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Summary

Summary

Cancer is the second leading cause of mortality worldwide, responsible for an estimated 9.6
million deaths in 2018. Currently, the conventional therapeutic approaches are surgical
removal of the tumor, chemotherapy and/or radiotherapy. However, despite the recent
advances in cancer treatment, a significant number of patients still experience tumor
recurrence and have serious side effects due to the damage caused to healthy tissues.
Therefore, there is a need to further improve the current treatment modalities, or develop
new therapeutic strategies, which enhance the cancer cell killing, while sparing the healthy
tissues. Thanks to their unique optical and physicochemical properties, gold nanoparticles
(AuNPs) have emerged in nanomedicine as promising contrast agents, drug delivery vehicles,
photo-thermal agents and radiosensitizers. In order to maximize the concentration of AuUNPs
into the tumor site, surface modifications with targeting moieties are typically applied onto
the AuNP surface.

In this thesis, we used 5 nm AuNPs coated with organic poly-allylamine (AuNPs-PAA) and
conjugated to Cetuximab (Ctxb), a commercially available antibody targeting the epidermal
growth factor receptor (EGFR). EGFR is overexpressed in numerous cancer types, such as
colorectal, head- and neck cancers, breast cancer and prostate cancer. Previously, it has been
shown that the resulting AUNPs-PAA-Ctxb are able to selectively target EGFR-overexpressing
cancer cells in vitro and in vivo, and enhance the efficiency of proton therapy in EGFR-
overexpressing cancer cells. In nanomedicine, intravenous administration of AuNPs-PAA-
Ctxb would be the most realistic exposure scenario. However, following systemic
administration, it is inevitable that healthy cells and tissues will be exposed to the AuNPs-
PAA-Ctxb as well. The first cells that would encounter the injected AuNPs-PAA-Ctxb are the
endothelial cells, lining the inner walls of the vasculature. Furthermore, the hepatobiliary
system and the renal system are potential elimination routes to remove AuNPs-PAA-Ctxb
from the body. Therefore, we investigated the cytotoxic effects of AuNPs-PAA and AuNPs-
PAA-Ctxb in human microvascular endothelial cells, liver cells and kidney cells. After
exposure, AuNPs-PAA-Ctxb were internalized in all cell types and were present in intracellular
vesicles. Interestingly, the cellular EGFR expression profile was not a prognostic factor to
predict the sensitivity of the cells to the effects of AuNPs-PAA-Ctxb. Instead, we reported
that AuNPs-PAA and AuNPs-PAA-Ctxb caused mitochondrial dysfunction and significantly
suppressed the activity of the antioxidant enzymes, thioredoxin reductase (TrxR) and
glutathione reductase (GR), finally resulting in apoptotic cell death. The role of oxidative
stress was highlighted by the protective effects of the antioxidant N-acetyl L-cysteine, which
prevented mitochondrial dysfunction and considerably reduced apoptosis. Finally, we
evidenced that the basal TrxR activity, the extent of TrxR inhibition and the mitochondrial
dysfunction are strongly correlated with the sensitivity of the normal cells to AuNPs-PAA and
AuNPs-PAA-Ctxb.
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Since we observed cytotoxic effects of AuUNPs-PAA-Ctxb in normal cells in vitro, we assessed,
the pharmacokinetics, biodistribution and toxicity of the AuNPs-PAA-Ctxb after a single
intravenous injection in healthy mice. The AuNPs-PAA-Ctxb were rapidly cleared from the
blood circulation, followed by their accumulation and long-term retention in the liver and
spleen. However, we did not observe significant morphological changes in the liver, kidney,
spleen and lungs up to four weeks post-injection. In addition, there was only a minimal and
transient increase in a limited number of serum markers related to the immune response,
endothelial activation and liver toxicity.

