured
by high-resolution CT or MRI 3D-imaging, increasing the tumor-killing efficiency can be
optimized by radiosensitive substances, which either result in additional boost in radiation
dose (e.g., Au nanoparticles) or in biologically driven decrease in radiation resistance (e.g.,
kinase inhibitors). Generally, exposure of a soft tissue to ionizing radiation such as gamma-
or X-rays as well as alpha-, beta-particles or electron, proton or neutron beams, causes a
cascade of events leading to cell death. In this process, radiation beams, depending on their
linear transfer energy, interact with DNA either directly or through the formation of free
radicals originating from intracellular water molecules and dissolved oxygen. Metal-based
radiosensitizers delivered to the target site are able to create differences between healthy
and cancer cells rendering the latter more vulnerable to radiation, which, in turn, affects
their proliferation and leads to apoptosis. The principle is based on the high density and

high atomic number of the elements composing these agents. In response to irradiation,
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the electrons of these elements absorb the energy, which is then transformed into kinetic
energy sufficient to extract them from the atomic orbitals causing scattering of (fluorescent)
photons and photo-, Compton-, or Auger-electrons. The type of effect is mainly determined
by the Z/E ratio (Z = atomic number, E = energy of the incoming radiation), where E on its
turn defines the range of the effect within the tissue. This phenomenon drew attention for
the first time during RT treatment of mandibular cancer patients with high-Z material
implantsi*¥ and was demonstrated later for iodine-containing contrast media with
radiosensitizing effect on cultured mammalian cells.*?! The most thorough investigation
over the last decades, however, was done with high-Z elements, such as gold and mainly in
the form of nanoparticles (NPs).

The general advantage of NPs is their ability to permeate tumor tissues through the leaky
vasculature, an effect known as enhanced permeability and retention (EPR), often
addressed as passive targeting.'3! The result of such accumulation is slow systemic
clearance compared to low-molecular agents, which prolongs the radiosensitizing effect.
Additionally, the surface of NPs can be exploited for grafting of various functionalities, for
example with polyethylene glycol (PEG) chains that reduce the uptake and removal of NPs
by the reticuloendothelial system.!**! Densely packed metal NPs possess higher mass
absorption coefficients than those of soft tissues and high scattering cross-sections, which
upon irradiation causes release of short-path-length photoelectric and Auger-electrons that
induce the localized damage through the formation of free radicals. Gold nanoparticles
(AuNPs) represent one of the most important class of radiosensitizing materials
demonstrated first by Hainfeld et al.'*l. Applied in EMT-6 mammary carcinoma tumors
implanted in mice, AuUNPs of 1.9 nm diameter were delivered intravenously prior to 250 keV
X-ray therapy enhancing the outcome. Next to excellent biocompatibility, a valuable
additional property of AuNPs is their ability to generate contrast in CT enabling delineation
of tumors. However, this review intends to focus on MRI-guided radiotherapy, and
therefore, the main accent is on combination of radiosensitizing and magnetic properties of

the agents.
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Gadolinium-based radiosensitization

Gadolinium can be considered as the most exciting element envisioned for the combination
of MRI with radiosensitization due to its strong paramagnetic nature and high mass-
absorption coefficient thanks to its relatively high atomic number (Zgy = 64). The
paramagnetic properties are due to seven unpaired electrons in the f-shell with rather long
relaxation times. Coordination numbers of 8-9 and strong complexing properties underlie
its wide application as clinical T; MRI CA in the form of small complexes with DOTA- or DTPA-
like chelates (DOTA = 1,4,7,10-tetraazacyclododecanel,4,7,10-tetraacetate; DTPA =
diethylenetriamine pentaacetic acid) with high thermodynamic and kinetic stabilities. The
parameters governing the efficiency of low-molecular Gd-based MRI CAs are extensively
discussed in the literature.l*®! Numerous studies over the last two decades have been
dedicated to the design of Gd(lIl)-complexes with modulated number (g) and residence time
(tm) of water molecules in the first coordination sphere and the rotational correlation time
(tr) of the complex in order to increase the ri. Recently, an important safety concern has
been raised in connection with possible release of toxic “free” Gd(lll)-ions in vivo causing
nephrogenic systemic fibrosis®” or their accumulation in the central nervous system.[8
Therefore, every new design of a potential MRI CA molecule towards increased ri by
optimization of the aforementioned parameters by chemical modifications requires
thorough evaluation of the thermodynamic and kinetic stabilities of the final complex.

A small Gd(l11)-complex designed for radiosensitization combined with MRl is porphyrin-like
macrocycle motexafin gadolinium (MGd) (Figure 2.2) that belongs to the texaphyrins class
of drugs, which proved effective to mediate radiation of tumors and brain metastasis in
particular.!®! A pre-clinical MRI study has revealed a selective uptake of MGd by malignant
cells, most probably facilitated by the tumor pH being lower compared to those of healthy
cells. A nine-fold contrast enhancement within 24h post-injection (p.i.) into murine
mammary tumor mice models was accompanied by the rapid clearance from plasma
through the bowel.?® The therapeutic effect is based on several mechanisms, including

depletion of intracellular reducing metabolites, such as ascorbate, glutathione and NADPH
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Figure 2.2. Schematic representation of synergetic effect of motexafin gadolinium (MGd)
accumulated at the tumor cells with chemotherapeutics upon photo-irradiation. Pt(1V) prodrugs vary
as: R1/Rz = CHs, R1/Ry = CHyCH3, R1/Rz = (CH,),COOH, or R; = (CH2),COOH, R, = CH3 [21]

that are typically taking part in reparation of oxidative DNA damage upon irradiation.
Additionally, MGd was shown to exhibit a synergetic effect in combination with some
chemotherapeutics. An example is reduction of platinum (IV) prodrugs to their active form
oxaliplatin (Pt(ll)) by the metabolites, such as sodium ascorbate, generated upon photo-
irradiation in the presence of MGd accumulated selectively at the tumor.2%

In general, the strategies to enhance the MRI performance of T; CAs include either
accommodation of multiple Gd(lll)-complexes on nanocarriers or application of Gd-
containing NPs; both concepts striving for a higher payload of paramagnetic units increasing
the r1 per Gd(ll1)-ion.1?? Development of a polyol method for the synthesis of crystalline core
Gd,03 NPs!?! within the size-range of 1-5 nm enabled a series of studies that demonstrated
higher r; (8.8 s mMvs. 4.1 s mM™ of Gd(lIl)-DOTA) based on the additional contribution
of Gd-ions located inside the core.?* In terms of radiosensitization, densely packed NPs
show an increased ability to scatter/absorb the X-rays and gamma radiation that leads to

more localized damage of targeted cancer cells. Lux and co-workers have developed an

original top-down process for the preparation of ultrasmall Gd-NPs with a size below 5 nm,
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convenient for in vivo circulation and renal clearance.?>?®! The method consisted of several
steps, starting with the initial preparation of Gd,0; core, which was then encapsulated into
a polysiloxane shell that was conjugated with DOTAGA (1,4,7,10-tetra-azacyclododecane-1-
glutaric anhydride-1,4,7,10-triacetic acid) ligands. The subsequent dissolution of the core
has led to chelation of the released Gd(lll)-ions by the ligands and defragmentation of the
shell yielding ultrasmall NPs (Figure 2.3A). The stability of the resulting complexes (log Bi1o
= 24.8), was found to be very close to that of DOTA (log B110 = 25.6), while the r; measured
at 60 MHz was 11.9 s mM™ per Gd(lll). The intravenous injection of these NPs into
gliosarcoma-bearing rats resulted in a swift accumulation (~10 min) in the tumor through
the EPR effect. The MRI data was used to determine the timepoints for the subsequent
application of microbeam radiation therapy (MRT). Accumulated at the tumor, Gd-NPs
acted as radiosensitizers upon irradiation and the therapeutic effect was demonstrated by
the different median survival of the MRT-treated animals with (48 days) and without (20
days) administration of NPs (Figure 2.3B—-D). An additional application of these NPs was
demonstrated by intratracheal administration for MRI visualization of lung cancer, which
was possible due to their small size (~3 nm) and hence the ability to pass through the
pulmonary airways and be excreted later through the kidneys.?”

Further progress with these NPs has been made by incorporation of bismuth Bi(lll) into
DOTA-chelates on the surface of the aforementioned silica carrier with Gd/Bi ratio of 8/6.128!
The presence of bismuth resulted in strengthening of radiosensitizing effect due to its high
atomic number (Zs = 83) and additional possibility to visualize the particles by CT. MRI
monitoring of the arrival of the particles after intravenous injection into lung carcinoma-
bearing mice was used to determine the right timing (30 min p.i.) for the delivery of 10 Gy
radiation dose. Evaluation of double-strand DNA breaks for both tumor and healthy tissues
was used as quantification of radiosensitizing effect, which eventually resulted in
significantly higher survival rate for the animals irradiated after injection of Gd/Bi NPs.
Carbon quantum dots (CDs) represent another interesting nanoplatform for MRI-guided
radiosensitization. Doping of carbon crystals with Gd could be achieved through
hydrothermal carbonization of Gd-DTPA in the presence of glycine as passivation agent

resulting in a composite, resistant for Gd-leakage even under harsh conditions.?® The r;
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relaxivity of 6.5 s> mM™, which was higher than that of Gd-DTPA (4.5 s mM™?), was
attributed to the much larger hydrodynamic surface area of CDs (~20 nm) with Gd-ions in
the lattice. The intravenous injection of Gd-CDs into a tumor-bearing mouse was followed
by MRI, starting with passive accumulation and retention in the tumor and ending with the
final renal clearance of the probe. The remarkable radiosensitizing efficacy was
demonstrated in a single treatment of HepG2 cells by 8 Gy X-ray radiation leading to
reduced growth by 90.1% and further shrinkage of the tumor by 53% in 7 days, compared

to 12% for the group of mice irradiated in the absence of Gd-CDs.
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Figure 2.3. MRI/microbeam radiation therapy (MRT) study with Gd nanoparticles (NPs): (A) top-down
process going from Gd,0s coated with SiO, conjugated with DOTAGA (1,4,7,10-
tetraazacyclododecane-1-glutaric anhydride-1,4,7,10-triacetic acid), followed by dissolution and
complexation of Gd(lll)-ions and fragmentation of ultrasmall NPs; (B) T1-weighted MR image of rat’s
brain overexpressing gliosacroma tumor. Green and red area indicate tumoral and non-tumoral
accumulation of NPs, respectively; (C) MRI signal obtained at 7T following accumulation of NPs in
tumor and healthy zone over time; (D) animal survival rate without treatment and after application of
dose rate of 90 Gy. s'1. mA! with and without administration of NPs.[25]
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Iron oxide Nanoparticles

The use of superparamagnetic iron oxide nanoparticles (SPIONs, mainly magnetite (Fe30a)
or maghemite (yFe,0s)) in medical field ranges from various types of therapies, such as
targeted drug delivery, immunoassays, hyperthermia and tissue repair to diagnosis by
MRI.E% The latter application relies on the ability of SPIONs to generate dark contrast
promoted by magnetic domains within iron oxide crystals containing unpaired electrons.
Gathered in one particle, the single-domains display a strong collective magnetic moment
that results in magnetic susceptibility, disruption of external magnetic field homogeneity,
and creation of field gradients. Consequently, the transversal relaxivity of water molecules
diffusing in the vicinity of SPIONs is reduced significantly, leading to a T,-weighted contrast,
while the emerged field inhomogeneities induce a T,*-weighted contrast.** Intracellular
delivery of SPIONSs is to a great extent determined by the size of the particles as well as
functionalization of their surface with various coatings and conjugated vectors for increased
affinity towards certain pathological epitopes. These features of SPIONs along with the
available facile manufacturing methods have led to many interesting formulations for
labeling and in vivo MRI-tracking of stem cells, imaging of apoptosis and inflammation.? In
general, the small size of the particles allows them to penetrate small capillaries and be
captured and retained by the affected cells. Using SPIONs as drug delivery systems carrying
conjugated chemotherapeutics, such as e.g., methortrexate that can be cleaved from the
surface under intracellular conditions, represents an interesting strategy, especially when
the process can be monitored by MRL.1*3! Medarova et al. have demonstrated a possibility
to track tumor response for chemotherapy by application of SPION’s decorated with
peptides for recognition of mucin-1 tumor-specific antigen (UMUC-1) attached to their
crosslinked dextran coating. MR images acquired on mice with pancreatic adenocarcinomas
clearly indicated alteration of T>-weighted contrast before and after the treatment with the
chemotherapeutic agent 5-FU.13

The multifunctional potential of SPIONs is currently being extended to radiosensitization
applications (Table 2.1), despite the less convenient characteristics of iron (Zee = 56, X-ray

absorption enhancement factor (AEF) = 1.2) compared to gold (Za, = 79, AEF = 1.6).
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Radiosensitization typically occurs due to interaction between high Z-materials and low
energy X-rays (keV-range) through photoelectric effects, while at higher energies Compton
effects are dominating. Therefore, the shift to the megavoltage range can be seen as
beneficial for clinical applications due to skin sparing and convenient dose-distribution to
the deep-seeded tumors, such as in case of colon cancer.% Recent studies revealed that
the radiosensitizing effect of dextran-crosslinked SPIONs exposed to 6 MeV X-rays might be
both concentration and dose-rate dependent with the optima observed at 80 pg/mL and
370 cGy/min, respectively.®! Another study by Khoei et al. with human prostate carcinoma
DU145 cell line demonstrated that coating of particles with dextran with additional amino-
groups increases the cellular uptake significantly compared to plain particles (only dextran-
coating). As the result, the best MRI enhancement by NH,-dextrane-SPIONs was observed
for the concentration of 1 mg/mL and the radiosensitization effect was found to be dose-

independent under MeV energies.’?”!

Table 2.1. Examples of SPIONs applied as radiosensitizing MRI contrast agents.

Composition/ Preparation Size Radiation Cell Line Tested Ref
Coating Method (nm) Energy Application )
e MCF- 36]
FesOas/dextran Co-precipitation 15 6 MeV 7/Hela ERT
SPIONs/dextran-NHz 1 130 6 MeV DU-145 ERT/MRI &7
. . 6-202 [38]
Fe203/Fes0a/citrate Co-precipitation? 3103 120 keV MCF-7 ERT
MCF-
7/MDAH- (39]
SPIONs/citrat Co- ipitati 6-25 6 MeV ERT
s/citrate o-precipitation e 2447/MDA-
MB-231
BiFeOs Sol-gel 30 160 keV MCF-7 MRI/ERT/CT/HT
Fes0u/Ag/C225 Co-precipitation 102 6 MeV CNE ERT ey
Fe4[Fe(CN)e])* Electrostatic [42)
Au/citrate-PEG absorption 139 — 4t MRI/CT/PTT/ERT

1Commercially available; 20 °C; 3 220 °C.

The necessity of an appropriate coating of the metal core, which applies for any NPs
envisioned for in vivo applications, becomes particularly interesting in case of SPIONs. Next
to decreased toxicity by ion-leakage inhibition, the arguments for coating are surface
passivation, prevention of aggregation and interaction with reticuloendothelial system. All

these measures ultimately lead to prolonged blood-circulation time and increase the chance
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for accumulation at the site of interest. The choice of coating materials, in addition to
influences on the aforementioned parameters, has a dramatic effect on the MRI
performance of SPIONs. For instance, coating of the core of the SPIONs with carboxylates
leads to a drop of net magnetization and the consequent decrease of the T,-effect, which is
not observed in case of phosphate coating.** On the other hand, the presence of
hydrophilic molecules promotes a greater hydration around the particles and results in
higher relaxivity of surrounding protons. The role of the chain length of coating polymers
on the r; relaxivity is determined by the access of water molecules to the metal core.
Generally, long PEG-chains tend to reduce relaxivities due to prohibition of diffusing water
molecules from contact with the magnetic core. However, when PEG is anchored to SPIONs
in a single layer, water molecules are not excluded from such interactions and high
relaxivities can be achieved even with smaller particles based on slow diffusion and hence
more efficient dephasing of magnetic moments.!*

Interesting results have been obtained by Klein et al. who have studied the effects of coating
density on the radiosensitization properties of SPION’s.138 The intrinsic toxicity of SPIONSs is
based on generation of oxygen reactive species (ROS), such as H,0,, ‘OH, HO, and O, that
are produced upon release of iron ions from particles endocytosed into tumor cells.
Application of SPIONs that are partially coated with citrate induced cooperative toxicity
under X-ray irradiation, resulting in enhancement of radiosensitizing effect due to increase
of ROS formation by 240 %. Thereby, the effect was found to be more pronounced in case
of SPIONs containing both maghemite and magnetite domains (high-temperature
preparation) compared to SPIONs containing maghemite only (low-temperature
preparation). In vitro studies on three types of human carcinoma cell lines (ovarian, breast
estrogen receptor positive and negative) incubated with the same amount of citrate coated
SPIONs and exposed to 6 MeV X-rays showed that the best AEF could be achieved at 2 and
4 Gy for the first two and the latter cell line, respectively.9 Moreover, no further
radiosensitization effect enhancement was found above 8 Gy, which means that irradiation
can be done at low doses adopted for specific tumor cells.

Combination of iron with other metals was also explored for theranostic purposes. Rajaee

et al. considered Bi as a more efficient radiosensitizer due to its higher atomic number (Zg
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= 82), while keeping the benefits of combination of high photoelectric absorption and
magnetic properties of ironl40l, Bismuth ferrite nanoparticles (BiFeOs) of the size ~30 nm,
prepared by the sol-gel method using equal amounts of Bi and Fe, displayed excellent MRI
properties in addition to CT contrast due to the high density of Bi. Furthermore, the BiFePs
particles showed response to inductive heating at 480 kHz enabling their applicability as
magnetic hyperthermia (HT) mediators, which is considered advantageous for improved
efficacy of radiotherapy.**! Another group investigated synergetic MRI/ERT performance of
SPIONs combined with silver (Zag = 47) in a single particle.*!] In this study, Fe—Ag NPs were
conjugated to an epidermal growth factor (EGFR) receptor-specific monoclonal antibody
(C225) currently applied in the clinic for the treatment of advanced brain tumors. The
researchers demonstrated 80% inhibition of proliferation of carcinoma cells (CNE) in the
presence of 8 mg/L of nanocomposite and down-regulation of EGFR, but most importantly,
the accompanying enhancement of sensitivity of CNE to X-ray irradiation by 2.3-fold. Dou
et al. have doped clinically applied cubic shaped (83 nm) Prussian Blue NPs with AuNPs (13
nm) via electrostatic adsorptionl42. After PEGylation, the final nanocomposite (138 nm)
injected intravenously into 4T1 xenograft bearing mice was observed by MRI (both T;- and
T,-weighted images) and CT (gold-contrast) showing accumulation at the tumor site after
24h p.i. Further exposure of the tumor-bearing animals to both photothermal therapy (PTT)
by near-infrared (NIR) treatment (heating of tissues up to 55 °C in the presence of iron) and
X-ray irradiation showed reduction of tumor volumes by ~94%, compared to 39% and 47%
of each individual therapy, respectively. The results were correlated with the ability of RT
to reach deeply located cancer cells, while PTT increases the sensitivity of the radio-resistant

hypoxic cells to X-ray irradiation.

The role of MRI in Internal Radionuclide Therapy

Internal radionuclide therapy (IRT) is gaining increased attention as a type of cancer
treatment shown to increase life expectancy for terminal patients up to several years with
a good quality of lifel*®!. Regarding the application of radiation emitting nuclides, the main
advantage of IRT is the delivery of a highly concentrated radiation dose to metastasized

malignancies otherwise untreatable by external radiation beams, such as bone metastases.
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Radiolabeled molecules used for this treatment are often referred to as radiotherapeutics
or radiopharmaceuticals. Physical properties of the constituting radionuclides, e.g., half-life,
type of emission, energy, possible daughter nuclides, and production routes, are the first
determinants in the radionuclide choice for every particular therapy or palliation
treatment.”*”) However, the biochemical characteristics of radiopharmaceuticals, such as
their biological half-life and tumor uptake, retention, and clearance mechanisms also play
animportant role. The ability of selective delivery of radiotherapeutics to the tumors as well
as fast clearance is decisive for their safety as well as the final therapeutic outcome. To
achieve this, the current strategies include exploitation of metabolic pathways (e.g.,
accumulation of 13! in thyroid cancer,“® targeting overexpressed receptors or antigens by
radiolabeled peptides or monoclonal antibodies “*), and natural uptake of bone-seeking
radiopharmaceuticals.®® The most important examples of therapeutic radionuclides and
their physical properties are listed in Table 2.2. More detailed description can be found
elsewhere;Y here we focus on specific examples of MRI contrast agents designed for
combination with IRT.

A special type of IRT is represented by interstitial brachytherapy in which a radiation source
is sealed in a small seed (mm) that is placed directly into a tumor (typically prostate) under
anesthesia. Depending on the intended dose, the treatment can vary from a few minutes
(high-dose rate) to a few days (low-dose rate). In some cases, the seeds can even be left in
place permanently. MRl certainly plays an important role prior to the treatment planning,©?
but there are currently no examples of sealed radiation sources with additional MR imaging
properties. The potential of MRI in combination with internal radiotherapy is most evident
in studies applying ***Ho-containing microspheres.*3 These radioactive microspheres are
used primarily for liver radioembolization, but their application can be extended to
intratumoral treatments as a promising new brachytherapy method. The polymeric
microspheres contain %°Ho, part of which is converted to *®Ho upon neutron activation.
The ®Ho with its convenient half-life of 26.8 h, has a maximum B-energy of 1.9 MeV,
applicable to kill tumors, as well as a gamma emission of 81 keV, suitable for single photon
emission computed tomography (SPECT) imaging. Furthermore, the magnetic moment of

185Ho, being one of the highest among the whole series of lanthanides (10.6 uB), enables
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simultaneous monitoring of the therapeutic events by T>-weighted MRL4 In the clinical
study by Smith et al. a total of 15 patients excluding those having surgical clips (to avoid
interferences in the MRI evaluations) were evaluated.® The SPECT and MRI data obtained
showed high correlation, which however raised some questions in terms of dosimetry. The
high resolution of MRI is undoubtfully superior for collection of dosimetric data in small
areas, but when the microspheres are located near the organs containing air, such as lungs,
the susceptibility artefacts of MRI lead to decreased accuracy of the method. The authors
concluded that although a direct comparison between SPECT and MRI is difficult, the two
techniques are complementary to each other and MRI had the advantage of providing
biodistribution long after the activity of *®*Ho had decayed allowing for better post-
treatment evaluation (Figure 2.4). The added value of MRI was also evaluated in
intratumoral injections of the ®*Ho microspheres in lab animals having orthotopic renal
tumors. The results showed that combination of the high sensitivity of SPECT and the high-
resolution soft-tissue contrast of MRI was beneficial in assessment of the distribution of the
microspheres within the tumor to ascertain proper tumor coverage.

Another potential for MR-assisted IRT lies in the application of SPIONs radiolabeled with
therapeutic radionuclides. The first example is radiolabeling of NPs with #Re (half-life of
17 h and maximum B-energy of 2.1 MeV), which is one of the radionuclides used routinely
in the clinic. Production through #W/*8Re-generator, convenient in clinical environment,
has already stimulated development of several '#Re-radiolabeled biomolecules. Several
SPIONs platforms coated with silica,®® human serum albumin,’®”! polyacrylamide®®® or
prepared within apoferritin cavities® have been explored for the application in
magnetically targeted radiotherapy. The rationale behind this approach is to profit from the
localized magnetic field gradients to attract the NPs to the tumor for the subsequent
radiotherapy. The radiolabeling yield and in vitro stability of the NPs prepared in the
aforementioned studies are high, and even though the MRI performance of these materials
has not been investigated in particular, its potential certainly exists and can be explored for

radiotheranostic purposes.
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Table 2.2 Most important radionuclides for internal radionuclide therapy (IRT).
Radio- Half- Decay Soft Tissue

nuclide life Mode Range (mm) Product Most Common Clinical Application?®

16Ho 26.8h  B- 8.5 166E Hepatic cancer>4

186Re 3.7d B-/¢ 3.6 18605/186\WW  Bone metastasis, arthristis

188Re 17.0h  B- 11.0 1880s Bone metastasis, arthristis>

89Sr 50.6d  B- 8.0 89y Bone metastasis

7Lu 6.7d B- 1.7 TTHf Various cancer

oy 64.6h  B- 11.0 0Zr Hepatic metastasis!®?

153Sm 46.3 h B- 34 153Eu Bone metastasis

185Dy 23h B- 5.7 185Ho Rheumatoid arthritis

32p 143 h B- 7.9 329 Cystic craniopharyngioma

223Ra 114d « 0.01 21%Rn Bone metastasis

131 8.0d B- 2.4 131Xe Thyroid cancer, neuroblastomal662
Brachytherapy of prostate cancer,

125 59.4d v/e 17.0 125Te postsurgical treatment of brain cancer,

uveal melanomal®?
1The references are given for the existing studies demonstrating potential for combination IRT with MRI.

In the next example, the magnetite SPIONs were radiolabeled with *°Y,160 which is a high
energy B-emitter (2.27 MeV) with a half-life of 64.1 h, known to affect the tumors at a
maximum depth up to 10-11 mm due to the ability of B-radiation to cross multiple
individual cells. Targeting of tumor cells with this radionuclide is, therefore, not strictly
necessary, provided that accurate accumulation of the particles in tumors can be performed
and monitored by MRI. In this study, °°Y labeling was successfully achieved with either
naked- or PEGgoo-coated Fe;04-NPs. In the case of naked NPs, the surface (=FeOH) was
deprotonated at pH > 6.2 (=FeO") to enable stable electrostatic interaction with 2°Y(lll)-ion,
yielding 97% radiolabeling. Radiolabeling of PEGylated NPs was possible due to their
carboxylate-rich surface interacting with positively charged tracer leading to 99% yield. Both
types of particles exhibited superparamagnetic behavior at room temperature, which was
considered suitable for in vivo hyperthermia under clinical magnetic field frequency of 580
kHz. The biodistribution studies in healthy Wistar rats showed a substantial accumulation
of NPs in liver and lungs. The latter uptake was particularly high in case of non-PEGylated
90Y-Fe304 NPs due to in vivo agglomeration, while PEGylated analogues exhibited longer
blood-circulation time, and were therefore, considered suitable for B-therapy of liver

malignances with additional visualization by MRI.
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Axial view Coronal view  Sagittal view

T,-W MRI
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To-W MRI
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1 = Tumorous volume

2 = Healthy liver volume

M= Hotspot (1 cm’)

Overall T/N ratio = [**Ho ] /[ *Ho ] AR3*-maps

Peak T/N ratio = [ "**Ho ]/['“HO:]

hotspots

Figure 2.4. Single photon emission computed tomography/magnetic resonance (SPECT/MR) imaging
of 186Ho-microspheres for treatment of liver cancer: (A) schematic overview of liver segments; (B)
delineation of liver segments on T>-weighted MR images (top row), volumes of interest (VOls)
registered to SPECT activity maps (middle row), AR>*-based activity maps for some set of VOlIs; (C)
schematic overview of created tumor VOlIs and calculations of tumor-to-nontumor ratios and the fine
distribution assessment; (D) delineation of tumors.[>4

Labeling of MRI contrast agents with various radioisotopes of iodine offers advantages for
multimodal imaging (SPECT (12I), positron emission tomography (PET (}2*1)), as well as
biological research (}*1) and radiotherapy (**!1). Chen et al. came up with an integrative
approach for gene therapy combined with IRT using commercial SPIONs (SilenceMag)
designed for in vivo gene delivery and targeted cell transfection with nucleic acids, as
nanocarriers and imaging reporters'®tl. The positively charged surface of these NPs interacts
with negatively charged phosphate backbone of RNAs that can be then delivered to the

target under application of external magnetic field (EMF). In this study, the authors
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Figure 2.5. A) Structure of modified 131I-labeled hVEGF siRNA used for conjugation with SilenceMag;
Visualization of the probe 30 min p.i. into HepGr HCC bearing mice xenograft by B) scintigraphy and
C) MRl in the presence (left) and absence (right) of EMF, applying T:- (I and Il) and T>-weighting (Il and
IVv).l61]

aimed at targeting of hepatocellular carcinoma (HCC) cells known to overexpress vascular
endothelial growth factor (VEGF) that correlates with progressive tumor growth. Prior to
conjugation, the human VEGF siRNA was first modified chemically in order to (i) increase its
biological half-life time and (ii) provide the molecule with a linker for the subsequent
radiolabeling with 3ll-containing Bolton Hunter reagent (Figure 2.5A). Then the 31-hVEGF
siRNA/SilenceMag NPs were injected into HCC bearing mice xenograft and prolonged blood-
circulation in the presence of EMF (2.22 vs. 3.37 h) with a significant accumulation at the
tumor site was demonstrated (Figure 2.5B).

Examination of the therapeutic effect of 13!I-hVEGF siRNA/SilenceMag revealed decreased
final tumor weight with the inhibition rate of 49.8% and a dramatic decrease of VEGF
protein expression. Localization of 131I-hVEGF siRNA/SilenceMag using MR could be done
by T1-weighted imaging visualizing the periphery of tumors, while T,-weighted imaging was
surprisingly less effective (Figure 2.5C). This phenomenon was attributed to either a small
amount of SilenceMag entering the tumor microenvironment or the inefficiency of SPIONs

to create local field inhomogeneity and dephase magnetic moments of protons leading to
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Figure 2.6. Synthetic strategy for the preparation of Gd(II1)-DOTA star polymer NP radiolabeled with

125,

T,-shortening. However, the therapeutic efficiency of the probe due to the radiosensitizing
effect allows for the assumption that application of the same radiolabeling strategy to
SPIONs with physical properties optimized for MRI will enable synergetic radiotheranostic
treatment of HCC.

An elegant approach for combination of MRI with IRT was proposed in a recent study!®2
reporting one-pot synthesis of a dendrimer-like star polymer conjugated with Gd(l11)-DOTA
and radiolabeled with 1| (Figure 2.6). The presence of multiple paramagnetic chelates
(25/molecule) and slow molecular dynamics endowed the NPs with high r; relaxivity
promising for MR imaging. At the same time, efficient radiochemical yield (58%) enables the
application of this probe for combined PET imaging, opening at the same time the

possibilities for therapy either in the current form or by substitution of the radiolabel with

131|

Neutron Capture Therapy combined with MRI

The therapeutic nature of neutron beams was first proposed in 1936/%3! and two decades
later was demonstrated experimentally as a binary modality known today as neutron
capture therapy (NCT). This approach combines the features of both internal- and external
radiotherapies: in the first step, the patient is injected intravenously (IRT) with a non-

radioactive compound that accumulates in the tumor, and then externally irradiated (ERT)
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with epithermal neutrons in the second step. The principle relies on the ability of selected
stable isotope to capture neutrons due to cross-sections many times higher than those of
naturally present tissue elements. One of the successful applications of this methodology is
boron neutron capture therapy (BNCT) that exploits non-radioactive isotope 10B (20%
natural abundance). Capturing of neutrons by 1°B yields excited 'B* that undergoes nuclear
fission reaction releasing high linear energy transfer (LET) a-particles (*He) and recoiling “Li
nuclei, two products within the range of the cell diameter (5-10 um) (Figure 2.7A). The
efficacy of the therapy is to a great extent determined by the concentration of selectively
delivered boron atoms: typically ~109 atoms/cell (or lower if located close to the cell
nucleus)®*.1n cases where the critical boron concentration is not reached, irradiation of the
patient will only lead to undesired side-effects due to neutron capturing by endogenous
elements, such as nitrogen and hydrogen. Sufficient retention at the tumor during the
treatment, tumor-to-healthy tissues (3:1) and tumor-to-blood ratios (5:1), as well as
adequate lipophilicity for efficient cross-over of the blood—brain barrier (BBB) and safe
clearance, are other restrains for a successful BNCT probe. Provided that these conditions
are met, the radiation dose to the tumor cells will be much higher than that in the
surrounding health tissues, which renders BNCT especially suitable for locally dispersed
tumors.

Boron delivery agents have passed through considerable development over the years.[5
The first generation of simple borax compounds caused severe adverse effects, which could
be slightly improved in the case of polyhedral decahydrodecaborate (Figure 2.7B), but the
selectivity of these compounds towards tumors remained poor. Better results in terms of
toxicity and specificity were achieved later with B-enriched sodium
mercaptoundecahydro-closo-dodecaborate (BSH) and I-boronophenylalanine (I-BPA), both
applied in clinical trials. The latter compound has also been formulated as a complex with a
fructose molecule for better solubility in water.

The search for a proper BNCT agent, however, has still not reached its optimum, which
certainly hampers the application of this otherwise attractive therapeutic technique.
Therefore, the possibility to evaluate the in vivo kinetics of potential BNCT agents by means

of high-resolution imaging represents a valuable asset. The first attempts to visualize the
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process was made by radiolabeling of BPA with 8F for simultaneous PET imaging ®°.
However, this method had disadvantages due to limited availability of the tracer and low
resolution of PET. Therefore, conjugation of MRI reporters with either polyhedral or BPA
boron-containing fragments represents a more elegant approach. One of the early
examples of this approach is a Mn(ll)-porphyrin complex bearing four carborane moieties
(Mn(11)-BOPP, Figure 2.7C).1”? The compound showed a good in vivo affinity towards gliomas
and enabled assessment of biodistribution by T;-weighted MR imaging. Another group has
exploited Gd(II1)-DTPA complex for conjugation with both BPA and carborane functionalities
for in vivo delivery of boron species to a hepatoma tumor that could be followed by MRI.[8]
However, the biodistribution of the conjugates appeared unfavorable compared to the
native BNCT agents and the resulting boron concentration in the cells not sufficient for
therapy. This problem was tacked later by the design of Gd(lll)-DOTA-carborane (Figure
2.7C) with increased molecular weight due to supramolecular assembly with B-cyclodextrin
and the consequent r; relaxivity of 15.5 mM™ s ! at 20 MHz. The therapeutic advantage of
the probe was demonstrated by its ability to deliver up to 35 pg of boron per gram of B16
melanoma tissue within 4h p.i. and the subsequent decreased tumor growth after neutron
irradiation.

An additional advantage of Gd, next to its superior paramagnetic properties, is the high
neutron absorption cross-section of two of its natural isotopes *>Gd and *’Gd, with the
value for the latter (255,000 barns) being 65x higher than that of 1°B. As the result, the same
amount of Gd delivered to the tumor cells would result in a much higher rate of neutron
absorption reactions, or better to say, the same therapeutic outcome could be reached with
a lower integrated thermal flux and/or lower concentrations of the probe applied.
Moreover, the delivery process can be monitored by MRI, which allows for personalized
irradiation of the patients. Despite these benefits, Gd-NCT has not reached the clinics mainly
due to secondary radiation effects intrinsically different than those in BNCT. The neutron
capturing reaction of *’Gd leads to excited '*®Gd” accompanied with prompt y-rays
emission and inner-shell transitions that in turn generate Auger electrons and X-rays (Figure
2.7A). The high energy of prompt y affects tissues in the range of several tens of cm, which

can be seen as a drawback reducing the selectivity of Gd-NCT. On the other hand, the energy
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Figure 2.7. Principles and agents for boron and gadolinium NCT: A) Schematic representation of boron
and gadolinium neutron capture reaction; B) first drugs for BNCT; C) examples of probes for combined
MR imaging and BNCT.

deposition of the prompt y is much less in comparison to the dose delivered by Auger
electrons, which results in double-stranded DNA breaks, provided that >’Gd is deposited in
the direct proximity of the nucleus or other vital organelles with the effective concentration
of 200 pg/g of tumor tissues. These considerations require even more careful design of the

agents for successful therapies, as extensively reviewed in the literature.[®’)
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An obvious choice for the Gd-containing agents for Gd-NCT would be MRI CAs that already
exist in the clinic if not their unspecific nature towards the tumors. Several groups have
reported on the in vivo therapeutic effect of Gd(Ill)-DTPA upon neutron irradiation of
tumors either after continuous infusion”” or intratumoral administration”"lof the agent.
An improved intravenous delivery of ®’Gd (up to 800 pg) with a favorable brain
tumor/normal tissue ratio could be achieved with Gd(Ill)-EDTMP (ethylene
diaminetetrabismethylenephosphonate) — a phosphonated ethylenediaminetetraacetic
acid (EDTA)-analogue.” However, all these attempts only confirmed the prerequisite for
not only the specificity of the agents towards tumors, but also their prolonged retention
during irradiation sessions. From this perspective, encapsulation of Gd-complexes into
nanoparticulate systems offers a possibility for intravenous delivery of high-payloads of Gd
to the tumors based on either EPR effect or conjugation with targeting vectors; both
approaches have been worked out extensively for MRI. For instance, loading of Gd(l11)-DTPA
into chitosan nanoparticles " or calcium phosphate micelles’¥ resulted in enhanced
accumulation of the probe after intratumoral injection was accompanied with significant

reduction of tumor grows under localized MRI contrast compared to Gd(lII)-DTPA alone.