Finally, since the AuNPs-PAA-Ctxb clearly affected some biological systems involved in the
antioxidant defense and cell survival, AuNPs-PAA-Ctxb could predispose cancer cells to
apoptosis after exposure to ionizing radiation. The radiosensitizing effects of AuNPs are
usually investigated considering external beam radiotherapy (EBRT). However, there are only
a limited number of studies investigating the use of AuNPs as radiosensitizing agents in
combination with radionuclides. Therefore, in the last part, we radiolabeled the AuNPs-PAA-
Ctxb to the theragnostic radionuclide, ’Lu, using bifunctional chelators conjugated to Ctxb.
The bifunctional chelator diethylenetriaminepentaacetic acid (DTPA) was preferred because
of the fast radiolabeling reaction under mild conditions and the minimal impact on the Ctxb
binding capacity. *”’Lu-DTPA-Ctxb-PAA-AuNPs preserved their ability to recognize EGFR and
exhibited a more extensive binding and internalization in cancer cells compared to '"’Lu-
DTPA-Ctxb. As a result, together with the biological inhibition, ”/Lu-DTPA-Ctxb-PAA-AUNPs
could have the potential to increase the efficacy of targeted radionuclide therapy compared
to Y7Lu-DTPA-Ctxb.

In order to assess the radiosensitizing properties of the 7Lu-DTPA-Ctxb-PAA-AUNPs in
targeted radionuclide therapy, future experiments will be conducted, assessing the cell
viability and clonogenic potential of various cancer cell types with different EGFR expression
and TrxR activity profiles, after exposure to ¥7Lu-DTPA-Ctxb-PAA-AUNPs or *”7Lu-DTPA-Ctxb.
In addition, Y”’Lu-radiolabeling of AuNPs-PAA-Ctxb will enable the real-time imaging of the
biodistribution and elimination of the nanoconjugate in mice, bearing EGFR-positive and
EGFR-negative tumor xenografts. Finally, in vivo preclinical therapy experiments will inform
whether 177Lu-DTPA-Ctxb-PAA-AUNPs bear superior tumor killing capacity.

Altogether, 177Lu-DTPA-Ctxb-PAA-AuNPs is a potentially superior radiopharmaceutical as
compared to ’Lu-DTPA-Ctxb, because of the (I) mitochondrial dysfunction and suppression
of the antioxidant system, (Il) the enhanced cancer cell internalization and (Ill) the delivery
of multiple ’Lu radionuclides per AuNP. However, the rapid sequestration and long-term
retention of the AuNPs-PAA-Ctxb in the liver and spleen after intravenous administration
might restrict the tumor accumulation and thus the therapeutic potential of *7Lu-DTPA-
Ctxb-PAA-AUNP.
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Le cancer est la deuxieme cause de mortalité dans le monde, responsable d'environ 9,6
millions de déces en 2018. Actuellement, les approches thérapeutiques classiquement
utilisées sont I'ablation chirurgicale de la tumeur, la chimiothérapie et/ou la radiothérapie.
Malgré les récents progres dans le traitement du cancer, d'importants effets secondaires
dans les tissus sains et une récidive de la tumeur sont a déplorer chez un grand nombre de
patients. Il est donc nécessaire de continuer a améliorer les modalités de traitement actuelles
et de développer de nouvelles stratégies thérapeutiques, qui maximisent les dommages
cellulaires créés au sein de la tumeur tout en épargnant les tissus sains. Grace a leurs
propriétés physico-chimiques uniques, les nanoparticules d'or (AuNP) ont révolutionné le
domaine de la nanomédecine avec des applications potentielles comme agents de contraste,
vecteurs de médicaments, agents photo-thermiques ou encore comme des agents
radiosensibilisants prometteurs. Afin de maximiser la concentration des AuNP dans la
tumeur, des modifications de la surface des nano-objets avec des biomolécules ciblées sont
généralement utilisées.