Conclusions

Translation of MRI-assisted radiotherapy into the clinic requires interdisciplinary efforts
taking into account the beneficial aspects of each modality as well as the limitations and
challenges. Due to its non-invasive nature and high soft-tissue resolution, MRI has already
established itself as a good alternative to CT imaging that can offer complementary
information in RTP. On the other hand, increased involvement of MRI during actual RT will
eventually depend on the instrumental progress in integration of linear accelerators and
MRI scanners and development of new treatment modalities such as image-guided
brachytherapy, which will ultimately lead to expansion of the research towards MRI-based
radiotheranostics. The already existing examples of such probes discussed in this review
highlight the advantages of imaging for RT by enhancing the accuracy of the treatment

relying on determination of the correct values of the delivered doses, the right timing for
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irradiation, and the possibility to follow the therapeutic effects in time. Maximization of the
therapeutic effect was shown to be reached through additional assets such as
radiosensitization, simultaneous hyperthermia, or the presence of an external magnetic
field. These methodologies can profit from the versatile properties of NPs. In general, the
preference to nanoparticular systems with high relaxivities and the simultaneous ability to
either serve as radiosensitizer or carry various radiotherapeutic functionalities is clearly
identified. The small size in combination with high surface-to-volume ratio, the possibility
for facile surface functionalization, and the capacity for high-payload of imaging reporters
render NPs very attractive for radiotheranostic applications. Delivery of NPs can be realized
through either passive (EPR) of active (conjugation of specific vectors) targeting, while the
administration route is an important parameter determining the biodistribution. A
drawback in case of intravenous injection of NPs is their removal from the circulation by the
monoclonal phagocytosis with 80% deposition in the liver Kupffer cells. Thereby, the
negative surface charges of NPs increase hepatic uptake, while neutral charges increase
blood-circulation time. Intratumoral administration of radiotherapeutic NPs, with
additional MRI enhancing properties as a good alternative for brachytherapy, will obviously
require careful study of tumor microenvironments in order to functionalize NPs in
accordance with the therapeutic objective and the best imaging performance. In the case
of SPIONs, the intracellular uptake typically results in their metabolization into lysosomes
and release of non-superparamagnetic iron ions, which then undergo intrinsic iron
metabolic pathways. However, elevated blood concentrations of iron may lead to severe
anaphylactic reactions, which has mainly been the reason for the withdrawal of SPIONs
from clinics. Therefore, the aspects such as non-specific accumulation, toxicity, long-term
deposition, decomposition and eventual elimination of NPs are the most important
challenges to be tackled during the design of MRI nanoprobes for radiotherapy, even if their

properties for imaging and therapeutic efficiency seem to be satisfactory.
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Chapter 3

Introduction

Magnetic Resonance Imaging (MRI) is a non-invasive diagnostic technique, which enables
anatomical images of soft tissues with a resolution much higher compared to other imaging
techniques, such as Computed Tomography (CT), Ultrasonography (US) or Positron and
Single Photon Emission Tomographies (PET and SPECT, respectively). Compared to
PET/SPECT, no ionizing radiation is involved, and therefore, the whole process of imaging
with MR can be done repeatedly, without any harmful effects on the patients. To enhance
the images, contrast agents (CAs) are applied in almost 30% of MRI scans.!! Two types of
MR imaging representations can be distinguished based on either longitudinal (T:) or
transversal (T;) relaxation of protons in tissues, generating bright or dark contrast,
respectively.”! For the T:-weighted imaging, small paramagnetic complexes, e.g. Gd(lll)-
DOTA or Gd(lll)-DTPA are applied, while in the case of the T,-weighted imaging,
superparamagnetic iron oxide nanoparticles (SPIONs) are the typical contrast agents. An
example of a clinically approved T, MRI CA is ENDOREM.B!

Magnetic properties of SPIONs are affected by the cristallinity and size of the magnetite
core.” In general, SPIONs with the size below 20 nm are prefered for the application as T,
MRI CAs.* However, it has to be taken into account that smaller nanoparticles (<5 nm) are
easily cleared from the body, while the bigger ones (>10 nm) are typically taken up by the
liver.l®! These considerations require a careful design of SPIONs in terms of morphology as
well as availibility of facile methods for the preparation of nanoparticles in a highly
controlled way. To obtain SPIONs with a good shape/size distribution and favorable
magnetic properties, several synthetic protocols have been developed, such as co-

(101 and

precipitation,”? thermal decomposition,® polyol process,® microemulsion,
hydrothermal method.!Y! The former method, being convenient and cheap, can be
considered as the most suitable for the production of well-dispersed SPIONs within the
diameter of £10 nm.! At the same time, the co-precipitation method is often accompanied
with agglomeration and insufficient crystallinity of the resulted nanoparticles. Recently,

thermal decomposition method has been gaining attention for the production of
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monodispersed nanoparticles by using iron acetylacetonate as a precursor with a simple
control of the size-growth under heating at certain temperatures.!®

The interest in magnetic nanoparticles as MRI contrast agents is not only due to their
superior magnetic properties but also their ability to accumulate at the tumor site by
enhanced permeability and retention (EPR) effect,*? which means that small nanoparticles
can easily enter the leaky vasculature of the blood vessels surrounding the abnormal cancer
cells in contrast to normal tissues.!*3! Thereby, with a proper surface modification, SPIONs
are promising agents not only for MRI diagnosis but also for therapeutic purposes, such as
targeted drug delivery!® and magnetic hyperthermia.l*

When injected intravenuosly, nanopartcles for imaging/therapeutic applications must in
any case be long-circulating and stealthy to the immune system that otherwise recognizes
and removes them from the blood-circulation through macrophage activation. This can be
achieved by decorating the surface of nanoparticles with biocompatible polyethyleneglycol
(PEG) molecules, preferably with long chains up to 35 kDa.*>! An additional advantage of
PEG-functionalization is to enhance the colloidal stability of the SPIONs.[*?

In this study, we exploit all the mentioned advantages of SPIONs for a two-step tumor
targeting approach, which as such is beyond scope of this chapter. However, the design of
functionalized nanoparticles described in this work is realized to allow events on the surface
of cancer cells involving specific MRI-guided delivery of SPIONs (step 1), followed by
injection of a radiotherapeutic agent that seeks out and binds to the nanoparticles (step 2).
This strategy requires investigations on synthetic methods for better size control, colloidal
stability, and proper functionalization of the SPIONs surface. The first two aspects were
addressed by comparing a common co-precipitation method with thermal decomposition,
which was shown to be more efficient and resulted in SPIONs with magnetic properties
sufficient for a good MRI contrast.

The guidelines for functionalization of the surface of SPIONs (Figure 3.1) are primarely based
on the selectivity towards cancer cells, which was rationalized with the use of folic acid (FA)
known to bind to folic acid receptors (FAR) overexpressed by a number of tumors, including
ovarian, breast and cervical cancers.*® Further functionality serving the concept of the in

vivo two-step targeting, are azide-groups that were stayed at the surface in order to

49



Chapter 3

HO O Specific targetin
Biocompatibility HOY\I o p geting
N o]
H N 0 HJ\@ N
N N""NH,

Polyethylene glycol (PEG) Folic acid (FA)
olic aci

Azide (Ny)
Click-reactions

Figure 3.1. Schematic representation of SPIONs functionalization strategies using polyethyleneglycol
(PEG), folic acid (FA) and azide (N3) molecules for the purpose of biocompatibility, specific targeting
and click-reaction, respectively.

enable the intended click-reaction with a radiotherapeutic agent modified with a
cyclooctyne moiety (see next chapter). Finally, some of the SPIONs were provided with PEG-
molecules with the aforementioned purpose, and some were left without it to investigate
their influence on the tumor-recognition as well to the cellular uptake in the in vitro studies.
Investigations reported in this chapter include description of procedures to prepare SPIONs
and synthesize the functional molecules, full characterization of the physical properties, and

biological evaluation of the final materials.

Results and Discussion

Synthesis and characterization of SPIONs

Co-precipitation method

Co-precipitation is one of the most common methods used to prepare SPIONs.!”! This low-
cost procedure is quite simple and involves the use of ferrous and ferric ions in the presence
of aqueous base, such as tetramethylammonium hydroxide. With pH as one of the crucial
parameters to control the size of the produced SPIONs,*”! the method allows the
preparation of SPIONs as small as 10 nm in diameter. Aggregation of SPIONs prepared by
this method represents a significant drawback, which can, however, be circumvented by

sonicating the suspensions for at least 1h. After this, the coating can be applied, which is
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typically performed by the Stéber method.'®! Tetraethylorthosilicate (TEOS), acting as the
silica source, first reacts with water in an alcoholic solution (typically ethanol), then an
ammonia solution is added. Consequently, TEOS undergoes hydrolisis in the
ethanol/ammonia mixture and silanol monomers are formed in which the ethoxy groups (-
Si-OEt) are replaced by hydroxides (-Si-OH).**! Additionally, ultrasonication for 1h is applied
to prevent the aggregation of the coated SPIONSs, followed by incubation at 60 °C for 6h to
stabilize the Si-O-Fe linkages.

571
g SPIONs

SPIONs-Si

Transmission (%)

SPIONs-Si-NH, so

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™")

Figure 3.2. TEM images of SPIONs: non-coated (A), Si-coated (B), amino-group functionalized (C), and
the corresponding FTIR-spectra (D).
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Figure 3.2A-B shows TEM images of SPIONs before (A) and after (B) Si-coating. The
diameters of nanoparticles calculated from the TEM measurements are 11 and 14 nm,
respectively. The slight increase in diameter is attributed to the Si-coating, which was
further confirmed by FTIR analysis (Figure 3.2D). Fe-O stretching band for the nanoparticles
before surface modification was observed at 1384 cm™. After the coating with silica, the
intensity of this peak decreased and the newly appeared peak at 1056 cm™ was attributed
to the Si-O-Fe linkage. Comparison of the {~potential of the uncoated and Si-coated SPIONs
revealed the drop in values from -17.7 to -38.1 mV. This decrease in surface charge can be
explained by the presence of the silanol groups that subsequently enhance the colloidal
stability of the nanoparticles, which is an important parameter for in vivo applications.’?”!
Furthermore, the presence of the +3 nm layer of silica on the surface of nanoparticles is
expected to provide them with the necessary chemical stability and enable further

conjugation with functional groups. In preparation for this functionalization, SPIONs-Si were
modified with an amino group by attachment of (3-aminopropyl)trimethoxysilane (APTMS)

to the surface using a simple silanization method.?!! The successful attachment of -NH, on
the SPIONs’ surface was confirmed by the FTIR analysis, which shows an appearing peak at
2932 cm™ (Figure 3.2D), as well as by increased {-potential (+0.05 mV). However, significant
increase in size (up to 22 nm) of SPIONSs after this step, as revealed in the TEM image (Figure
3.2C), suggests possible aggregation in the presence of APTMS, which could not be

overcome by sonification.

Thermal decomposition method

Alternatively, thermal decomposition method to prepare SPIONs with the diameter below
20 nm and a narrow size-distribution was applied.’! Therefore, iron acetylacetonate was
used as the iron-source in combination with surfactants oleic acid (OA) and oleylamine
(OLA) dissolved in organic solvent (diphenyl ether) (Figure 3.3). The heating rate and the
temperature maintenance at 200 °C for 2 hours is crucial for a proper nucleation process,
as the immediate reflux could lead to a wide size-distribution of the resulting SPIONs.[2%

Figure 3.4A shows TEM images of SPIONs-OA produced by thermal decomposition with the

calculated size of 6 nm. The presence of oleic acid at the surface of nanoparticles was
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confirmed by FTIR analysis (Figure 3.4B) demonstrating Fe-O stretching band at 600 cm™ as
well as the -CH; and -CHs stretching bands originating from the oleyl residues at 2852 and

2918 cm, respectively.

SPIONs-OA
Hydrophobic

Ethanol
Q ﬁ Centrifugation —LL‘ *’JJ
] E—
Cooling down Magnetic NPs 10 krpm, 15min r/";rlj:,_
—_—
In heptane
]

. . Ligand

Magnetic separation exchange

Non-magnetic

Oleic acid/Oleylamine in diphenyl ether

filtrate
Fe(acac);in 1,2-hexanedecanediol
Heating 200 °C, 2h
Reflux 250 °C, 0.5h ~~ = E Oleic acid (OA)
R T T T ToH
—o, SPIONs-Si-NH,
W - ZOZS A~ NH: Si-NH, Hydrophylic

Figure 3.3. Preparation scheme of SPIONs via thermal decomposition with the surface coated with
hydrophobic oleic acid (SPIONs-OA) and exchanged with hydrophilic 3-aminopropyl-3-methoxysilane
(SPIONs-Si-NH.).

Surfactants as oleic acid and oleylamine are known to help stabilizing and preventing
agglomeration of the nanoparticles during the thermal decomposition process. Thereby, OA
shows a higher ability to attach to the surface of nanoparticles due to the presence of
carboxylic groups compared to the OLA.%3!

To enable further conjugation of the surface SPIONs with envisioned functional groups, the
hydrophobic OA-layer had to be converted to a hydrophilic one (Figure 3.3) by using
APTMS.Y The TEM image (Figure 3.4A) shows a slight increase of the diameter to 6.6 nm
and {-potential to +19.8 mV (Table 3.1), caused by the NH,-groups present on the surface
of nanoparticles.

Table. 3.1. Characterization of SPIONs synthesized via co-precipitation and thermal decomposition
methods.

Method Coating Functionalization Size (nm) 4-potential (mV)

- - 11 -17.70 £ 5.58

Co-precipitation Silica - 14 -38.10+5.29
Silica — NH» 22 +0.05 + 5.00

Oleic acid - 6 -4.10 £ 3.90

Thermal Silica — NH: 7 +19.80 + 4.33
decomposition Silica —Ns-FA 8 -0.28 £4.56
Silica — PEG-N3-FA 8 -0.18+4.67
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The FTIR analysis further confirmed the presence of amino-groups on the surface of SPIONs
(Figure 3.4D) by appearance of new bands corresponding to alkyl chain of APTMS (2926 and
2859 cm), Si-O-Fe (1028 cm™), and protonated amino-groups (1525 and 621 cm™).24
Finally, the confirmation and quantification of ligand exchange was assessed by the thermo-
gravimetric analysis (TGA), attributing the weight-loss of 23% observed for SPIONs-OA

between 200 and 400 °C to the removal of oleic acid from the surface (Figure 3.5A).

100| SPION-OA
80 -
S
c
S 60
3 1425
‘€ 2852
2
2 407 2918
20 -
605
T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™")
D APTMS-NH,
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E 2926
g i
5 |SPIONs-Si-NH,
[7}
@2
g
(2}
c
L.
=
621

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
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Figure 3.4. Characterization of SPIONs synthesized via thermal decomposition method by TEM (A and

C, scale bar 100nm) and FTIR (B and D) before (red) and after (grey) ligand exchange between OA and
NH,-groups.
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Figure 3.5. TGA profiles (A) and magnetization curves (B) of SPIONs covered by oleic acid (SPIONs-OA)
(black) compared to SPIONs functionalized by amino groups (SPIONs-Si-NH,) (red).

Magnetic properties of SPIONs were studied by Superconducting Quantum Interference
Device (SQUID) magnetometer, which measures magnetic moments of the materials in
response to an increasing magnetic field. As demonstrated in Figure 3.5B, saturation
magnetization (M) of the SPIONs occurs already at 1T, reaching 52 to 22 emu/g for SPIONs-
OA and SPIONs-Si-NH,, respectively. The lower Ms of the latter nanoparticles can be
explained by the additional mass contribution of diamagnetic material (APTMS) present at
the surface after ligand exchange.!?®! Nevertheless, magnetic properties of SPIONs-Si-NH,
can be considered sufficient for the envisioned MRI applications.

Overall, the thermal decomposition method proved to be the most efficient for the
synthesis of small diameter (6 nm) SPIONs. The positive {~potential value generated by the
ligand exchange from oleic acid to APTMS on the surface of SPIONs in turn increased the
monodespersity. Therefore, these nanoparticles were utilized for further functionalization,

physical characterizations, and biological evaluations.

Strategy of surface functionalization of SPIONs

As mentioned above, the introduction of amino groups at the surface of SPIONs allows their
further conjugation with various functional molecules, which in this study are folic acid (FA),
polyethylene glycol (PEG) and azide (Ns). To enable biological evaluations of the in vitro

behavior of the designed SPIONs by means of confocal microscopy, their surface was
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Figure 3.6. TEM image of SPIONs functionalized via direct conjugation of N3- and FA- molecules.

additionally modified with a small optical tag, fluorescein isothiocyanate (FITC) (Scheme
3.1). However, direct conjugation of functional moieties via APTMS results in a stronger
agglomeration of the SPIONs (Figure 3.6) and the inability to ensure that all functional
groups are sufficiently attached to the surface. Therefore, functionalization of SPIONs was
performed with initially prepared APTMS-conjugates (see below), which were then
attached to the surface of nanoparticles with the advantage of better control over the
process in general, and the amounts of added conjugates, in particular. To realize this
strategy, SPIONs-OA were used, and the exchange of hydrophobic groups was carried out

in the same step of functionalization.

Folic acid APTMS conjugate (APTMS-FA)

Preparation of APTMS-FA started with activation of the carboxilic groups of FA through a
reaction with N-hydroxysuccinimide (NHS) in the presence of a coupling reagent 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC) (Scheme 3.2).26) APTMS was added after
successful formation of the NHS ester was confirmed by NMR, after which the reaction
mixture was kept under stirring at room temperature for 24hr. The final product APTMS-FA
was characterized by NMR and FTIR and used for the conjugation with SPIONs prepared via

thermal decomposition method described above.
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Scheme 3.1. Schematic representation of functionalized SPIONs used in this study
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APTMS-azide conjugates (APTMS-N; and APTMS-PEG-Nj3)

Two strategies of introduction of azides were investigated: i) directly to the surface of
SPIONs via a methoxysilane linker and ii) as a terminal group of the PEG molecules. The
latter option was considered seeing the possibility of bulky PEG-chains to cover the azide
group making it not assessible for click-reactions. The reactions to convert APTMS to
APTMS-N3 and APTMS-PEG-N; were performed by using either NHS-N3 or NHS-PEG-N3 as
the reactants in a molar excess (Scheme 3.3). The products were analized by NMR and FTIR
in which the presence of N=N stretching for APTMS-N3 and APTMS-PEG-N3 was confirmed
by the peaks at 2104 cm™ and 2160 cm?, respectively (Figure 3.7).
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Scheme 3.3. Reaction scheme of formation of APTMS-N3 and APTMS-PEG-N3 conjugates.
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Figure 3.7. FTIR-spectra of APTMS-Ns-conjugates.
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Functionalization and characterization of SPIONs

Conjugation of functional groups to the surface of nanoparticles was accomplished by using
SPIONs-OA in a direct ligand-exchange method®® with the abovementioned APTMS-
conjugates as depicted in Scheme 3.1. TEM measurements were performed to confirm the
good monodispersity and determine the diameter of SPIONs (Figure 3.8A and B). After
functionalization of SPIONs-OA with azide- and FA-groups the diameter increased from 6
nm to 7.5 and 8.1 nm for SPIONs-N3-FA and SPIONs-PEG-Ns-FA, respectively. Characteristic
N=N stretching bands at 2106 and 2112 cm™ in the FTIR spectra confirmed successful
functionalization of nanoparticles (Figure 3.8C). In addition, based on the FTIR
quantification, it was also found that 1 mg of SPIONs contain 0.0238 + 0.0047 mmol azide
molecules.

The TGA-profiles (Figure 3.8D) measured on the functionalized SPIONs demonstrate a
significant weight loss of about 70% after conjugation with azide- and FA-groups suggesting
decomposition of FA at the surface of nanoparticles. The presence of azide- and FA- groups
was also confirmed with {~potential measurements showing decreased surface charges of
SPIONs-N3-FA and SPIONs-PEG-Ns3-FA to -0.28 and -0.18 mV, respectively, compared to
SPIONs before the conjugation (Table 3.1).

Magnetic properties SPIONs before and after functionalization were investigated by
measuring the magnetic moments with a SQUID-based magnetometer. A significant
decrease of the values upon functionalization from 52 to 10-11 emu/g could be attributed
to the introduction of a nonmagnetic mass on the surface of SPIONs, which in case of silanes
has a greater impact due to polymerization leading to a multilayer compared to OA forming

a monolayer.
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Figure 3.8. Characterization of SPIONs functionalized with APTMS-N3-PEG and APTMS-FA by TEM (A:
SPIONs-Ns3-FA and B: SPIONs-PEG-Ns5-FA), scale bar 80 nm; FTIR (C) and TGA-profiles (D).