Dans cette thése, nous avons utilisé des AuNPs de 5 nm recouverts de poly-allylamine
(AuNPs-PAA) et conjugués au Cetuximab (Ctxb), un anticorps commercial ciblant le récepteur
du facteur de croissance épidermique (EGFR). L'EGFR est surexprimé dans de nombreux
types de cancer, tels que les cancers colorectaux, de la téte et du cou, du sein et de la
prostate. Il a été démontré que les AuNPs-PAA-Ctxb sont capables de cibler sélectivement
les cellules cancéreuses surexprimant I'EGFR in vitro et in vivo, et d'améliorer |'efficacité de
la protonthérapie dans les cellules cancéreuses surexprimant I'EGFR. En nanomédecine,
|'administration intraveineuse d'AuNPs-PAA-Ctxb serait le scénario d'exposition le plus
réaliste. Suite a cette administration systémique, il est inévitable que des cellules et des tissus
sains soient également exposés aux AuNPs-PAA-Ctxb. Les premiéeres cellules qui rencontrent
les AuNPs-PAA-Ctxb sont les cellules endothéliales, qui tapissent les parois internes des
vaisseaux sanguins. De plus, le systéeme hépatobiliaire et le systeme rénal constituent des
voies d'élimination potentielles pour I'excrétion des AuNPs-PAA-Ctxb de I'organisme. Ainsi,
nous avons étudié les effets cytotoxiques des AuNPs-PAA et des AuNPs-PAA-Ctxb dans des
cellules endothéliales microvasculaires humaines, des cellules hépatiques et des cellules
rénales. Apres incubation, les AuNPs-PAA-Ctxb ont été internalisées dans tous les types
cellulaires concentrées dans des vésicules intracellulaires. Il est intéressant de noter que le
profil d'expression de I'EGFR dans les divers types cellulaires étudiés n'était pas un facteur
de pronostic permettant de prédire la sensibilité des cellules aux effets des AuNPs-PAA-Ctxb.
Nous avons plutot observé que les AuNPs-PAA et les AuNPs-PAA-Ctxb provoquaient un
dysfonctionnement mitochondrial et inhibaient de maniéere significative I'activité d’enzymes
antioxydantes comme la thiorédoxine réductase (TrxR) et la glutathion réductase (GR),
entrafnant finalement la mort des cellules par apoptose. Le réle du stress oxydatif dans ce
mécanisme a été mis en évidence par les effets protecteurs de I'antioxydant N-acétyl L-
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cystéine, qui empéche l'apparition des dysfonctionnements mitochondriaux et réduit
I'apoptose lorsqu’il est présent. Enfin, nous avons démontré que l'activité basale de la TrxR,
|'étendue de son inhibition et le dysfonctionnement mitochondrial sont fortement corrélés
a la sensibilité des cellules aux AUNPs-PAA et AUNPs-PAA-Ctxb.

Dans la premiere partie de cette these, nous avons observé les effets cytotoxiques des
AuNPs-PAA-Ctxb dans des cellules normales in vitro. Ainsi, dans la seconde partie, nous avons
étudié la pharmacocinétique, la biodistribution et la toxicité des AuUNPs-PAA-Ctxb aprés une
injection intraveineuse unique chez des souris saines. Les AuUNPs-PAA-Ctxb sont rapidement
éliminés de la circulation sanguine mais une accumulation et une rétention a long terme dans
le foie et la rate ont été constatées. Cependant, aucun changement morphologique
significatif n’a été observé dans le foie, les reins, la rate et les poumons jusqu'a quatre
semaines apres l'injection des nano-objets. En outre, on n'a observé qu'une faible
augmentation transitoire d'un nombre limité de marqueurs sériques liés a la réponse
immunitaire, a I'activation endothéliale et a la toxicité hépatique.

Enfin, comme nous avons démontré que les AuNPs-PAA-Ctxb affectent certains systémes
biologiques impliqués dans la défense antioxydante et la survie cellulaire, les AUNPs-PAA-
Ctxb pourraient prédisposer les cellules cancéreuses a I'apoptose aprés exposition aux
rayonnements ionisants. Bien que les effets radiosensibilisants des AuNP ont largement été
étudiés en envisageant une radiothérapie par faisceau externe (EBRT), il n'existe qu'un
nombre limité d'études portant sur l'utilisation des AUNP comme agents radiosensibilisants
en combinaison avec des radionucléides. C'est pourquoi, dans la derniére partie de cette
thése, nous avons marqué les AUNPs-PAA-Ctxb avec un radionucléide diagnostique, /’Lu, en
utilisant des chélateurs bifonctionnels conjugués a Ctxb. L'acide
diéthylenetriaminepentaacétique (DTPA), chélateur bifonctionnel, a été utilisé pour le
couplage en raison de sa réaction de radiomarquage rapide dans des conditions douces et
de son impact minimal sur la capacité de liaison du Ctxb. Les *’Lu-DTPA-Ctxb-PAA-AuNPs ont
conservé leur capacité a reconnaitre I'EGFR et ont montré une liaison et une internalisation
plus importantes dans les cellules cancéreuses par rapport au ”’/Lu-DTPA-Ctxb. Par
conséquent, en couplant l'inhibition enzymatique des AuNP aux radiations produites par le
radionucléide, le 77Lu-DTPA-Ctxb-PAA-AuNPs pourrait avoir le potentiel d'augmenter
I'efficacité de la thérapie radionucléidique ciblée par rapport au *’Lu-DTPA-Ctxb.