SPIONs-OA

50 52 emu/g
. 404
2 304
£

20 Na-
% SPIONs-N3-FA (O
S 10 11 emu/g
& o
£ SPIONs-PEG-N;-FA
< -10 ] 3
[
£ 20
o
= 304

40

-50 4

-60 T T T T T T T T T 1

5 4 3 2 4 0 1 2 3 4 5
Applied Magnetic field (T)

Figure 3.9. SQUID-curves obtained with SPIONs before (SPIONs-OA) and after (SPIONs-N3-FA and
SPIONs-PEG-N3-FA) functionalization.
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To assess the suitability of the functionalized SPIONs to perform as MRI CAs, the T--
relaxation was measured with *H NMR. CPMG (Carr-Purcell-Meiboom-Gill) pulse sequence
measuring the spin echo coeficient was applied. Transversal relaxation rates (1/72) were
plotted as a function of iron concentrations, expressed in mM of iron, and transversal
relaxivities (r;) were obtained from the slope of the fitting line (Figure 3.10A). Prior to the
measurements, the suspensions of SPIONs were stabilized with 1% of xanthan in aqueous
solution (Figure 3.10B) in order to slow the precipitation of nanoparticles. Apparently, for
the higher concentrations this stabilization was not sufficient as evidenced from the last
point (0.5 mM) deviating slightly from the straight line despite the addition of xanthan.

Furtheremore, lower relaxivity found for the PEG-functionalized SPIONs can be explained
by the effect of long chains that are shielding the magnetic core from the bulk water, as

described in the literature.?”!
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Figure 3.10. T,-relaxivity measurements of functionalized-SPIONs (A) and the dispersion of
functionalized-SPIONs; 1% xanthan was added as nanoparticles dispersant. NMR measurements were
performed at 9.4T, 25°C and pH 7.

To identify the Fe phases as the basis of magnetic properties of SPIONs, the Mdssbauer
spectroscopy technique was used relying on the sufficiently aboundant >’Fe isotope with
low energy y-ray characteristics.?® The method allows to examine the valence state of iron,
which is found in nature as metallic (Fe®) and ionic (Fe?* and Fe**) as well as to determine

the type of polyhedron formed by the iron atoms (trigonal, tetrahedral, octahedral, etc).
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From the Mdssbauer spectra it is evident that SPIONs-OA are mainly composed of
tetrahedral and octahedral Fe**-species and the small quadrupole splitting value indicates
the formation of maghemite-like (yFe,0s) structures (Figure 3.11 and Table 3.2). The
stoichiometric ratio of the octahedral and tetrahedral Fe3* ions is slightly different from the
bulk maghemite (~1.5 vs. 1.67) due to the very small particle size of the measured
structures. Small amounts (3%) of very disperse, superparamagnetic Fe®*-structures were
also observed. However, after the ligand exchange and functionalization process, the
measured spectral area almost doubles, showing that the surrounding lattice of the Fe
structures becomes more rigid in SPIONs-NH;, SPIONs-N3-FA and SPIONs-PEG-N3-FA. It also
shows some partial reduction of the tetrahedral Fe3* to metallic Fe(0) species for SPIONs
after functionalization due to the increasing the length of the ligands attached to the

nanoparticles, while their superparamagnetic properties are retained.
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Figure 3.11. Mossbauer measurements SPIONs before and after functionalization performed at 4.2 K.
Colors correspond to the isomer shift (black) of the typical Fe phases. Fe3* tetrahedral (red), Fe3*
octahedral (blue), Fe3* (purple), and Fe® (green).
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Table. 3.2. The Mdssbauer fitted parameters of SPIONs before and after functionalization obtained at

4.2 K.*
1.S Q.S Hyperfine r Phase Spectral
(mm s?) (mm s?) field (T) (mm s?) contribution (%)

0.28 -0.02 51.6 0.53 Fe3* tet. 39
SPION-OA 0.34 0.01 53.6 0.53 Fe3* oct. 58
0.20 0.37 0.55 Fe3* 3
0.28 -0.02 51.5 0.56 Fe3* tet. 41
SPIONs-NH. 0.34 0.00 53.7 0.56 Fe3* oct. 59
0.28 -0.02 51.6 0.54 Fe3* tet. 33
SPIONs-Ns-FA 0.34 0.00 53.6 0.54 Fe®* oct. 61
0.01 - - 0.85 Fe® 6
0.28 -0.02 51.4 0.54 Fe3* tet. 32

SPIONs-PEG-Ns-FA
s 3 0.34 0.00 53.5 0.54 Fe3* oct. 62
0.01 - - 0.85 Fe® 6

*Experimental uncertainties: Isomer shift (1.S.) £ 0.02 mm s'}; Quadrupole splitting (Q.S) £ 0.02 mm s%; Line width
(F) £ 0.03 mm s%; Hyperfine field £ 0.1 T; Spectral contribution  3%.
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Figure 3.12. Hela cells viability assay by CCK-8 after treatment with SPIONs-Ns-FA (black) and SPIONs-
PEG-N3s-FA (grey) for 24h at Fe concentrations of 0.0-1.0 mM (n=5); *P <0.05; *** P<0.001.

In vitro studies on functionalized SPIONs

Cytotoxicity

The cytotoxicity of azide- and folic acid functionalized SPIONs with and without PEG

(SPIONs-N3-FA and SPIONs-PEG-Ns-FA) were investigated by using CCK-8 viability assay.?!

Therefore, Hela cells were incubated for 24h with the above-mentioned nanoparticles at
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the concentration range from 0.2 to 1 mM of iron. The importance of the PEGylation of
nanoparticles is evident from Figure 3.12, which shows that SPIONs without PEG molecules
(SPIONs-N3-FA) decrease the viability of the cells to 78% already at the concentration of 0.2
mM. In contrast, the viability of the cells incubated with SPIONs-PEG-Ns-FA decreases to
80% only at the concentration of 0.6 mM. Based on these results, the concentration of
SPIONs in further in vitro studies was chosen to be below 0.2 mM of Fe.

In vitro evaluation of functionalized-SPIONs on Hela cells

Hela cell line derived from the human cervical carcinoma was used to evaluate the
biological behaviour of SPIONs functionalized with folic acid as targeting vector, as well as
with azide-group envisioned for the follow-up click-reaction. Furthermore, the
nanoparticles carried a fluorescent tag (FITC) that appears as green color in confocal
microscopy images under excitation/emission at approximately 495/519 nm.2% To evaluate
cellular affinity and possible internalization of both, PEGylated (SPIONs-PEG-N3-FA) and
non-PEGylated (SPIONs-N3-FA) nanoparticles by the cancer cells, they were added to a Hela
cell culture grown as a monolayer. Cell membranes and nuclei were stained with Red-
Cellbrite 568/580 and blue 4',6-diamidino-2-phenylindole (DAP), respectively.

The confocal images demonstrate that the binding of the nanoparticles to the cells starts
already after 2h of incubation and increases significantly after 24h (Figure 3.13). The small
size of the nanoparticles (<10 nm) is known to be stimulating for the cellular uptake.F%
However, a greater part of this affinity can be attributed to the interaction of the targeting
vector FA present at the surface of SPIONs with the cell membrane through the binding with

FAR, and possibly, induced receptor-mediated endocytosis.?

64



Preparation and Surface Functionalization Superparamagnetic Iron Oxide Nanoparticles Designed for Theranostic Application

Figure 3.13. Fluorescence confocal microscope imaging of Hela cells incubated with SPIONs-N3-FA-
FITC (left column) and SPIONs-PEG-N3-FA-FITC (right column) for 2h (A-B), 4h (C-D) and 24h (E-F). The
colors correspond to: SPIONs labeled with FITC (green), nuclei stained with DAPI (blue), and
membraines stained with Red-Cellbrite (red), overlaid in the left images. Insets represent brightfield
images; scale bar 10 um.

To proof this hypothesis, a competition binding experiment was conducted to observe the
effect of FA targeting vector. Firstly, Hela cells were incubated with FA for 24h to saturate
the folic acid receptors, after which FA-functionalized SPIONs were added and incubated
for another 4h. Figure 3.14A clearly shows a decrease in cellular uptake (internalized +
membrane bound) when cells are pre-treated with the free FA, compared to the analogous
experiment without saturation with FA (Figure 3.13C and D). However, Figure 3.14B still
demonstrates a slight higher number nanoparticles uptaken by Hela cells despite the FA
competition binding experiment. This result suggests that FA plays a less important role in

the internalization of the PEGylated nanoparticles.
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Figure 3.14. Fluorescence confocal microscope imaging of Hela cells incubated first with folic acid (FA)
for 24h and then with SPIONs-N3-FA-FITC (A) and SPIONs-PEG-N3-FA-FITC(B) for 4h. The colors
correspond to: NPs labeled with FITC (green), nuclei stained with DAPI (blue) and membraines stained
with Red-Cellbrite (red). Overlaid in the right images; scale bar 10 um.

A significant number of SPIONs was also found around the cellular membrane after 4h, as it
can be seen in the brightfield images (Figure 3.13). This is an importat observation, since
the presence of azide-functionalized SPIONs at the cell membrane is necessary for the
envisioned click-reaction with the cyclooctyne-modified radiotherapeutic agent (see next
chapter) to take place. To get more insight into feasibility of this approach and
distinguish/quantify both, the internalized and membrane-bound SPIONs, a glycine
treatment was applied after each incubation time to cleave the latter nanoparticles.3 After
this, the membrane-bound fractions were collected, the cells were treated with a base to
disrupt the membranes and release the internalized content, and the samples were
measured by ICP-OES to determine the concentration of iron. The results indicate a higher
uptake in the case of nonPEGylated nanoparticles in comparison with the PEGylated
analogues, which can most likely be explained by steric hinderence of FA caused by the
bulky PEG-chains (Figure 3.15). However, the fraction of membrane bound PEGylated

nanoparticles is as twice as high compared to the nonPEGylated ones (0.09:0.2). Seeing the
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general importance of PEG for the in vivo behavior of nanoparticles discussed earlier, this

result can be considered promising for the intended application.
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Figure 3.15. Uptake of functionalized SPIONs by the Hela cells at different incubation times (2, 4 and
24h) determined by ICP-OES. The colors represent: internalized (grey) and membrane-bound fractions
(black).

Conclusions

Comparing the two typically applied methods for the manufacturing of SPIONs, thermal
decomposition procedure proved the most suitable for the preparation of monodispered
nanoparticles compared to the co-precipitation method. In addition to the small size (6 nm),
the resulting nanoparticles showed efficient magnetization, typical for the maghemite-like
crystal structures, which in this case was found to be composed of Fe** ions in tetrahedral
and octahedral configuration. The r,-relaxivities (85 and 45 mMsl) and magnetic moments
(10-11 emu) of the functionalized SPIONs are in agreement with the determined y-Fe;03
composition.

Conjugation of functional molecules at the surface of SPIONs appeard more efficient when

done in two steps: all functional groups were first modified with an APTMS-linker and then
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grafted onto the surface of nanopaticles. This strategy not only enables better control over
the amounts of each functional molecule on the surface, but also prevents aggregation of
the nanoparticles during the surface functionalization. After surface modification, the size
of the SPIONSs increased only by 2 nm and the resulting positive charges were convenient to
maintain a good dispersity.

The preliminary in vitro study demonstrated the effect of folic acid on the targeting ability
of the SPIONs. Additionally, the presence of PEG-molecules on the surface of nanoparticles
was associated with lower cytotoxicity and higher acccumulation at the tumor cells
compared with the non-PEGylated analogues.

These preliminary results indicate the potential of the designed nanoparticles for image-
guided cell targeting and the subsequent click-reaction with the cyclooctyne-functionalized
therapeutic as the final goal. Studies further demonstrating the feasibility of this approach

are described in the following chapter.

Experimental details

Materials. All reagents and solvents used were of analytical grade, purchased from Sigma-
Aldrich. “H,0” pure was obtained from a Milli-Q System.

Methods. Transmission electron microscopy (TEM) was performed on TEM JEOL JEM-2100
by dispersing samples in ethanol and evaporation over a 400-mesh copper grid.
Thermogravimetric analysis (TGA) was conducted by using a Perkin Elmer
Thermogravimetric Analyzer from 30 to 850 °C (10 °C/min) under air atmosphere. Dynamic
light scattering (DLS) and zeta-potential ({) measurements were carried out on Malvern
Zetasizer NanoZS. UV Spectra were measured on UV-6300PC VWR Double Beam
Spectrophotometer and Fourier-Transform Infrared (FTIR) spectroscopy was performed on
FTIR-380 Shimadzu by preparation of samples in KBr pallets. 'H and *C NMR spectra were
acquired with Agilent 400-MR DD2, operating at the frequencies of 399.7 and 100.5 MHz,
respectively. Samples were prepared in DO or DMSO-dg in 5mm NMR tubes. Chemical shifts
are reported in ppm referenced to t-BuOH (1.2 ppm for *H NMR and 31.0 ppm for $3C NMR)

and TMS (0 ppm), respectively. T,-relaxivity studies were performed using Carr-Purcell-

68



Preparation and Surface Functionalization Superparamagnetic Iron Oxide Nanoparticles Designed for Theranostic Application

Meiboom-Gill (CPMG) pulse sequence with variable length if spin-echo train and echo time
of 0.5 ms. The obtained spectra were analyzed by three-parameters exponential fit on
MNOVA-software. Magnetic studies of functionalized-SPIONs were obtained with a
Quantum Design MPMS-XL5 5S SQUID-magnetometer (5T magnet, T = 2-380 K).
Additionally, to differentiate between Fe?* and Fe®, Mossbauer Spectrometry was
performed. Transmission >’Fe Mossbauer spectra were collected at 4.2 K and fitted using
the Mosswinn 4.0 program. The fluorescence was measured with a confocal fluorescence
microscope (Nikon A1R confocal) with 20x magnification and the obtained data was

analyzed with FUJI by Image-J software.

Synthesis

Preparation of Si-coated SPIONs (SPIONs-Si). 5 mL of 1M FeCls-6H,0 solution were mixed
with 1.25 mL of 2M solution of FeCl,-4H,0 and the mixure was stirred. The initial pH 3 was
increased to pH 13 by the addition of 10.5 mL of tetramethylammoniumhydroxide. The
obtained mixture was stirred for 20 min while a colour change from orange to black was
observed. The finally formed black precipitate was separated using Nd-magnet and washed
with Milli-Q water (3x) until pH neutral was reached. The nanoparticles were obtained as a
powder by freeze-drying of the final suspension.

0.5785 g of as-prepared SPIONs were dispersed in 20 mL of ethanol and the suspension was
sonicated for 1h. Then 0.84 mL of ammonia solution (25%) in 1.875 mL Mili-Q water and
0.14 mL of tetraethylorthosilicate were added to the mixture. Subsequently, vigorous
stirring was applied for 2h followed by sonication for 1h. The nanoparticles were separated
using a Nd-magnet, dispersed in ethanol and kept for 6h in a water bath at 60 °C. Finally,
the coated nanoparticles were again separated with the magnet, washed with ethanol and
dried in a desiccator under vacuum over 1 day.

Preparation of oleic acid coated SPIONs (SPIONs-OA). Iron acetylacetonate (Fe(acac)s) (4
mmol), 1,2-hexadecanediol (20 mmol), oleic acid (12 mmol), oleylamine (12 mmol), and
phenyl ether (40 mL) were mixed and magnetically stirred under a flow of nitrogen. The
mixture was heated to 200 °C for 2h, then refluxed at 250 °C for another 30 min. The black

suspension was cooled to room temperature. Then ethanol (160 mL) was added to the
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mixture, and the black precipitate was separated by a Nd-magnet. The product was
resuspended in 20 mL of heptane in the presence of oleic acid (50 pl) and centrifugated (10
krpm, 15 min) to remove any undispersed residue. To get a black solid material, the heptane
dispersed nanoparticles were precipitated with ethanol (100 mL), then separated with a Nd-
magnet and rinsed with ethanol (3x). The final product was dried in a desiccator under
vacuum for 2 days.

Preparation of folic acid-APTMS conjugate. Folic acid (44 mg, 0.1 mmol) was dissolved in 1
mL of dry DMSO and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC,
38.2 mg, 0.2 mmol) was added to the solution. The mixture was stirred for 3h after which
N-hydroxysuccinimide (NHS, 11.5 mg, 0.1 mmol) was added. The mixture was stirred for
24h. After formation of FA-NHS was confirmed (*H NMR = 2.57 (t, 2H) and *C NMR = 40.8
and 166.72 ppm), 18 pL of (3-aminopropyl)trimethoxysilane (APTMS) was added to the
solution. The reaction mixture was stirred for 24h at room temperature. The obtained
product was analyzed by NMR.

1H NMR (399.7 MHz, DMSO-ds): 0.96 (t, 2H), 1.70 (m, 2H), 2.30 (t, 2H), 2.85 (t, 2H), 4.35 (m,
1H), 4.55 (m, 1H), 6.66 (d, 2H), 6.95 (t, 2H), 7.10 (s, 1H), 7.67 (d, 2H), 7.88 (s, 1H), 8.16 (d,
1H), 8.67 (s, 1H), 10.65 (s, 1H). 3C NMR (100.5 MHz, DMSO-ds): 16.10, 25.60, 26.26, 34.56,
36.92,40.81, 43.08, 55.34,111.64, 121.85, 128.34, 129.44, 149.00, 151.18, 154.46, 166.90,
173.20, 174.54, 174.60.

Preparation of azide-APTMS conjugate. 19.8 mg (0.1 mmol) of azido acetic acid NHS ester
were dissolved in 0.5 mL of DMSO to which 9 puL (0.05 mmol) of APTMS were added. The
mixture was stirred at room temperature for 18-24h. The obtained product was analyzed
by NMR.

1H NMR (399.7 MHz, DMSO-de): 0.35 (t, 2H), 1.49 (m, 2H), 2.08 (s, 2H), 3.10 (t, 2H), 3.20 (s,
9H), 7.75 (s, 1H). 3C NMR (100.5 MHz, DMSO-ds): 6.04, 26.07, 31.08, 44.77, 50.18, 173.50.
15.4 mg (0.01 mmol) of PEGssno azide NHS ester were dissolved in 0.5 mL of DMSO and 1.8
pL (0.004 mmol) of APTMS were added. The mixture was stirred at room temperature for

18-24h. The obtained product was analyzed by NMR.
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'H NMR (399.7 MHz, DMSO-dg): 0.55 (t, 2H), 1.40 (m, 2H), 2.10 (s, 2H), 3.15 (s, 4H), 3.4 (t,
2H), 3.50 (t, 9H); 3C NMR (100.5 MHz, DMSO-ds): 6.04, 25.00, 31.00, 47.77, 49.18, 70, 18,
170.50.

Attachment of azide- and folic acid- APTMS-conjugates to NPs. 10 mg of iron-oleate (in
100 pL of heptane) were mixed with 10 mL of toluene. To this mixture, 500 pL of TEA, 10 uL
of Milli-Q water and APTMS-conjugates were added, and the reaction mixture was placed
in an ultrasonication bath for 5h at 50 °C. After that, 10 mL of heptane were added, and the
functionalized nanoparticles were separated by using a Nd-magnet. The obtained
nanoparticles were then washed with acetone (3x) and dried overnight in a desiccator
placed under vacuum.

The number of azide-moieties at the surface of nanoparticles was determined by FTIR using
a typical azide-stretching absorption at 2100 cm™. The measurements were calibrated using
sodium azide as a standard material. Folic acid was quantified using UV-spectroscopy by
measuring typical peaks at 280 and 360 nm.

Cell culture. Hela cells (obtained from Erasmus Medical Centre, Rotterdam, The
Netherlands) were cultured regularly in T-75 flask using Dulbecco’s Modified Eagle Medium
(DMEM) containing 10% Fetal Bovine serum (FBS) and 1% Penicillin-Streptomycin (10
mg/mL) until 90% of confluence was reached (5-7 days).

Cytotoxicity assay. Hela cells (1x10* cells per well) in 200 uL of DMEM medium were
seeded into a 96-well plate for one day. The next day, the medium in each well was replaced
for a fresh medium containing functionalized SPIONs (SPIONs-Ns-FA and SPIONs-PEG-Ns-FA)
with different concentrations (0-1 mM) and then incubated at 37 °C with 5% CO, for 24h.
After the incubation time, 10 pL of CCK-8 solution were added to each well and cells were
incubated for another 4h. The absorbance of each well was measured at 460 nm by using a
microplate reader (n=5).

Cellular uptake study. Hela cells (1x10% cells per dish) in 250 uL of DMEM medium were
seeded into a 35 mm cell culture dish with a glass coverslip (with 15 mm surface area) for
24h. After that, the medium was removed and another fresh medium containing either only

phosphate buffered saline (PBS) as control or functionalized SPIONSs (at Fe concentration of

71



Chapter 3

0.1 mM) were added to each dish. Cells were incubated at 37 °C with 5% CO; for 2, 4 and
24h. Eventually, the cells were washed with PBS (4x) and incubated with CellBrite 568/580
(1:1000x%) at 37 °C with 5% CO, for 5 min. Membrane staining dye was aspirated out and
cells were washed with PBS three times, fixed with 4% paraformaldehyde, and washed again
with PBS (3x). 4',6-diamidino-2-phenylindole (DAPI) nucleus staining dye in 1 mL of PBS was
added 15-30 min prior to the microscope observation. Subsequently, the uptake of
nanoparticles was observed by confocal fluorescence microscope using laser set to 405 nm
for DAPI, 488 nm for FITC, and 561 nm for CellBrite 568/580. For the folic acid competition
assay, the Hela cells were incubated first with FA (160 nM) after which the functionalized
SPIONs were added, and the above-mentioned uptake evaluations were applied. The
fractions of membrane-bound and internalized nanoparticles were determined after
incubation of the functionalized SPIONs with the Hela cells for 2, 4 and 24 h, aspiration of
the incubation medium containing nanoparticles and washing the cells with PBS (3x).
Subsequently, solution of glycine-HCl (50 mM) at pH 2.8 was added and the cells were
incubated for 5 min. Then the glycine fraction was removed and 0.1 M NaOH was added to
the cells for another 5 min to disrupt them and release the internalized SPIONs. Both,
‘glycine’ and ‘NaOH’ fractions were collected, and the iron content was determined by ICP-
OES. Samples were destructed with 1 mL of concentrated HNO; (70%). The calibration curve

was obtained using Fe absorption standard solutions in the range 0.1-5 mg/mL (n=3).
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Chapter 4

Introduction

Radiotherapy is one of the most effective ways to treat cancer because of its minimally
invasive properties and certain flexibiltiy in dose adjustment and, depending on the stage
of the disease. However, challenges in the clinical application of internal radionuclide
therapy in particular, originate from the immaturity of the radiotherpeutic agents in terms
of prompt and exclusive delivery to the tumor site. This requirement becomes especially
relevant in the case of short-range-high-energy alpha-emitters, which have great potential
for DNA-damage when delivered in close proximity of the cells, both cancerous and
healthy.! This is why research into efficient, and above all, safe radiotherapeutics is
receiving a lot of attention from scientists. The therapeutic response of the tissues to
radiation exposure is complex, and therefore, the accurate delivery of radiotherapeutics is
of the utmost concern. Logically, the agents carrying such radionuclides need to have the
highest specificity to the tumor cells and high tumor uptake.™ It is not surprizing that one
of the strategies to achieve high-precision radionuclide-therapy is the integration of an
imaging modality into the design of targeted treatment. Such an approach, combining
imaging and therapeutic components is called theranostic.!

Of the various diagnostic modalities available in the clinic, magnetic resonance imaging
(MRI) is the most interesting for use in image-guided therapy due to its high soft tissue
resolution and lack of ionizing radiation. The latter is especially important in cases where
treatment planning requires repeated scans. The principle of MRI is based on the
observation of the protons abundant in tissues that differ in terms of density and relaxation
behavior when subjected to short radiofrequency pulses in the presence of a strong
magnetic field. Therefore, acquisition of an MRI scan is in principle possible without the use
of contrast agents (CAs). However, image-guided therapy relies on the in-situ confirmation
of the presence of the therapeutic probe at the site of interest, which basically means that
delivery should be visualized by means of local contrast enhancement. This can be realized
by using CAs that alter the relaxation times of the protons in their vicinity.
Superparamagnetic iron oxide nanoparticles (SPIONs) are known to shorten the transversal

relaxation times (T») resulting in negative (dark) contrast.””! An additional advantage of
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SPIONSs, is the possibility to exploit their surface for conjugation with functional molecules,
such as tumor receptor-binders® and polyethylene glycol (PEG) that suppresses the
immune response.!®! Synthesis and characterization of SPIONs with the specificity for
tumors overexpressing folic acid receptors (FAR) as well as the importance of PEGylation for
the cellular uptake are described in Chapter 3. However, the ultimate design of these
nanoparticles concerns their application for in vivo click-reaction with a small
radiotherapeutic molecule. Therefore, the prepared SPIONs were additionally provided
with azide- and folic acid (FA) functional groups: SPIONs-FA-N3; and SPIONs-PEG-FA-N3,
Fundamentally, click-reactions are featured by several advantages compared to traditional
reactions, i.e. fast kinetics in aqueus media and minimal by-products.”! An additional
property, especially important for biomedical applications, is the bioorthogonality,®!
meaning that reagents undergo a reaction without competing with endogenous functional
groups. A classic representation of a click-reaction is copper catalyzed alkyne-azide
cycloaddition (CuAAC).®! However, the use of toxic copper as catalyst in vivo is ruled out
and therefore, utilization of highly strained cyclooctyne derivatives has been presented as
an alternative compatible with living organisms.*%

In this study, the aforementioned advantages of click-reaction in combination with the
tumor specificity of the prepared MRI-active SPIONs were exploited for the design of a two-
step tumor targeting approach intended for alpha-radionuclide therapy. The proposed
process starts with pretargeting of tumor cells with azide-functionalized SPIONs (step 1),
whose delivery to the cell membranes is for now demonstrated by confocal microscopy
(Chapter 3), and will eventually be visualized by MRI. After a sufficient amount of
nanoparticles has reached the tumor, the radiolabeled cyclooctyne-modified molecule will
be injected intravenuosly (step 2) to undergo a click-reaction with the nanoparticles. This is
expected to decrease the radioactive exposure of the healthy organs and minimize the side-
effects.*! lllustration of this two-step tumor targeting concept is presented in Figure 4.1,

along with the molecules involved in the proposed cell recognition mechanism.
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Step 1 - pretargeting Step 2 - local delivery
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Figure 4.1 Schematic representation of the click-reaction at the surface of azide-functionalized SPIONs
with a radiolabeled DOTA-cyclooctyne.

To proof the feasibility of the proposed tumor treatment, the click-reaction was initially
tested with 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetate (DOTA) modified with
cycooctyne (BCN) and complexed with either europium (Eu) or gadolinium (Gd) and 3-
aminopropy! triethoxysilane (APTMS) conjugated with an azide-group (APTMS-Ns), as a
model for azide-functionalized SPIONs. The goal of this experiment was to confirm the
occurrence of the reaction and determine its kinetics using NMR- and UV-monitoring.*?

Next, the click reaction was performed in vitro for which SPIONs were first incubated with
U87 glioblastoma cells grown as 3D spheroids, known to closely resemble the actual in vivo
conditions.!*3 Similar to in vivo tumor models, spheroids exhibit an inhomogeneous cell
proliferation on the outside and a quiescent central necrotic core, where oxygen and
nutrients demand is lower.[**! After the uptake of SPIONs by the tumor cells had occurred,
the 11 In-DOTA-BCN (*!In t1/, = 2.8 days) was added, and the radioactivity that remained
after the click-reaction on the cell surface was used as a yield indicator for the click-reaction.
Additionally, the same experiment was repeated using DOTA-BCN complexed with two
radionuclides, **In and Y’Lu (t1/, = 6.7 d) due to their gamma photons (175 and 254 KeV)*3!

and (113 and 208 KeV) are conveniently used for gamma quantification. The latter was used
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to investigate the therapeutic efficacy and estimate the potential of the proposed two-step

targeting approach for the intended alpha-therapy.

Results and Discussion

Progress monotoring of the click-reaction

To investigate the occurance of copper-free click-reaction in aqueous solution, APTMS-N3
was used as a model compound for azide-functionalized SPIONs for the reaction with DOTA-
cyclooctyne (DOTA-BCN). DOTA-macrocycle was chosen for the complexation of metal-ions
due to its high thermodynamic and kinetic stability compared to the linear analogues,*®
while the complexation as such was necessary to avoid possible charge interferrances
originating from the free carboxilic groups. Aiming at the final application with an alpha-
emitting radioisotope, in this exploritory study DOTA-BCN was complexed with two
lanthanides (Ln), Eu and Gd, which enabled NMR- and UV-spectroscopies to be used to
monitor the reaction progress.

The complexation of DOTA-BCN (1 eq) with either Eu or Gd (1.1 eq) was done keeping the
solution pH at 5.5 and 60 °C for 20h (Scheme 4.1).7) The slight excess of Ln-ions, necessary
to ensure complete complexation, was removed with Dowex 50w-X8, and the absence of
free Ln-ions was confirmed by means of xylenol orange test.[*8! Being a paramagnetic Ln, Eu
induces large NMR hyperfine shifts of the protons in a complex with the result that the
signals corresponding to the product are accommodated in a large spectral window and can
therefore be better identified.*®! This can be seen in the *H NMR spectra of both, DOTA-
BCN and Eu-DOTA-BCN depicted in Figure 4.2. The peaks belonging to the DOTA-chelate
accommodate within 4 ppm (0.5 to 4.5 ppm, Figure 4.2A), while those of the corresponding

Eu-complex are distributed between -18 and 32 ppm (Figure 4.2B).

o Q o]
u NN c?//\N{_,\N\
o [ ] 8: LnCly (1.1eq) O‘j;;;;m’:;;;r‘g
RN A
H M NN I H NN
) H\/\N f— \/§0 pH 5.5, 60°C, 20h . H\/\N)\/ j— \/§O
‘ 0\« H | ' O\« H
H O H 0O
DOTA-BCN Ln"-DOTA-BCN

Scheme 4.1. Complexation reaction between DOTA-cyclooctyne (DOTA-BCN) and LnCls (Ln = Eu/Gd).
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Figure 4.2. 'H NMR spectra of DOTA-BCN (A) and Eu"-DOTA-BCN (B) in a D,O/DMSO-dg mixture.

In the following, the prepared Eu"

-DOTA-BCN complex was used in a click-reaction with
APTMS-N3 (Figure 4.3A) at room temperature in a mixture of deuterated water (D20) with
addition of 5% DMSO-d6 to enhance the solubility of the reactants. The reaction took place

in an NMR tube and formation of the APTMS-Eu"-DOTA -BCN adduct was monitored in-situ
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by *H NMR in the time range from 1 to 240 min (Figure 4.3B). The first spectrum, obtained
within 5 min after addition of Eu"'-DOTA-BCN, showed the newly appeared peak at 3.0 ppm
attributed to the CH,.group adjacent to the triazole-ring (marked with asterisk, Figure 4.3B).

The intensity of the peak continued increasing up to £180 min, therefore, this time-range

was applied for UV-spectroscopic monitoring.

A

= H
° * APTMS-Ln""-DOTA-BCN

DMSO peak

Figure 4.3. 'H NMR spectra of the click-reaction between APTMs-N3 and Eu"-DOTA-BCN in
D,0/DMSO-d¢ taken in NMR tube at 9.4 T at room temperature.
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Advantage of exploiting the UV-absorbance in kinetic studies, is the possibility to acquire
spectra with time intervals as small as 1 min. The UV-absorbance spectra of Eu"-DOTA-BCN
and APTMS-N; are significantly different from that of the reaction product APTMS-Eu"'-
DOTA-BCN (Figure 4.4). Therefore, shifting of the absorbance curve to lower wavelengths
could be attributed to the occurrence of the click-reaction, which was observed already

after 1 min (Figure 4.4).
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Figure 4.4. UV-absorbance spectra of the click-reaction between APTMS-N3 and Eu''-DOTA-BCN.

To get insight into the efficiency of the click-reaction in the proposed two-step theranostic
system, relaxation behavior of both components separately and after the click-reaction
were investigated. Therefore, DOTA-BCN was complexed with paramagnetic Gd and both,
the longitudinal (T1) and transversal (T>) relaxation times were measured by *H NMR at 9.4
T and room temperature. The relaxation rate enhancement relaxivity was expressed as
relaxivity (ri/2) per mM of paramagnetic substance per second. The same experiment was
repeated for the azide-functionalized SPIONs. The Gd-concentration was determined by

bulk magnetic susceptibility (BMS) method using a co-axial tube containing D,O/tBuOH that
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was inserted into an NMR-tube containing the sample.l?” The chemical shift of CHs-groups
of tBUOH present in the sample as well as in the inner tube were measured and inserted in

the Eq.4.1 to calculate the Gd-concentration in mM.

2
_477.'CS M 3
A= (2_84) x 10 41

where Cis the Gd-concentration in mM, T is the temperature, S is geometrical factor, which
is equal to 1/3 in a cylinder parallel to the applied magnetic field, and e is effective
magnetic moment of Gd, equal to 7.94.24
Samples containing both PEGylated and non-PEGylated azide-functionalized SPIONs
(synthesis described in Chapter 3) were prepared in water containing 0.5% of xanthan as
stabilizing medium. Concentration of iron in these samples was determined by ICP-OES.
Finally, both components (Gd"-DOTA-BCN and SPIONs) were mixed in a 5 mm NMR tube
and T1/T>-relaxation times were measured. The relaxivities corresponding relaxivities were
calculated based on Gd and Fe concentrations obtained by BMS and ICP-OES, respectively,
used in the Egs. 4.2 and 4.3, where T; and T, are expressed in seconds and Fe/Gd
concentrations in mM, thus r; and r; are expressed as mM?s?. The obtained data is
summarized in Table 4.1.
L =1 x [Gd] 4.2
i
5

— =1, X [Fe] 4.3

Table 4.1. T,/T; relaxivity study of Gd and Fe, as Gd"-DOTA-BCN and azide-functionalized SPIONs,
respectively. Before and after click-reaction?,

Before click-reaction After click-reaction
Samples r r n r;
(mM-1s1)a (mM-1s2) (mM-1s1) (mM-1s1)
Gd"-DOTA-BCN 3.83+0.18 5.03+0.08
+ +
! SPIONs-FA-N3 1.07+£0.01 44,30+ 1.20 6.09£0.09 35.70+1.98
Gd"-DOTA-BCN 3.83+0.18 5.03+0.08
+ +
2 SPIONs-PEG-FA-N3 1.19+0.01 51.07+7.77 >-21£0.09 >3.53+2.27

2rl and r2 relaxivities were calculated using the concentrations of Gd and Fe, respectively, as determined by ICP-

OES.
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The initial r; and r, values of Gd"-DOTA-BCN of 3.83 mM s corresponds well to that of
Gd"-DOTA, which is a typical MRI T; CA known as Dotarem®.? The same is true for
PEGylated and non-PEGylated SPIONs whose r; values are very low (around 1 mMs?) and
the r; values of 44 and 51 mM1s?, respectively, are typical for the iron oxide nanoparticles
of the sizes around 20 nm,?* especially measured at high magnetic fields.?* 30 min after
the two components were mixed in an NMR tube, the relaxivities were measured again and
the results were ascribed to the effect of the adducts formed in the click-reaction on the
protons in the solution. The expected increase of the r; values was rather modest but could
still be explained by the dynamics of the complex slowing down upon binding with the bulky
nanoparticle. On the other hand, the r; values after click-reaction shows a slight increase of
number attributed to the magnetic iron nanoparticles. However, it also observed that the
precipitation which occurred after click-reaction with non-PEGylated nanoparticles resulted
in a slight decrease of r; values. As further increase in the relaxivities was not significant
even after 24h, it was decided to implement 30 min reaction time for the following in vitro

investigations.

Radiolabeling of DOTA-BCN with ''!In and *’Lu

The idea to implement alpha-emitting particles was first investigated by using two
alternative radioisotopes, 'In and 7’Lu, whose decay schemes are depicted in Figure 4.5.
As gamma energies of these radionuclides can be easily detected by the automated gamma-
counter, their complexes with DOTA-BCN were used to proof the concept of the in vitro
two-step tumor targeting that is demonstrated further on in Chapter 5 with actinium (2°Ac)

as an alpha-emitter.

A B
11y, 1771y Qy=04971MeV

t,,=2.83d t;=6.65d
. 9
2 EC (100%) B LL6%
120 ps — 0.63 ps

0.012%
Y, (171 kEv, 90.7%)
= 9.1% l 1o Y, (208 kEv, 10.4 %)
70 1 A'A .4 %,
Y., 245 kEv, 94.1%) | .
Stable —
111Cqg 79.3% Y., 113 kEv, 6.20%)
Stable

177Hf

Figure 4.5. The decay schemes of 111In (A) and 177Lu (B).
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Radiolabeling with both, In and ’Lu (Scheme 4.2) was performed considering the

potential presence of stable decay products 1*!Cd and Y7Hf, respectively, that can interfere

with the DOTA-BCN complexation process.?>! This means that the radiolabeling should be

done as close as possible in time to the production of the radioisotope, which is often

difficult to realize in practice. Another possibility to avoid such a competition in the complex

formation is to increase ligand to radioisotope ratio.l?®! The optimum for **In radiolabeling

was determined experimentally by varying the DOTA-BCN to radiolabel ratios under pH 5.5

and 95 °C for 30 min and determining the radiolabeling yields. As it can be seen from Figure

4.6, an excess of the ligand as high as 50:1 should be used for an effective labeling of >95%.
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Figure 4.6. The radiolabeling efficiency as a function of the molar ratio of DOTA-BCN to 111|n.

Similar concerns are also valid for the labeling of DOTA-BCN with 7Lu since stable 77Hf can
act as a competitor during the complexation.?”! In addition, for the optimum 7’Lu-DOTA-
BCN radiolabeling, pH 4.3 was applied instead of 5.512% and 1000 times higher DOTA-BCN

ligand was used to obtain >95% radiolabeling efficiency.

In vitro click-reaction investigated with 3D spheroids

Overexpression of folic acid receptors (FAR) up to 90% found in brain tumors?®! has already
been demonstrated to be suitable for targeted nanoparticles delivery.*® Therefore, in this
study, glioblastoma cancer cells (U87) were grown as a 3D spheroidal model and used for
the incubation with azide-functionalized SPIONs (step 1) followed by the click-reaction with
radiolabeled DOTA-BCN (step 2). As mentioned previously (Chapter 3), advantages of 3D
spheroids used in cancer therapeutic studies compared to 2D cell cultures are better
mimicking of the actual in vivo conditions!*3 and the higher resemblance to primary
tumors.3!