Afin d'évaluer les propriétés radiosensibilisantes du ’’Lu-DTPA-Ctxb-PAA-AuNPs, des
expériences seront menées afin d’évaluer la capacité de divers types cellulaires possédant
différents profils d'expression de 'EGFR et de la TrxR, a former des colonies apres exposition
au Y7Lu-DTPA-Ctxb-PAA-AUNPs ou au ”’Lu-DTPA-Ctxb. En outre, le marquage au ¥’Lu des
AuNPsPAA-Ctxb permettra I'imagerie en temps réel de la biodistribution et de I'élimination
du nanoconjugué chez les souris, portant des xénogreffes tumorales positives et négatives
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pour I'EGFR. Enfin, les expériences de thérapie préclinique in vivo permettront de déterminer
si les 7Lu-DTPA-Ctxb-PAA-AUNPs ont une capacité supérieure de destruction des tumeurs.

En conclusion, le 7Lu-DTPA-Ctxb-PAA-AUNPs est un produit radiopharmaceutique
potentiellement supérieur au '7Lu-DTPA-Ctxb, en raison (I) du dysfonctionnement
mitochondrial et de la suppression du systeme antioxydant, (II) de l'internalisation accrue
des cellules cancéreuses et (lll) de I'administration de plusieurs radionucléides *”’Lu par
AuNP. Toutefois, 'accumulation rapide et la rétention a long terme des AuNPs-PAA-Ctxb
dans le foie et la rate apres administration intraveineuse pourraient limiter la quantité
internalisée dans la tumeur et donc le potentiel thérapeutique du *’Lu-DTPA-Ctxb-PAA-
AUNP.
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Chapter |
1. Nanoparticles: Definition, applications and history

1.1 Definition and applications

In 2011, the European Commission published a recommendation defining a ‘nanomaterial’
as a natural, incidental or manufactured material with one or more external dimensions in
the size range of 1 nm to 100 nm. In this size range, material properties become controllable
1 Hence, nanoparticles can arise in several shapes, such as spheres, rods, discs, cubes, etc.
Typically, nanomaterials consist of many particles of different sizes in a certain distribution.
As a result, it would be difficult to determine if a specific material complies with the definition
if some particles are below 100 nm while others are not. Therefore, the recommendation
specifies that the size distribution must at least consist for 50 % or more of particles having
a size between 1 nm and 100 nm (2011/696/EU).

Today, nanomaterials can be found in many consumer products for daily use, such as
cosmetics, sunscreen, paints, and even in medication.

1.2 History of gold nanoparticles

Although nanotechnology looks like a recent discovery, the use of nanoparticles, such as
colloidal gold (i.e. gold nanoparticles (AuNPs) dispersed in liquid) spans many centuries in
human history. For example, the Romans used colloidal gold to create ruby-red colored
glassware, a process which was further refined by Andreus Cassius and Johann Kunchel in
the 17* century. Furthermore, during the Middle Ages, colloidal gold was considered to be
the ‘drug of longevity’ and was used to treat a number of diseases ?3. In 1857, Michael
Faraday was the first to present a scientific report describing the formation of colloidal gold
by the reduction of gold chloride using phosphorus. Furthermore, he concluded that the
intense red color of the fluid was due to the dispersion of gold particles, which were ‘very
minute in their dimensions’ and were not visible in any of the microscopes available at that
time. Later on, in 1908, Gustav Mie attributed the coloration of AuNPs to their light
absorption and scattering. In 1914, Richard Adolf Zsigmondy used ultramicroscopy to make
the first observations and size measurements of gold and other nanoparticles *. These studies
and interpretations marked the starting point of the modern colloid chemistry 3>>®. However,
the real trigger for strong advances in gold nanoscience and nanotechnology was the
development of cluster science and the scanning tunneling microscope "2

Gold has a significant history in medicine. The benefits of this noble metal in the treatment
of rheumatoid arthritis was reported for the first time in 1934, but it was shown to be
ineffective to treat tuberculosis . Later on, in 1971, two British researchers, Faulk and
Taylor, brought a revolution in immunochemistry by describing the conjugation of antibodies
to AuNPs to visualize Salmonellae using electron microscopy . Thereafter, AuNPs have been
receiving increased attention in various biomedical applications, particularly in the field of
oncology 1213,
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2. Cancer

According to the World Health Organisation, cancer is the second leading cause of death
globally, responsible for an estimated 9.6 million deaths in 2018, a burden that continues to
grow. The most common cancer types in men are lung, prostate, colorectal, stomach and
liver cancers, while breast, colorectal, lung, cervical and thyroid cancers are the most
common types in women. In general, when identified early, patients are more likely to
respond to treatment, with a better survival probability *'°. There are several imaging
methods available to diagnose solid cancers, such as X-ray imaging, computed tomography
(CT), magnetic resonance imaging (MRI), ultrasound, positron emission tomography (PET)
and single photon emission computed tomography (SPECT). Currently, the main therapeutic
approaches involve surgical removal, radiotherapy, chemotherapy or a combination of the
above. However, due to the unspecific nature of chemotherapy and radiotherapy, damage
is caused to both cancer cells and healthy cells, which often results in several side effects.
The probability to develop normal tissue complications limits the maximal therapeutic dose
that can be administered to achieve a high tumor control probability. Therefore, a
considerable amount of research aims to improve cancer detection, monitoring and
treatment. Developing AuNPs that can target and sensitize malignant cells to the applied

therapy is one such avenue to maximize the therapeutic window (Figure 1.1) 121617,
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Figure 1.1 Schematic representation of the relation between the dose, the tumor control probability
curve (blue curve) and the normal tissue complication probability curve (red curve). The therapeutic
dose should maximize the probability to control the tumor, while minimizing the probability of
complications. A sensitizer that specifically targets the cancer cells shifts the tumor control probability
curve to the left (dotted black curve), increasing the therapeutic window. Adapted from 18,
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3. The properties of gold nanoparticles

Nano-sized gold has properties that are significantly different from those of its bulk
counterpart 1°. Today, multiple advanced synthesis methods allow researchers to control the
size, shape and functionalization of the AuNPs, influencing their physical, optical and
chemical properties 2°.

3.1 The surface plasmon resonance

One of the most important characteristics of AuNPs involves the surface plasmon resonance
(SPR), which occurs when incident light of a specific wavelength interacts with the free
electrons at the surface of the AuNPs. The interaction causes a collective and coherent
oscillation of the electrons and results in the subsequent extinction of light and the
generation of heat. The light frequency at which SPR occurs strongly depends on the size of
AuNPs. For example, spherical AuNPs smaller than 60 nm typically exhibit a SPR absorption
peak around 500-550 nm, which lies in the blue-green portion of the visible light (VL)
spectrum, and scatter light in the red portion of the VL spectrum, explaining their red color.
Increasing the size of the AuNPs shifts the SPR absorption peak to the red end of the VL
spectrum, while blue light is reflected. In addition to the size, altering the shape of the AuUNPs
can also profoundly affect the SPR absorption peak. For example, gold nanorods (AuNR)
exhibit two SPR absorption peaks originating from the oscillation of the electrons along the
length and along the width of the AuNR. Changing the length/width ratio of the AuNR will
modulate the spectral location of the SPR peaks in the near infrared (NIR) region. The
adjustability of AuNPs, with optical properties that can span the broad VL spectrum to the
NIR spectrum, makes them interesting tools for cancer detection and certain therapeutic