The concentration of SPIONs that can be tolerated by 3D glioblastoma U87 spheroids was
determined by using a Celltiter Glo3D assay, measuring the adenosine triphosphate (ATP)
expressed by the viable cells.*? Therefore, U87 cells were seeded into a 96-round bottom
plate for several days to result in spheroids with sizes of 400-600 um®*? . Different amounts
of SPIONs (50-200 ug/mL) with the corresponding Fe-concentrations of 0.1-0.5 mM (based

on the ICP-OES measurements) were added and incubated for 24h.
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From Figure 4.7, it can be concluded that almost 80% of the U87 glioblastoma cells are still
viable even at the concentration of SPIONs up to 200 ug/mL. Thereby, no differences in
viabilities were detected for the SPIONs with and without PEG on their surface. Based on
this viability experiment as well as on that conducted with Hela cells (reported in Chapter
3), the click-reaction was performed using the concentration of 100 ug/mL of SPIONs.

mmm  SPIONs-N3-FA

1505 s SPIONs-PEG-N4-FA

*kkk

100

LELL

100 150 200
Fe (ug/mL)

Viability (%)
3
1

Figure 4.7. Viability study of glioblastoma spheroids by Celltiter Glo3D assay after 24h incubation with
SPIONs with (grey) and without (black) PEG on the surface. **P < 0.01; ****P < 0.0001.

Cell medium containing 100 pg/mL of azide- and FA-functionalized SPIONs (SPIONs-N3-FA
and SPIONs-PEG-N3-FA) was added to the spheroids and incubated for 4 and 24h (Figure
4.8A). The spheroids were washed to remove the non-uptaken SPIONS and the Fe content,
both internalised and surface-associated, was measured by ICP-OES. About 20 and 40% of
iron (100 pg/mL SPIONs) were found in the spheroids after incubation time of 4h with
PEGylated and non-PEGylated SPIONs, respectively (Figure 4.8B) and only a slight increase
was seen at the longer timepoint of 24h.

Interaction of SPIONs equipped with a fluorescence tag (FITC) was studied with confocal
fluorescence microscopy. Figure 4.9 suggests that the accumulation of non-PEGylated (A-B)
and PEGylated (C-D) nanoparticles mainly occura at the edges of the spheroids. Additionally,
the data of Fe-uptake (Figure 4.8) indicates no significant differences for PEGylated vs. non-

PEGylated SPIONs, especially after 24h of incubation time.
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Figure 4.8. Schematic representation of U87 spheroid formation (400-500 um) followed by incubation
with SPIONs (A). Uptake of SPIONs by spheroids presented as percentage of Fe, measured by ICP-OES
after 4 and 24h of incubation (B).
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24h

4h

24h

Figure 4.9 Confocal fluorescence microscope imaging of 3D U87 spheroids incubated with SPIONs-Ns-
FA-(FITC) (A-B) and SPIONs-PEG-N3-FA-(FITC) (C-D) for 4 and 24h. The colors correspond to: FITC
(green) and membranes stained with Cellbrite (red), overlaid in the right images. Scale bar is 100
pm.

To further investigate whether the nanoparticles penetrated to the inside of the spheroid,
another batch of spheroids with the size of 400-600 um was prepared, incubated with
functionalized SPIONs as described above, and after washing, cut by microtome to make
slices of 14-20 um. A blue marker (DAPI) was added to stain the nucleus in each cryo-slice

(Figure 4.10).
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Figure 4.10 Fluorescence microscope imaging of 14-20 um thick cryo-slices of 3D U87-spheroid
incubated with SPIONs-N3-FA-(FITC) (A) and SPIONs-PEG-Ns-FA-(FITC) (B) for 4 and 24h. The colors
correspond to: FITC (green), nuclei stained with DAPI (blue) and membranes stained with Cellbrite
(red).

This time, an extensive green intensity originating from SPIONs incubated for 24h was more
evident in every section (1-4) not only at the edges but also in the central part of spheroid
obtained in the cryo-slices. It was concluded that, with the longer incubation times some
parts of nanoparticles already penetrated inside of the spheroid instead of staying on the
outer surface, for both PEGylated and non-PEGylated nanoparticles. However, the

character of the observed penetration is rather heterogeneous.
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In vitro study of the click-reaction between azide-functionalized SPIONs and radiolabeled
1n- and 7Lu-DOTA-BCN

Based on results obtained with fluorescence microscopy, 4h incubation time was applied to
investigate in vitro click-reaction between azide-functionalized SPIONs (with and without
PEG) and radiolabeled DOTA-BCN. After incubation of nanoparticles and washing out the
material that was not taken up by the spheroids, a cell medium containing **In-DOTA-BCN
was added and incubated for another 30 min (Figure 4.11). The percentage of !In (%
relative activity (At/AQ) taken up by the spheroid was determined by automated-gamma
counter. A similar in vitro of click reaction experiment was also performed for ”7Lu-DOTA-
BCN to test the therapeutic potential of this approach. For comparison, the click-reactions

under the same conditions were performed with 2D HelLa and U87 cells.

/\
e B o

SPIONs 1111 /177 y-DOTA-BCN
Day 5-7 37°C, 5% CO, 37°C, 5% CO,
4h 30 min

Figure 4.11. Schematic representation of in vitro click-reaction between azide-functionalized SPIONs
attached to the U87-spheroid and 111In- and 177Lu-DOTA-BCN.

The results, obtained with 3D U87-spheroids demonstrate that 0.14 and 0.2% of !!In- and
177Lu-DOTA-BCN, respectively, stayed at the cell membranes after the click-reaction with
the non-PEGylated azide-functionalized SPIONs incubated for 4h (Figure 4.12A). As
expected, 24h of incubation of SPIONSs results in more cell uptake, and therefore in a lower
amount of the radiolabeled compound reacting with the nanoparticles. There appears to be
no-significant difference of the accumulation of radiolabeled DOTA-BCN for non-PEGylated
and PEGylated SPIONs. These results are in line with previous experiments showing that Fe-

uptake in spheroids of non-PEGylated and PEGylated SPIONs are comparable.
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On the other hand, the differences between PEGylated and non-PEGylated SPIONSs in the
click-reaction performed with both *1In- and ”’Lu-DOTA-BCN in combination with 2D Hela
and U87 cells are more pronounced (Figure 4.12B). These results are also in accordance to
previous experiments in 2D in which cell uptake was more pronounced for the PEGylated
nanoparticles. These differences between 2D and 3D can be due to various reasons such as
the microenvironment in tumor spheroids [*3 or the fact that the number of seeded cells
was 5-fold in the case of a 2D system. In any case, the results demonstrate clearly that the
click-reaction occurs within 30 min in vitro, which is a good indication of its feasibility for in

vivo application.

A 3D U87 Spheroid B _ 2D Hela Cells 2D U87 Cells
0.35 5.0 ) 177 177
et | T T e § T T T
2 0.30] & 4.0-] MW Membrane bound fraction
> 4 B33 Intemnalized fraction
z z 357
2 2
2 8
2 2
3 s
e &

Figure 4.12. Relative activity of 111In- and 177Lu-DOTA-BCN after the click-reaction (30 min) with azide-
functionalized SPIONs on the surface of 3D U87 glioblastoma spheroids (A) and 2D Hela cervix and
U87 cancer cells (B).

Therapeutic evaluation of 17’Lu-DOTA-BCN after the click-reaction

The next step was to evaluate the therapeutic potential of this approach by using a beta
minus -emitter 7Lu prior to its intended application to the alpha-emitter 2%Ac.

The therapeutic effect of ”7Lu to both, glioblastoma and Hela cells, grown as 3D spheroids
and 2D monolayers, respectively, was investigated by performing the click-reaction
between radiolabeled DOTA-BCN offered to the cells at different activities after their
incubation with non-PEGylated azide-functionalized SPIONs for 4h. After 30 min the
reaction was stopped and the viability of the cells was assessed using Cell titerGlo-3D"*?! and

CCK-884 assays (Figure 4.13).
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An effect is observed already from 0.1 MBq. At 1 MBq decrease of cell viability to 80% is
achieved in 3D glioblastoma spheroid system (Figure 4.13A). However, the same increase in
activity (to 1 MBq) resulted in decrease in viability to 40% in the case of 2D cell models, for
both U87 and Hela cells.

Figure 4.14 shows spheroids treated with 1 MBq of Y’Lu-DOTA-BCN for 30 min. Thereby,
one spheroid did not contain any nanoparticles, while two others were pre-incubated with
PEGylated and non-PEGylated azide-functionalized SPIONs. Consequently, the click-
reaction took place in the latter two spheroids. The images, taken after washing,
demonstrate the significant damage of spheroids treated with SPIONs 24h after the click-
reaction occurred. This is evident from the loose cells surrounding the treated spheroids in

comparison to the control. Such loose cells are not alive and detach from the spheroid.

Cell titerGlo-3D assay CCK-8 assay CCK-8 assay
A =31 3D U87 B e=320Us7 mm 2DHela C ©==320U87 WM 2D Hela
100 150 150
g g g
E Z 100 T Z1%
> 5 50 5w

° 0
O AN AN N NN o N N A N N
g.°°° Q.@ RO @““Q Q?‘Q PO 0 02 04 06 08 1
177Lu-activity (MBq) 177Lu-activity (MBq) 177Lu-activity (MBq)

Figure 4.13. Cell viability expressed as percentage to control cells measured after 30 min click-reaction
between 177Lu-DOTA-BCN applied for 177Lu activities ranging from 0 to 1 MBq and non-PEGylated
azide-functionalized SPIONs pre-incubated for 24h with 3D U87 glioblastoma spheroids (A), and in 2D
Hela and U87 cancer cells (B-C).
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0 minutes 30 minutes 24h

(before click reaction) (click reaction) (after click reaction)

Control

1 MBq 77Lu-DOTABCN
(no click-reaction)

SPIONs-N; FA +
1 MBq *7Lu-DOTABCN

SPIONs-PEG-N; FA+
1 MBq 7Lu-DOTABCN

Figure 4.14. Microscope images of the 3D U87 glioblastoma spheroids (with and without pre-
incubation with SPIONs) treated for 30 min and 24 h with 1 MBq of 177Lu-DOTA-BCN. Non-treated
spheroid is included as control.
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Conclusions

The copper-free click-reaction between azide-functionalized SPIONs and radiolabeled
DOTA-complexes modified with cyclooctyne moiety was demonstrated in vitro on both 3D
glioblastoma spheroids and 2D Hela cancer cells. From the results it can be concluded that
the click-reaction occurred within 30 minutes and resulted in maximum radiolabeled-DOTA-
BCN uptake of 0.2% and 0.1% in U87 spheroid, after click-reaction with both azide-
funtionalized SPIONs (SPION-Ns3-FA and SPIONs-PEG-N3-FA). However, this result is a bit
different with the *In and ’Lu uptake in 2D system, which found to be maximum at 2.75%
and 0.5% after click-reaction with SPION-N3-FA and SPIONs-PEG-N3-FA, respectively.

In 3D tumor model, apparently there is no significant differences on the !In and "’Lu
uptake after the click-reaction with both PEGylated and non-PEGylated nanoparticles
compared to different of !In and ¥’Lu in 2D system. However, the 3D model resembles
to the actual tumor in vivo which considers the real condition for the further in vivo
therapeutic application

In addition, the presence of PEG molecules on the surface of NPs has to be considered in
the final design of theranostic systems, since it is expected to improve the biocompatibility
of the probes as well as increase their blood-circulation times, and facilitate tumor
accumulation by enhanced permeability and retention (EPR) effect.* The incubation time
of SPIONSs prior to the click-reaction is another point of attention. It was shown that 24h
incubation stimulates penetration of the nanoparticles in the spheroid, decreasing the click-
reaction yields.

Finally, the therapeutic effect of Y’Lu as a betta-emitter®**! was evaluated by performing
the click-reaction at different activities. The preliminary data suggests that activity of 1IMBq
is the minimum required for a significant cell damage and leads to a decrease in viability to
140% level. From these results, we can conclude that this two-step tumor targeting concept
is considered promising to be applied for the further radionuclide therapy which is the

purpose of the next chapter of this thesis.
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Experimental details

Materials and methods. All reagents and solvents used were of analytical and synthesis
grade. 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetate cyclooctyne (DOTA-BCN) was
purchased from Chematech (Dijon, France), ammonium acetate (NH;OAc),
ethylenediaminetetraacetic acid (EDTA), gadolinium chloride hexahydrate (GdCls*6H0),
glycine, hydrochloric acid (HCI) and sodium hydroxide (NaOH) were purchased from Sigma-
Aldrich. “H,0” pure was obtained from a Milli-Q System. Iron oxide nanoparticles (SPIONs)
were prepared and functionalized as described in Chapter 3.

IH NMR was performed on Agilent 400-MR DD2, operating at the frequency of 399.7 MHz.
Samples were prepared in D0 or DMSO-dg in 5mm NMR tubes. Chemical shifts are reported
in ppm referenced to t-BuOH (1.2 ppm). UV-spectra were measured with 3 cm quartz
cuvettes.

The confocal microscope used was Nikon A1R confocal with 20x magnification and applying
laser excitation at 488 and 568/580 nm for FITC and CellBrite, respectively. The obtained
data was analyzed by Image-J software using FlJI.

The inverted microscope used was a SZ 45 B zoom Binocular stereo microscope 7x-45x and
using 2x magnification. Images were taken using 12 MP camera and analyzed with
Samplescan software.

The luminescence spectroscope used was Agilent Technologies Cary Eclipse
Spectrophotometer (bio/chemiluminescence data mode) applied at integration time of 0.2—
1 second. The emission wavelength and slit used were 600 and 20 nm, respectively.

The count rate of !In and ¥’Lu was determined with a Perkin Elmer 2480 automated -
counter WALLAC using the gamma photons of 175 and 254 KeV, and 113 and 208 KeV for
1y and 7Ly, respectively.

Cryosection of the spheroids was performed with a cryostat Leica CM1900. The cryostat
was operated under the following conditions: cryostat temperature -25°C, cutting table
temperature -20°C, cutting size was set to 10-20 um, freezing medium PELCO Cryo-

Embedding Compound was used to freeze the samples.
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Preparation of Ln(lll)-DOTA-BCN. Ln(l11)-DOTA-BCN (Ln= Eu and Gd) complexes were
synthesized by mixing a DOTA-BCN ligand solution (1 eq) and LnClssolution (1.1 eq) in water.
The pH of the mixture was adjusted to 5.5 using a 0.05N solution of NaOH. The reaction
mixture was stirred at 60 °C overnight, after which Dowex 50W-X8 resin was added and the
stirring was carried on for another 4h to separate the free Ln(lll) ions. The absence of free
Ln(lll) was checked with xylenol orange indicator. The obtained Eu(lll)-DOTA-BCN
complexes structure were analyzed by *H NMR.

'H NMR and UV click-reaction monitoring. Eu-DOTA-BCN and APTMS-N3 were dissolved in
D,0 and/or DMSO-dg, transferred to 5 mM NMR tubes and 3 cm cuvettes. The progress of
the reaction at room temperature was monitored in situ from 0 to 120 and from 0 to 240
min by UV and 'H-NMR spectroscopies, respectively.

T1/T; relaxation measurements. GdClsin D,0 and 1% (v/v) tBuOH was added as an internal
standard to prepared Gadolinium complex (Gd-DOTA-BCN). The Gd concentration was
obtained by BMS method.?®) SPIONs-Ns-FA and SPIONs-PEG-Ns-FA were suspended in
water with addition of 0.5 wt% of xanthan at concentrations of 0.1 mg/mL and. To each of
this solution 0.8 mmol of Gd-DOTA-BCN was added and the mixture was transferred to 5mm
NMR tubes. Ti;- and T>-relaxivities studies were performed using inversion recovery
(INVREC) and Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence with variable length if
spin-echo train and echo time of 0.5 ms. The obtained spectra were analyzed by three-
parameters exponential fit on MNOVA-software (n=3).

Radiolabeling of DOTA-BCN with 'In and *77Lu. *InCl; and *”’LuCl; were kindly provided
by Erasmus Medical Center, Rotterdam, The Netherlands. Radiolabeling of DOTA-BCN with
both radionuclides was done in accordance with the previously published method.?®! For
the radiolabeling with **In, 100 pL of a solution containing 0.1 pg of DOTA-BCN in 250 mM
NH;OAc at pH 5.5 were added to 10 pL of an acidic solution of !InCl; (1.71 MBg/pmol). For
the radiolabeling with 7’Lu, additions involved solution of 0.62 pg of DOTA-BCN (140 uL)
dissolved in 250 mM NH4ONa at pH 4.3 and 10 pL of ’LuCl; (0.714 MBg/pmol). The
mixtures were stirred during 30 min at 95 and 80 °C, for !In- and ’’Lu-labeling,

respectively. The radiolabeling yield was determined by Thin Layer Chromatography (TLC)

99



Chapter 4

using 0.1M EDTA and 0.1M NH;OAc (1:1) as the mobile phase with R¢'!In-DOTA-BCN and
177 u-DOTA-BCN = 0 and R¢In"and Y7Lu = 1. The radiolabeling yields were determined
by automated y-counter. XX mL of the solutions of *!In-DOTA-BCN and '’’Lu-DOTA-BCN
were diluted in PBS (until the desired activity) for in vitro click-reaction studies.

Cell cultures. Hela cervix and U87 glioblastoma cell lines (obtained from Erasmus Medical
Centre, Rotterdam, The Netherlands) were cultured regularly in T-75 flask using Dulbecco’s
Modified Eagle Medium (DMEM) containing 10% Fetal Bovine serum (FBS) and 1% Penicillin-
Streptomycin (10 mg/mL) at 37 °C until they reached about 90% of confluency (5-7 days).
For all studies, the cells were grown and kept in an incubator at 37 °C under 5% CO,
atmosphere.

3D spheroid formation. U87 glioblastoma cells (2x10° cells per well) in 200 pL of DMEM
medium were seeded into a 96-round bottom well plate and placed in an incubator for 5-7
days to form spheroids. The size of the spheroid was determined by inverted microscopy.
3D Cellular uptake studies with SPIONs. After spheroid formation was confirmed by the
inverted microscope, DMEM medium was aspirated out from the well and replaced with
fresh medium containing 100 pug/mL of functionalized-SPIONs (described in Chapter 3). The
system was incubated for 4 and 24h. At each end point, the medium was removed, the cells
were washed three times with PBS and incubated with Red-CellBrite 568/580 (1:1000x) for
5 min. After this, the membrane staining dye was aspirated out and cells were washed again
three times with PBS and the iron uptake by spheroid was observed by confocal
fluorescence microscope (n=3).

In vitro click-reaction between azide-functionalized SPIONs and 'In-DOTA-BCN/*’Lu-
DOTA-BCN. U87 spheroids were first incubated for 4h with azide-functionalized SPIONs (see
above) and then 1In-DOTA-BCN (50 kBq/100 pmol) or Y”7Lu-DOTA-BCN (50 kBg/100 pmol)
were added and left for another 30 min. Subsequently, the spheroids were washed three
times with PBS and collected by using membrane filter. The remaining activities of 1*!In and
7Ly were determined by automated y-counter following the protocols established for each

radionuclide (n=3).
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2D Hela cells treated with SPIONs were incubated with 1*1In-DOTA-BCN (50 kBg/100 pmol)
or Y7Lu-DOTA-BCN (50 kBg/100 pmol) for 30 min. The membrane bound- and internalized
SPIONSs fractions were determined by glycine treatment in which glycine-HCI (50 mM, pH
2.8) and NaOH 0.1 N were added to the cells consecutively, and the cells were incubated
for 5 min. All fractions were collected in Eppendorf tubes and In- or Y’Lu-activities were
measured by automated y-counter with the corresponding protocols (**In or 77Lu) (n=3).
3D spheroid viability with SPIONs. 3D spheroids with the size of 400-500 um were
incubated in a DMEM medium containing different concentrations (0-1 mM of iron) of
functionalized SPIONs (SPIONs-N3-FA and SPIONs-PEG-Ns-FA) for 24h. After this, the
medium containing nanoparticles was removed and the spheroids were washed three times
with PBS. The number of viable cells in 3D spheroids after the treatment with SPIONs was
determined with Celltiter Glo3D assay based on the presence of adenosine triphosphate
(ATP). Therefore, the spheroids were incubated for 1h at room temperature with the
Celltiter Glo3D reagent and the luminescence was measured (n=5).

Cell viability after Y’7Lu-DOTA-BCN treatment. 3D spheroids with the size of 400-500 pm
were incubated first with SPIONs-Nsz-FA for 24h. Different activities of 1’’Lu-DOTA-BCN (0-1
MBq) were added and incubated for another 30 min at 37 °C and with 5% CO,. Subsequently,
the medium was removed and replaced by the Celltiter Glo3D reagent to determine the
number of viable cells in the spheroid (n=5).

Similar experiment was also conducted for 2D Hela and U87. HeLa and U87 cell lines (1x10*
cells per well) in 200 pL of DMEM medium were seeded into a 96-well plate for a day and
after incubated for 24h with SPIONs-N3-FA incubation. Different activities of *’’Lu-DOTA-
BCN (0-1 MBq) were added and incubated for another 30 min at 37 °C and with 5% CO; and

then the viable cells were determined with CCK-8 assays method (n=5).
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Chapter 5

Introduction

Alpha radionuclide therapy is under intensive investigation in oncology as a very promising
treatment for cancer.t! Due to the short penetration depth of alpha-particles (0.1 mm) and
their high linear energy transfer (50-250 keV/um),!?! they are capable of depositing their
energy very locally, leading to direct damage of the DNA. The damage of the surrounding
healthy tissues remains limited provided that specific local delivery with minimal blood-
circulation time can be achieved.®! Therefore, a successful alpha radionuclide therapy
requires an effective and fast targeted delivery of radiopharmaceuticals. Several alpha-
emitters with convenient half-lives are currently under investigation, such as astatine-211
(?11At, 7.2h)," bismuth-213 (**3Bi, 45.6 min), radium-223 (**Ra, 11.4 d) ©® and actinium-
225 (*°Ac, 10.0 d).!Y The latter radionuclide is particularly interesting for the application in
cancer therapy.”! The decay of ?°Ac leads to generation of six daughter radionuclides: 22*Fr
(ti2 = 4.8 m), 2Y7At (t1/2 = 32.3 ms), 23Bi (ty2 = 45.6 m), 213Po (ty2 = 4.2 ps), 2°°Tl (ty2 = 2.2

m), and 2°°Pb (t1/> = 3.25 h), and 2°°Bi as a stable isotope (Figure 5.1).[%

225 Ac

a=58MeV | 10.0d

221y

a=6.3MeV | 48m

217At

a=7.1MeV | 3.3ms

213g; P =435KeV

a=59MeV |456m a=8.4MeV|42us

¥
B-= 656 KeV B-= 198 KeV
2097 200pp ——» 209;
22m 3.2h

Figure 5.1. The decay scheme of the alpha-emitter 22°Ac (t;/> = 10.0 d) ending at the stable isotope

200 (8]
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However, the challenge of using 2%°Ac is the release of its daughters due to the recoil effect
resulting from the alpha emission. The energy that the recoiling daughter receives is above
100 keV, which results in breaking of chemical bonds. Some of the daughters such as 22!Fr
and 23Bj (i.e.?*3Po) are long-lived alpha emitters as well,!®! and therefore, their release can
damage healthy tissues and organs.!

Therefore, in the case of alpha-radionuclide therapy it is very important to deliver the right
dose to the site of interest very fast and selectively preventing harm to healthy tissues.
Image-guided delivery of therapeutics using Magnetic Resonance Imaging (MRI) with
superparamagnetic iron oxide nanoparticles (SPIONs)*?! for the contrast enhancement
offers this possibility.

As described in the previous chapter, the advantages of the click-reaction®*! method in
combination with the tumor specificity of the prepared MRI-active SPIONs has been
exploited for the design of a two-step tumor targeting. This two-step tumor targeting
concept via click-reaction has been evaluated using two different radionuclides®? namely
N (ty2=2.8d) and 7Lu (t12 = 6.7d),1** and proven to be promising for further therapeutic

applications.

Targeting vector
(e.g. Folic aC|d)

-

« - 225A¢-DOTA-Cyclooctyne

N

\
\ I X °
Azide-modified \ & 5"\&’_\:’“\”
SPION T
Lo
Tumor cell
1% step (diagnostic part) Slow (hours/days) 2nd step (therapeutic part ) Fast (minutes/hours)

Figure 5.2. Schematic representation of the two-step tumor targeting process utilizing the alpha
emitting radionuclide 225Ac.
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This last chapter focuses on evaluation of in vitro click-reaction with an alpha-emitting
radionuclide complex functioning as a therapeutic modality. Once a sufficient amount of
tumor targeting SPIONSs is accumulated at the tumor site, the second step is performed by
the injection of the alpha-therapeutic agent (Figure 5.2).** The whole process aims to be
visualized by MRI. As the particles are not expected to re-enter the bloodstream after
targeting the tumor via folic acid vector, the therapeutic effect will only be applied locally
and the damage of healthy tissues can be limited. Small nanoparticles (<10nm) were also
found to have limited uptake in the liver and spleen and fast elimination through kidneys.*"!
The chelator DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) complexed
with metal ions (for instance, gadolinium) has a thermodynamic stability constant that is
100 to 1000 times greater than that of diethylenetriamine pentaacetate (DTPA) derivates.
The kinetic stability of many metal macrocyclic complexes was also found to be much higher
than that of linear chelators.*®! This is why DOTA was chosen for the complexation of 2°Ac
to serve as a therapeutic modality, while its functionalization with an cyclooctyne group
enables the click-reaction with SPIONs decorated with azide groups on their surface
(prepared on the previous chapter). 2°Ac-DOTA provided with an cyclooctyne functionality
this small molecule is expected to accumulate at the site of interest for a time sufficient to
achieve the required therapeutic effect.

To further investigate the therapeutic outcome of alpha emitter 2%5Ac via click-reaction, 3D
glioblastoma spheroids were utilized and their growth was followed. In addition, uptake
studies of 22°Ac were also carried out and compared to the uptake in 2D cell pallets. Finally,
the damage to DNA caused by ?%°Ac for two different activities of 1 and 10 kBq was

determined by applying a y-H2AX marker in a 3D tumor model.*”!

Results and Discussion

Radiolabeling 2°Ac-DOTA-BCN
Radiolabeling of DOTA-BCN with 22°Ac was performed at 90 °C and pH 5.5, which was
reported in literature as the most optimal conditions.!*®! In addition, 0.2% of ascorbic acid

was used during the labeling procedure to prevent radiolysis of the ligand DOTA-BCN due
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to the high energy of the alpha particles.’® The highest efficiency of the radiolabeling
(>95%) was achieved using 100000 times higher DOTA-BCN ligand to ??°Ac ratio and the
calculated specific activity (SA) was 5 kBg/nmol of DOTA-BCN.

Uptake of 22°Ac-DOTA-BCN in U87 glioblastoma cells after click-reaction

The binding of #2°Ac-DOTA-BCN to the azide-functionalized SPIONs in the 2D and 3D
glioblastoma cells was investigated after 30 min of the click-reaction, which was determined
to be the optimum time (see Chapter 4). An automated-gamma counter was used to
determine the percentage 2*°Ac (At/A0) bound to the U87 glioblastoma cells, grown in 2D
pallets as well as in spheroids. As shown in Figure 5.3, there is no significant difference
between azide-functionalized SPIONs with or without polyethylene glycol (SPIONs-Ns-FA
and SPIONs-PEG-Ns-FA). Additionally, when 22°Ac-DOTA-BCN was added to the cells without
pre-incubation with SPIONs (control), the low accumulation of 22°Ac can be seen clearly
when compared to cells incubated with nanoparticles first. These results were observed in
both 2D cells and 3D spheroids, confirming that the click-reaction took place.

Evidently, the difference in the number of seeded cells in the case of 2D and 3D models, as
well as the complex nature of the spheroids, play a role in the maximum of 2%Ac
accumulation being in line with the results obtained with *'In and ¥’Lu, as shown in the
previous chapter. These results demonstrate that the click-reaction occurs already within
30 min of incubation with the alpha-radiotherapeutic agent.

Interestingly, in the case of the 2D system incubated with both PEGylated and non-
PEGylated SPIONs, around 0.6% of 22°Ac was still found on the membrane after the click-
reaction happened. However, the amount of 22°Ac internalized after the click-reaction had
taken place was slightly different between the two types of SPIONSs. It appears that the
PEGylated nanoparticles reduce the uptake of 22°Ac suggesting that a larger number of

nanoparticles was internalized.

109



Chapter 5

2.0- mmm 2D Membrane bound fraction

== 2D Internalized fraction
1.84=— Uptake in 3D spheroid
) *
1.6~
S 1.4-
2
S 1.2-
©
S 1.0
2 0.8
®
S 0.6 -
0.4
0.2 |E|
0.0- | | | |
CE&EFE C &
9 > > [e) >
& N & &S
RO & R
) oé 9 oé
&£ &£

Figure 5.3. The relative activity found in the U87 glioblastoma cells (2D and 3D spheroids) after click-
reaction (30 min) between the azide-functionalized SPION present on the cell surface and 225Ac-DOTA-
BCN. In the control experiment, cells were incubated with 225Ac-DOTA-BCN only. All experiments were
conducted in triplicate (n=3). Bars represent meanSD; *P < 0.05.

225Ac-DOTA-BCN cells killing efficiency

25Ac (t12 = 10.0 days, E« = 5.8 MeV) emits four alpha- and three beta-particles before
decaying to the stable isotope 2°°Bi. One radionuclide, therefore, delivers an energy of
around 28 MeV making it very efficient in cell killing even at very low concentrations. The
cell killing effect of different 2°Ac-DOTA-BCN activities after 30 min of click-reaction was
evaluated based on the viability test in both 3D tumor models and 2D cell pallets (Figure

5.4).
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Figure 5.4 The cell killing efficiency of 225Ac-DOTA-BCN after the click-reaction (30 min) with azide-
functionalized SPIONs (SPIONs-Ns-FA) in 2D and 3D spheroids of U87 glioblastoma cells: A) using
activities from 0 to 1 kBq and B) using activities up tp 10 kBqg; *P < 0.05; ***P < 0.001; ****P < 0.0001.

From Figure 5.4A, it is clear that 1 kBq of 22°Ac-DOTA-BCN is already enough for killing
around 50% (55+10%) of the 2D glioblastoma cells, but this activity has little effect on the
3D spheroids. The number of viable cells in the spheroid was found to be higher than 80%
(87+1%) compared to the cells non-treated with 2Ac-DOTA-BCN. A possible reason for this
effect can be due to differences in the distribution of 22°Ac-DOTA-BCN between the 2D and
3D models. Although SPIONs do accumulate better after 24h of incubation, their
distribution is rather non-homogenous, which on its turn influences the binding of 22°Ac-
DOTA-BCN. To observe an effect in the 3D models, the activity was further elevated to 10
kBg. This increase in activity has led to reduction of the vital cells to 66+1% (Figure 5.4B).
Based on these experiments it was decided to continue with the activities of 1 and 10 kBq

applied to the 3D models, which come closest to the actual in vivo tumor conditions.??"!

Spheroid growth observation

To further investigate the effect of 22Ac-DOTA-BCN upon the click-reaction with azide-
functionalized SPIONSs, the spheroids growth was followed for 30 days. Figure 5.5A, shows
that the the cytotoxic effect of 225Ac-DOTA-BCN is much higher after click-reaction with

pretargeted cells as compared to cells treated with 225Ac-DOTA-BCN only (control).
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Figure 5.5. The U87 tumor spheroid growth after incubation(4h) with azide-functionalized SPIONs
(SPIONs-N3-FA and SPIONs-PEG-Ns-FA) and the subsequent treatment with 1 and 10 kBq of 225Ac-
DOTA-BCN (30 min). Spheroids treated with only 225Ac-DOTA-BCN (no click-reaction) indicate the
control (A-B). The LIVE/DEAD cells staining of spheroids at Day 30 for spheroids not exposed to SPIONs
and spheroids incubated first with azide-functionalized SPIONs respectively (C-E). The colors
correspond to: live (green) and death (red) cells.
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It can be seen that the spheroids treated with combination of SPIONs and 1 kBq 22°Ac-DOTA-
BCN, stopped growing at Day 21 (Figure 5.5B). As expected, increasing the activity to 10 kBq
had even more pronounced effect, which could be observed already at Day 3. The lost of
the spherical shape by the spheroids after the click-reaction can be explained by the
inhomogenous disrtribution of SPIONs and consequently the treated area being on one site
of the spheroid. In contrast, spheroids that were not pre-treated with SPIONs retained the
spherical shape (Figure 5.5B).

Furthermore, to further determine the actual cells killing potential of the treatment, a
LIVE/DEAD assay as performed on Day 30 (Figure 5.5). The green and red colors represent
the live and dead cells, respectively. The results show that using 10 kBq of activity after
thirty days a significant number of dead cells can already be detected in the inner core of
the spheroid, when PEGylates SPIONs were used (Figure 5.5E). The non-PEGylated SPIONs
mostly caused damage on the outer surface of the spheroid (Figure 5.5D), but treatment
with both types of SPIONs resulted in more dead cells compared to the non-treated tumors
(Figure 5.5C). Moreover, spheroids treated with PEGylated-SPIONs (Figure 5.5D) showed

highest degree of damage.

The 2%5Ac therapeutic evaluation based on DNA damage

The DNA damage as the result of the two-step tumor targeting was evaluated by
immunostaining of the double strand break (DSB) using a y-H2AX primary antibody.l'”
Figure 5.6 shows that the DNA damage increases with increased activity, indicating that the
damage of the spheroids incubated with azide-functionalized SPIONs is much more
pronounced than in the case of the spheroids treated with only 22°Ac-DOTA-BCN. At Day 7
after the click-reaction even more DNA-DSB breaks are detected in the inner core part of
spheroids. This finding is in line with the spheroid growth experiment, which shows that size
of the spheroid treated with the combination of azide-funtionalized SPIONs and 10 kBq of
225Ac-DOTA-BCN did not significantly grow after seven days. Obviously, the click-reaction
between 22°Ac-DOTA-BCN and SPIONs within 30 min resulted in more DNA damage induced
to the U87 glioblastoma spheroids which has led to apoptosis.?! This fast and selective
reaction is very promising for the further application of in vivo click-reaction for cancer

treatment.
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Figure 5.6 Confocal fluorescence microscope images of 3D spheroid U87 at Day 1 (left) and Day 7
(right)) after the 30 minutes click-reaction of azides-functionalized SPIONs (SPIONs-Ns-FA and SPIONs-
PEG-N3-FA) with 225Ac-DOTA-BCN 1 and 10 kBg. Spheroid treated only with 1 and 10 kBq 22°Ac-DOTA-
BCN (no click-reaction) and non-treated spheroids are also included for comparison. The colors
correspond to: DNA damage via y-H2AX protein (red) and nucleus stained with DAPI (blue). Scale bar
100 pum.
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Conclusions

In this chapter the therapeutic potential of the click-reaction between 22°Ac-DOTA-BCN and
azide-functionalized SPIONs was investigated in 3D tumor models and compared to an
unspecific incubation with 22°Ac-DOTA-BCN. The results show that the click-reaction is much
more efficient in destroying the cancer cells as evident by the percentage of dead cells as
well as the much slower growth of the spheroids.

PEGylated and non-PEGylated SPIONs were both investigated in combination with 2%Ac-
DOTA-BCN but no significant differences were found for either the degree of click-reaction
with 225Ac-DOTA-BCN or DNA damage. Therefore, we believe that PEGylated nanoparticles
should be considered for further in vivo application, since they are expected to have longer
circulation times and hence higher tumor accumulation.

The two-step tumor targeting approach using combination of azide-funtionalized SPIONs
and 22°Ac-DOTA-BCN via click-reaction is considered to be promising for alpha-radionuclide
therapy as it can fast and selectively deliver the alpha-emitter to the tumor with minumum
damage to healthy cells. The safety of this approach for the healthy tissues should be further

evaluated using the cells that do not overexpress FA-receptors.

Experimental details

Materials and Methods. All reagents and solvents used were of analytical and synthetic
grade. 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetate cyclooctyne (DOTA-BCN) was
purchased from Chematech (Dijon, France), ammonium acetate (NH4OAc),
ethylenediaminetetraacetic acid (EDTA), glycine, hydrochloric acid (HCl) and sodium
hydroxide (NaOH) were purchased from Sigma-Aldrich. MQ H,0 was obtained from a Milli-
Q System. Iron oxide nanoparticles (SPIONs) were prepared and functionalized as described
in Chapter 3. y-H2AX primary antibody and secondary antibody Alexa Fluor 568 were
purchased from ThermoFisher.

The confocal microscope used was Nikon A1R confocal with 20x magnification. Laser
excitation at 405 and 560 nm were applied for DAPI and y-H2AX marker, respectively. The

obtained data was analyzed with Image-J software using FlJI.
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The inverted microscope used was a SZ 45 B zoom Binocular stereo microscope 7x-45x and
using 2x magnification. Spheroid images were taken using 12 MP camera and analyzed with
Samplescan software.

The luminescence spectroscope used was Agilent Technologies Cary Eclipse
Spectrophotometer (bio/chemiluminescence data mode) applied at integration time of 0.2—
1s. The emission wavelength and slit used were 600 and 20 nm, respectively.

The count rates of 22!Fr and #3!Bi and were determined with a Perkin EImer 2480 automated
y-counter WALLAC using the gamma photons of 218 and 440 KeV for *2Fr and %3!Bi,
respectively.

Cryosectioning of the spheroids was performed with a cryostat Leica CM1900. The cryostat
was operated under the following conditions: cryostat temperature -25°C, cutting table
temperature -20°C, cutting size was set to 10-20 um, freezing medium PELCO Cryo-
Embedding Compound was used to freeze the samples.

Radiolabeling of DOTA-BCN with 22°Ac. The 2*°Ac was provided by the Directorate for
Nuclear Safety and Security Karlsruhe, Germany. Radiolabeling of DOTA-BCN with 2%5Ac
radionuclide was done following the previously published method.*® 90 L of a solution
containing 62 pg of DOTA-BCN in 250 mM NH4OAc at pH 5.5 were added to 100 pL of an
acidic solution of 22Ac (0.5 MBg/pmol). 10 ulL of 2% ascorbic acid was also added to avoid
the breaking of DOTA chemical bonds during the radiolabeling wth 22°Ac.The mixtures were
stirred during 1h at 90 °C. The radiochemical purities were determined by Thin Layer
Chromatography (TLC) using 0.1M EDTA and 0.1M NH4OAc (1:1) as the mobile phase with
R¢ 22Ac-DOTA-BCN = 0 and R¢ 22°Ac" = 1. The radiolabeling yields were determined by
automated y-counter. 0.2 mL of the solution of 22°Ac-DOTA-BCN was diluted in PBS (until
the desired activity) for in vitro click-reaction studies.