16,1921 |n addition, as

applications, such as photo-imaging and photo-thermal therapy
decribed in paragraph 4.4, the high atomic number of gold increases the interaction
probability of AuUNPs with ionizing radiation. Consequently, AUNPs can serve as a potential

contrast agent in X-ray based imaging techniques and can exert radiosensitizing properties
17,22

3.2 Surface coating and surface charge

In order to produce a stable colloid suspension and to use AuNPs in biological systems,
researchers need to modify the particle surface with certain compounds to improve the
biocompatibility, solubility and stability in physiological media. Indeed, without such a
modification, AuNPs tend to aggregate. The two main strategies to achieve colloid
stabilization is (1) through the addition of a stabilizing capping agent during the production
of AuNPs, creating a strong surface charge and causing electrostatic repulsion between the
particles (e.g. citrate-stabilized AuNPs) or (2) through the generation of a physical barrier by
attaching polymers to the AuNP surface (i.e. steric stabilization) 2. The polymer coating of
AuNPs is frequently applied post-production during a second modification step, using thiol-
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functionalized molecules, which directly graft onto the AuUNP surface via the thiol-gold affinity
interaction, progressively replacing the stabilizing capping agent. The main disadvantage of
electrostatic-stabilized AuNPs is their tendency to aggregate when they are dispersed in
biological media with a high ionic strength or with unfavorable pH values. A charged particle
in suspension affects the ion distribution in its near environment, forming an electrical
double layer. In more detail, the electrical double layer consists of (1) an inner stationary layer
of counterions stongly adsorbed onto the charged surface of the nanoparticle (Stern layer),
and (Il) an outer, diffuse layer of free ions, with a gradually decreased density of the
counterions further away from the nanoparticle surface (Figure 1.2) 2*%°. The ionic strength
and pH cause this diffuse layer around the AuNPs to compress and neutralize, which results
in aggregation due to the Van der Waals forces. In contrast, steric-stabilized AUNPs are more
resistant to aggregation, thanks to the physical barrier. Furthermore, the hydrophilic nature
of the coating molecules creates an extra stabilization through the repulsive hydration forces
2326 |mportantly, depending on the applied functionalized coating, the net surface charge of
the AuNPs can be positive, negative or neutral and it strongly influences the fate and the
biological effects of the AuNPs. For instance, one of the most commonly used steric-
stabilizing polymers for AuNP coating is polyethylene glycol (PEG), which neutralizes the
surface charge of electrostatic-stabilized AuNPs and gives the AuNPs a stealth character,
preventing their recognition and subsequent removal by the phagocytic cells of the
reticuloendothelial system (RES), and prolonging their blood circulation time. Other coating
options next to polymers include citrate, cetyltrimethylammonium bromide (CTAB), proteins,
peptides, glycans and zwitterionic ligands 6192327,
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Figure 1.2 The electrical double layer surrounding a negatively charged nanoparticle in suspension.
Adapted from 28,
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3.3 Surface area-to-volume ratio

The high surface area-to-volume ratio is an important physical property of nanoparticles.
When the size of the nanoparticles decreases, a higher proportion of their atoms or
molecules are displayed on the particle’s surface, rather than in the particle’s interior. For
example: a 5 nm AuNP has a surface area-to-volume ratio of 1.2 and exhibits a total surface
area of 62 m?/g of AuNPs, whereas a 200 nm AuNP has a surface area-to-volume ratio of 0.03
and a total surface area of 1.6 m?/g of AuNPs. This determines the biological profile and
reactivity of the nanoparticles, which is distinct from their bulk counterparts 2°. As a result,
this large surface area-to-volume ratio, together with the functional groups offered by the
coatings, facilitate the incorporation of multiple moieties onto the AuNP surface. As a result,
anti-cancer drugs, imaging agents and molecules that ‘actively’ target cancer cells can be
conjugated to AuNPs, hence supporting the assembly of multifunctional platforms and
further increasing the diagnostic and therapeutic potential of AuNPs 3031,

4. Gold nanoparticles in cancer treatment and detection

Thanks to their optical and physicochemical properties described above, AuUNPs can serve as
multifunctional platforms, combining different cancer targeting, therapy and detection
modalities, which will be discussed in the following sections and are summarized in Figure
1.3.
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Figure 1.3 Multifunctional AuNPs and their potential applications in the diagnosis and treatment of
cancer.