Cell culture. U87 cell lines (obtained from Erasmus Medical Centre, Rotterdam, The
Netherlands) were cultured regularly in T-75 flask using Dulbecco’s Modified Eagle Medium
(DMEM) containing 10% Fetal Bovine serum (FBS) and 1% Penicillin-Streptomycin (10000

pg/mL) until they reached their 90% confluence (5-7 days).
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In vitro click-reaction between azide-functionalized SPIONs and ?2°Ac-DOTA-BCN. U87
spheroids were first incubated for 4h with azide-functionalized SPIONs and then 2°Ac-
DOTA-BCN (100 Bg/20 pmol) were added and left for another 30 min. Subsequently, the
spheroids were washed three times with PBS and collected by using membrane filter. The
remaining activity of 2°Ac was determined by automated y-counter following the protocols
established for its daughter radionuclides 22Fr and/or 23Bi (n=3).

2D U87 cells treated with SPIONs were incubated with 22°Ac-DOTA-BCN (100 Bg/20 pmol)
for 30 min. The membrane bound and internalized SPIONs fractions were determined by
glycine treatment in which glycine-HCl (50 mM, pH 2.8) and NaOH 0.1 N were added to the
cells consecutively, and left for 5 min. All fractions were collected in Eppendorf tubes and
25 Ac-activities were measured by automated y-counter with the corresponding protocols
(*2Fr and/or 213Bi) (n=3).

Cell viability after 22°Ac-DOTA-BCN treatment. 3D spheroids composed of U87 with the size
of 400-500 um were incubated first with SPIONs-N3-FA for 24h. Different activities of 22°Ac-
DOTA-BCN (0.1-10000 Bq) were added and the cells were incubated for another 30 min at
37 °C and with 5% CO,. Subsequently, the medium was removed and replaced by the
Celltiter-Glo3D reagent to determine the number of viable cells in the spheroid (n=5).
Similar experiment was also conducted using a 2D U87 cells. U87 cell lines (1x10*cells per
well) in 200 pL of DMEM medium were seeded into a 96-well plate for one day and after
incubated for 24h with SPIONs-Ns-FA. Different activities of 2°Ac-DOTA-BCN (0.1-1000 Bq)
were added and the cells were incubated for another 30 min at 37 °C and with 5% CO, The
number of viable cells was determined with CCK-8 assays (n=>5).

Spheroid growth observation. After the spheroids reached the size of 400-500 um they
were incubated with two different azide-functionalized SPIONs (SPIONs-Ns-FA and SPIONs-
PEG-Ns-FA) for 4h. Two different activities of 22>Ac-DOTA-BCN (1 and 10 kBq) were added
and the cells were incubated for another 30 min followed by wasing with PBS (3x) and then
incubated in DMEM culture medium (without any radiotracers). Spheroid growth was
observed for 30 days using the inverted microscope. Spheroids non-treated or treated only
with 22°Ac-DOTA-BCN were included for comparison. The obtained images were analysed

using FIJI by Image-J software (n=3).
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DNA damage immunostaining. To observe the DNA damage caused by *?*Ac upon the click-
reaction, the DSB were stained and confocal fluorescence microscope was used for the
analysis. After spheroids were incubated for 4h with azide-functionalized SPIONs (SPIONs-
N3-FA and SPIONs-PEG-Ns-FA), 1 and 10 kBq of 2°Ac-DOTA-BCN were added and the cells
were incubated for 30 min. Spheroids were washed with PBS and fresh DMEM medium was
added. At Day 1 and 7, spheroids were fixed with 4% paraformaldehyde at RT for 15 min.

For the spheroid immunostaining, spheroids were incubated with 0.1% Triton 100X for 15
min and blocking buffer 4% Bovine Serum Albumin (BSA) for 1h at RT. Subsequently, the
primary antibody of y-H2AX (1/200 in 4% BSA) was added, the cells were incubated
overnight at 4 °C and then washed with PBS (3x). Afterwards, the secondary antibody Alexa
fluor 568 (1/200 in 4% BSA) was added, the cells were incubated for another 1h at RT and
then washed with PBS (3x) and DAPI was added to stain the nucleus for 15 min before
observation with the confocal fluorescence microscope. Spheroids non-treated or treated

only with 25Ac-DOTA-BCN were included for comparison (n=3).
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Summary

Radiation therapy has made tremendous progress in oncology over the last decades due to
advances in engineering and physical sciences in combination with better biochemical,
genetic and molecular understanding of this disease. Local delivery of optimal radiation
dose to a tumor, while sparing healthy surrounding tissues, remains a great challenge,
especially in the proximity of vital organs. Therefore, imaging plays a key role in tumor
staging, accurate target volume delineation, assessment of individual radiation resistance,
and even personalized dose prescription. From this point of view, radiation therapy (both
external and internal) might be one of the few therapeutic modalities that relies entirely on
high-resolution imaging. Chapter 1 gives a short overview of the strategies in radionuclide
therapy in terms of targeted drug delivery in combination with magnetic resonance imaging

(MRI).

MRI with its superior soft-tissue resolution is already used in radiotherapy treatment
planning, complementing conventional computed tomography (CT). Development of
systems integrating MRI and linear accelerators opens possibilities for simultaneous
imaging and therapy, which in turn, generates the need for imaging probes with therapeutic
components. The role of MRI in both external and internal radiotherapies, as well as the
most important examples of contrast agents with combined therapeutic functionalities, are

surveyed in depth in Chapter 2.

Superparamagnetic iron oxide nanoparticles (SPIONs) have been studied extensively as
contrast agents for T>-weighted MR imaging due to their effect on the transversal relaxation
of protons in surrounding tissues, leading to dark contrast. With a proper surface
modification, SPIONs are promising materials not only for MRI diagnosis but also for
therapeutic purposes, such as drug delivery and magnetic hyperthermia. Chapter 3 focuses
on the preparation of SPIONs with the properties determined by morphological
characteristics. Based on experimental results, thermal decomposition was identified as the
best method leading to SPIONs with a diameter below 10 nm and narrow size distribution.

Evaluation of magnetic properties of these nanoparticles revealed maghemite-like crystal
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structures composed of Fe3*-ions in octahedral configuration. Surface functionalization of
the prepared SPIONs with folic acid was designed to increase their selectivity towards
cancer cells. This targeting vector is known to bind to folic acid receptors overexpressed by
a number of tumors, including ovarian, breast and cervical cancers. Furthermore,
functionalization with azide-groups was implemented to enable the envisioned click-
reaction with cyclooctyne-modified drug molecules. Thereby, azide-groups were
introduced either directly to the surface of the nanoparticles or as terminal groups on
polyethylene glycol (PEG) molecules. Finally, a small part of PEG molecules was provided
with a fluorescent tag (fluoresceine) that allowed to perform miscroscopy during the in vitro
evaluations of these nanoparticles. The rp-relaxivities (85 and 45 mM™s?) and magnetic
moments (10-11 emu) of the functionalized SPIONs are in agreement with the determined
y-Fe205; composition. The preliminary 2D in vitro study confirmed the importance of folic
acid for targeting properties of SPIONs, while the presence of PEG-molecules resulted in
lower cytotoxicity and higher accumulation on the tumor cells compared to the non-

PEGylated nanoparticles.

Despite a high therapeutic potential, clinical acceptance of radionuclide therapy is
hampered by the undesired side-effects caused by an unspecific delivery of
radiopharmaceuticals. Therefore, different strategies are being investigated to minimize
the risk and improve the outcome radionuclide therapy. The concept of tumor pre-targeting
based on biorthogonal mechanism via click-reaction, presented in Chapter 4, is one of
possible ways for prompt delivery of radiopharmaceuticals. For this purpose, 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetate (DOTA) was used as a potential chelate for
complexation of alpha-emitting radiometals, while its modification with cyclooctyne (BCN)
was utilized for the click-reaction with azide-functionalized SPIONs that were pre-delivered
to the tumor in a targeting manner. To study the rate of the click-reaction, DOTA-BCN was
complexed with diamagnetic and luminescent Eu"-ions and the reaction with a model azide-
compound was followed by NMR and UV-spectrscopies. Based on these results, 30 min
reaction time was considered to be sufficient for the formation of the click-reaction adduct.
In the following, DOTA-BCN was complexed with paramagnetic Gd"-ions and the click-

reaction with azide-functionalized SPIONs was carried out. The efficiency of the reaction
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was evaluated by T1/T> NMR relaxation measurements. Next, in vitro studies using 3D and
2D tumor cell models were conducted using SPIONs-N3-FA and SPIONs-PEG-Ns-FA for the
click-reactions with DOTA-BCN complexed to two long-lived radionuclides, 1*XIn (t1/,= 2.8 d)
and Y7Lu (ti2= 6.6 d), which could be quantified using gamma-counting. The results
confirmed completion of the reaction within 30 min demonstrating the maximum uptake
of 0.2% of 11 In-DOTA-BCN and 0.1% of ’Lu-DOTA-BCN by the U87 spheroids after the click-
reactions with azide-functionalized SPIONs (SPIONs-Ns-FA and SPIONs-PEG-Ns-FA). The
differences in uptake of these complexes found in 2D systems could be attributed to the
differences in morphology of 2D compared to 3D cell models. Furthermore, a preference of
the non-PEGylated nanoparticles for accumulation at the surface of tumor cells was
observed. Finally, evaluation of therapeutic effect of 1’Lu as a betta-emitter suggested that

1 MBq is already sufficient for a notable decrease of the cell viability.

Alpha-radionuclide therapy can become a very powerful cancer treatment, provided that
the harmful aspects are taken care of. Short penetration depth and high linier energy
transfer (LET) of alpha-particles is leading to direct DNA damage of the cells, both cancerous
and healthy. Another point of concern is the presence of recoiling high-energy daughter-
nuclides. Therefore, minimization of radiation exposure through specific delivery to the site
of interest is even more important in the case of alpha-emitters than for any other
radionuclides. In Chapter 5, the pre-targeting approach is adopted to an alpha-emitting
radionuclide 2%°Ac (t12 = 10.0 d) complexed with DOTA-BCN. In vitro evaluation using the
combination of previously developed azide-funtionalized SPIONs was further investigated
using 3D glioblastoma spheroid model. The growth of the spheroids and the DNA damage
caused by the alpha-particles were studied. The results demonstrate the efficiency of the
click-reaction in destroying cancer cells as the slower growth was observerd starting from
day 21 and day 7 for 1 kBq and 10 kBq of added 22>Ac-DOTA-BCN, respectively. As both non-
PEGylated and PEGylated SPIONs have shown similar therapeutic outcome upon the click-
reaction with 22Ac-DOTA-BCN, the latter nanoparticles are suggested for the further in vivo

investigations due to their minimized immune-response.

123






Samenvatting

Samenvatting

Radiotherapie heeft de afgelopen decennia enorme vooruitgang geboekt in de oncologie
dankzij de voorderingen in technische en fysische wetenschappen in combinatie met betere
biochemische, genetische en moleculaire inzichten in deze ziekte. Lokale afgifte van een
optimale stralingsdosis aan een tumor, terwijl gezonde omliggende weefsels worden
gespaard, blijft een grote uitdaging, vooral in de nabijheid van vitale organen. Beeldvorming
speelt een belangrijke rol bij de nauwkeurige evaluatie van de tumoren; identificatie van
het tumorstadium, het doelvolume, beoordeling van de stralingsbestendigheid, en zelfs
bepaling van de gepersonaliseerde dosis. Vanuit dit oogpunt zou radiotherapie (zowel
externe als interne) een van de weinige therapeutische modaliteiten kunnen zijn die
volledig afhankelijk is van hoge resolutie beeldvorming. Hoofdstuk 1 geeft een kort
overzicht van de verschillende strategieén in radionuclidetherapie, in termen van gerichte

dosisafgifte in combinatie met magnetische resonantie imaging (MRI).

MRI wordt al gebruikt bij de planning van radiotherapiebehandelingen door zijn superieure
resolutie van zachte weefsels, als aanvulling op conventionele computertomografie (CT).
Ontwikkeling van systemen die MRI en lineaire versnellers integreren biedt kansen voor
gelijktijdige imaging en therapie, wat op zijn beurt de behoefte genereert voor de probes
met beide componenten. De rol van MRI bij zowel externe als interne radiotherapieén,
evenals de belangrijkste voorbeelden van contrastmiddelen met bijkomende

therapeutische functionaliteiten, worden in Hoofdstuk 2 uitgebreid besproken.

Superparamagnetische ijzeroxide nanodeeltjes (SPIONs) zijn uitgebreid bestudeerd als
contrastmiddelen voor T,-gewogen MR beeldvorming vanwege hun effect op de
transversale relaxatie van protonen in omringende weefsels, wat leidt tot donker contrast.
Met een goede oppervlaktemodificatie zijn SPIONs veelbelovende materialen, niet alleen
voor MRI-diagnose, maar ook voor therapeutische doeleinden zoals drugafgifte en
magnetische hyperthermie. Hoofdstuk 3 richt zich op de bereiding van SPIONs met de
eigenschappen die bepaald zijn door de morfologische kenmerken. Op basis van

experimentele resultaten werd thermische decompositie geidentificeerd als de beste
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methode, resulterend in SPIONs met een diameter kleiner dan 10 nm en een smalle
grootteverdeling. Evaluatie van de magnetische eigenschappen van deze nanodeeltjes
onthulde maghemiet-achtige kristalstructuren die waren samengesteld uit Fe**-ionen in
octaédrische configuratie. Conjugatie van foliumzuur aan de oppervlakte van SPIONs was
toegepast om hun selectiviteit naar tumorcellen te vergroten. Van deze targeting vector is
bekend dat deze bindt aan foliumzuurreceptoren die tot overexpressie worden gebracht
door een aantal tumoren, waaronder eierstok-, borst- en baarmoederhalskanker. Verder
werden SPIONs gefuncionaliseerd met azide-groepen om de beoogde click-reactie met
cyclooctyn-gemodificeerde drugmoleculen mogelijk te maken. Daarbij werden Ns-groepen
ofwel direct op het oppervlak van de nanodeeltjes geintroduceerd, ofwel als eindgroepen
op polyethyleenglycol (PEG) moleculen. Ten slotte werd een klein deel van de PEG-
moleculen voorzien van een fluorescerende tag (fluoresceine) die het mogelijk maakte om
deze SPIONSs in vitro met microscopie te evalueren. De r,-relaxiviteiten (85 en 45 mMs?)
en magnetische momenten (10-11 emu) van de gefunctionaliseerde SPIONs zijn in
overeenstemming met de vastgestelde y-Fe,Os-samenstelling. De 2D in vitro studie
bevestigde het belang van foliumzuur voor de targeting eigenschappen van SPIONs, terwijl
de aanwezigheid van PEG-moleculen resulteerde in lagere cytotoxiciteit en hogere

accumulatie bij de tumorcellen in vergelijking met de niet gePEGyleerde nanodeeltjes.

Ondanks een hoog therapeutisch potentieel wordt de klinische acceptatie van
radionuclidetherapie belemmerd door de ongewenste bijwerkingen veroorzaakt door de
niet-specifieke afgifte van radiofarmaceutica. Verschillende strategieén worden onderzocht
om het risico te minimaliseren en de uitkomst van radionuclidentherapie te verbeteren. Het
concept van tumor pretargeting op basis van een biorthogonaal mechanisme via een click-
reactie, gepresenteerd in Hoofdstuk 4, is een van de mogelijke manieren voor de snelle
levering van radiofarmaceutica. Voor dit doel werd 1,4,7,10-tetraazacyclododecaan-
1,4,7,10-tetraacetaat (DOTA) gebruikt als een potentieel ligand voor het complexeren van
alfastralers. Modificatie van DOTA met cyclooctyn (BCN) werd gebruikt voor de click-reactie
met azide-geconjugeerde SPIONs die vooraf op een doelgerichte manier aan de tumor
waren afgeleverd. Om de snelheid van de click-reactie te bestuderen, werd DOTA-BCN

gecomplexeerd met luminescerende Eu"-ionen, en de reactie met een model-Ns-verbinding
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werd gevolgd met NMR- en UV-spectroscopieén. Op basis van deze resultaten werd een
reactietijd van 30 minuten als voldoende beschouwd voor de vorming van het click-reactie
adduct. Vervolgens werd DOTA-BCN gecomplexeerd met paramagnetische Gd"-ionen en
werd de click-reactie met azide-geconjugeerde SPIONs uitgevoerd. De efficiéntie van de
reactie werd geévalueerd door Ti/T, NMR-relaxatiemetingen. In vitro studies werden
uitgevoerd met 3D- en 2D-tumorcelmodellen met SPIONs-Ns-FA en SPIONs-PEG-N3-FA in de
click-reacties met DOTA-BCN gecomplexeerd met twee langlevende radionucliden, 1In (t1/2
=2.8d) en ’Lu (t1= 6.6 d). Gammatelling werd toegepast om resultaten te kwantificeren
en het voltooien van de reactie binnen 30 min te bevestigen. De maximale opname van
0.2% van !In-DOTA-BCN en 0.1% van *”’Lu-DOTA-BCN door de U87-sferoiden toonde de
click-reacties met Ns-geconjugeerde SPIONs aan. Verschillen in opname van deze
complexen in 2D-systemen werden toegeschreven aan de verschillen in morfologie van 2D
in vergelijking met 3D-celmodellen. Verder werd een voorkeur waargenomen van de niet
gePEGyleerde SPIONs om te accumuleren op het oppervlak van de tumorcellen. Ten slotte
suggereerde evaluatie van het therapeutische effect van de beta-emitter 7Lu (t1, = 6.6 d)
dat 1 MBq al voldoende is voor een opmerkelijke afname van de levensvatbaarheid van de

cellen.

Alfa-radionuclidetherapie kan een zeer krachtige kankerbehandeling worden, op
voorwaarde dat de schadelijke aspecten worden aangepakt. Korte penetratiediepte en de
hoge lineaire energieoverdracht (LET) van alfadeeltjes leidt tot directe DNA-schade van
zowel tumor als gezonde cellen. Een ander punt van aandacht is de aanwezigheid van
terugspringende hoogenergetische dochternucliden. Daarom is het minimaliseren van de
blootstelling aan de straling door specifieke afgifte aan de betreffende locatie nog
belangrijker in het geval van alfastralers dan voor andere radionucliden. In Hoofdstuk 5
wordt pretargeting toegepast op een alfa-emitterende radionuclide 22°Ac (t12 = 10.0 d)
gecomplexeerd met DOTA-BCN. In vitro evaluatie met behulp van de combinatie van eerder
ontwikkelde Ns-geconjugeerde SPIONs werd verder onderzocht met behulp van 3D
glioblastoma sferoide model. De groei van de sferoiden en de DNA-schade veroorzaakt door
de alfadeeltjes werden bestudeerd. De resultaten demonstreren de efficiéntie van de click-

reactie bij het vernietigen van kankercellen. Een langzamere groei werd waargenomen
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vanaf dag 21 en dag 7 voor respectievelijk 1 kBqg en 10 kBq toegevoegde 22°Ac-DOTA-BCN.
Zowel niet gePEGyleerde als gePEGyleerde SPIONs laten vergelijkbare therapeutische
resultaten zien na de click-reactie met 22°Ac-DOTA-BCN. Daarom wordt het gebruik van
gePEGyleerde SPIONs voorgesteld voor verdere in vivo studies vanwege de verwachtte

minimale immuunresponse.
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