Abbreviations: CT: computed tomography; MRI: magnetic resonance imaging; SERS: surface-
enhanced Raman scattering; US: ultrasound.

4.1 Cancer targeting

In order to use AuNPs in cancer remediation applications, AuNPs need to reach and
accumulate in the tumor tissue. Thanks to their small size, AUNPs can efficiently pass through
the leaky and immature blood vessels within the tumor mass. Furthermore, the decreased
level of lymphatic drainage and a reduced uptake of the interstitial fluid within the tumor
microenvironment promote their subsequent tumor retention. This ‘passive’ process is
known as the enhanced permeability and retention (EPR) effect (Figure 1.4) '*32. However,
the efficacy of passive targeting can be limited due to the heterogeneity of the vasculature
and thus of the EPR effect within a tumor, at different tumor stages and between different
tumor types. Therefore, additional functionalization with cancer-specific ligands can increase
the targeting capacity of the AuNPs 33. Cancer targeting ligands are often specific for factors
that are unique or upregulated in cancer cells and that are mostly involved in processes such
as tumor progression, invasion, metastasis and angiogenesis. In general, these targeting
ligands can be categorized in five main classes: small molecules, peptides, protein domains,
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antibodies and nucleic-acid based aptamers **. Some of the most widely used cancer-specific
targeting ligands for AUNP conjugation are folic acid (FA) (essential for DNA synthesis), cyclic
arginine-glycine-aspartic acid (cRGD) peptide (a cell adhesion motif with a high affinity for
apB-integrins), and targeting ligands that can bind to the epidermal growth factor receptor
(EGFR) 1 and 2, or to the vascular endothelial growth factor receptor (VEGFR) 3446, However,
it should be nuanced that ‘active’ delivery does not make the AuNPs act as a guided missile
acquiring its own power. In reality, the targeted AuNPs are carried through the body by the
circulatory system. Therefore, the AuNPs will need to circulate several times before
encountering the tumor and thus remain in the blood circulation for a sufficient amount of
time. Nevertheless, the targeting ligands on the AuNP surface increase the probability of the
AUNPs to interact with the tumor site and to become internalized +/.
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Figure 1.4 Schematic representation of gold nanoparticles accumulating in the tumor site due to the
enhanced permeability and retention effect. Adapted from 4.

Besides a distinct vasculature structure, the extracellular environment of cancer tissue tends
to have a lower pH value (pH = 6.5) than that of the surrounding healthy tissue (pH = 7.5).
Furthermore, cancer cells can exhibit a higher redox potential (e.g. high glutathione levels)
and a higher activity of specific enzymes, such as phosphatases en metalloproteases *°. These
cancer-specific features can be exploited as stimuli to boost the diagnostic and therapeutic
potentials of AuNPs, as described below.

4.2 Photo-thermal and photodynamic therapy

Hyperthermia can help in tumor control thanks to its effects on the tumor vasculature and
on cancer cells. In more detail, the appropriate physiological response of healthy vasculature
to hyperthermia is vasodilation, which helps to efficiently dissipate the heat and to avoid
tissue damage. In contrast, the tumor vasculature is characterized by an aberrant
organization and structure, consisting of blood vessels that are immature, tortuous and
hyperpermeable. When hyperthermia is applied, the blood flow and oxygen supply to the
tumor tissue initially increases, which enhances the delivery and efficacy of
chemotherapeutic drugs and sensitizes the cancers cells to radiotherapy. However, when the
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heat accumulates in the tumor tissue, reaching a temperature of 42°C, the tumoral blood
vessels collapse, aggravating the acidic, hypoxic and nutrient-poor tumor conditions and
promoting cancer cell death. In contrast, normal tissues show a different vascular response
to heat, characterized by an increased blood flow even at temperatures that cause vascular
occlusion in tumors. Nevertheless, there is no consensus about the difference in heat
sensitivity between normal and tumor cells in vitro *°. At the microscopic level, hyperthermia
mainly causes protein denaturation and aggregation, which results in cell cycle arrest,
inactivation of protein synthesis and inhibition of DNA damage repair. Other cellular effects
are DNA disruption, damage to cell structures, increased membrane permeability and cell
death °!. Therefore, it is important to localize hyperthermia to the tumor tissue, while
avoiding prolonged exposure of healthy cells to elevated temperatures.

Thanks to their SPR characteristics, AuNPs can efficiently convert light of a specific
wavelength into thermal energy. This, together with the ability to conjugate cancer-specific
ligands to AuNPs, makes AuNPs attractive tools to localize heat generation in cancer cells.
This therapeutic strategy is called photo-thermal therapy (PTT). A comparison of the light-to-
heat conversion efficiency of different AUNPs demonstrated that AuNPs with a smaller size
are better transducers *2. However, in order to use AuNPs for PTT in vivo, it is desirable that
the spectral location of the SPR peak is tuned beyond the visible and into the NIR region of
the spectrum, since NIR light provides deep tissue penetration able to reach the tumor site.
In fact, lasers are used in two specific ‘treatment windows’ ranging from 650 nm-850 nm
with a tissue penetration of 2-3 cm, and from 950 nm- 1350 nm with a tissue penetration up
to 10 cm 2. As discussed earlier, tuning the SPR peak to the NIR region can be achieved by
controlling the physical parameters of AUNPs, such as the size and the shape. In this regard,
configurations such as AuNRs, gold nanostars, gold nanoshells and gold nanoprisms are
recently being assessed for their application as PTT agent, because of their optical resonance
in the NIR region 235 In addition, several studies used a strategy based on stimulus-
sensitive AUNPs, which aggregate in response to light or when internalized by cancer cells
due to the acidic pH, upregulated enzymes or an upregulated redox activity. The stimulus-
induced aggregation increases the size of the AuNPs in the cancer cells to > 600 nm and shifts
the SPR peak to the NIR region, which enhances the efficacy of PTT. Furthermore, the

aggregation of the AuUNPs when entering the tumor site leads to a better tumor retention >
59

There are several advantages associated with the use of AuNPs for PTT. First, the much higher
absorption coefficient of AuUNPs compared to the conventional dyes reduces the laser power
needed to achieve a thermo-therapeutic effect. Second, thanks to the selective loading of
targeted AuNPs in cancer cells, the laser power required to kill cancer cells is below that
required to kill healthy cells. This is supported by several in vitro studies demonstrating that
the higher uptake of AuNPs in cancer cells leads to a higher PTT efficiency and toxicity than
in normal cells 895, Finally, the required laser irradiation time is much shorter (3 minutes),
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compared to that in conventional hyperthermia (60 minutes) 2. Indeed, several in vivo
studies demonstrated that a tumor loaded with AuNPs could reach a temperature of 44°C-
62°C in only 2-10 minutes time when irradiated with a low-intermediate power laser (0.5-5
W/cm?) in the NIR range (633-980 nm). These temperatures exceed the threshold
temperature needed to induce irreversible tissue damage and thus result in a better tumor
growth inhibition, tumor regression, and a longer survival of the mice, as compared to

treatment with NIR irradiation or AUNPs alone °6:57,59.63-69,

Another phototherapy next to PTT is the photodynamic therapy (PDT). PDT causes cell death
based on the light absorption by a photosensitizer (PS), which transfers its energy to
molecular oxygen, generating reactive oxygen species (ROS), such as singlet oxygen.
However, the use of PS is often limited due to their non-selectivity and their hydrophobic
nature, leading to aggregation in aqueous media. Besides, a lack of oxygen in tumor hypoxic
microenvironments can limit the therapeutic efficacy of the oxygen-reliable PDT.
Conjugation of PS to AuNPs can help to overcome these limitations by improving the PS
solubility and targeted delivery. Furthermore, it creates the opportunity to enhance the
photo-therapeutic effect by combining PDT and PTT. Indeed, the photo-thermal ability of
AuNPs under NIR irradiation enables heat generation, which improves tumoral blood flow in
7074 |n  addition, the

photoluminescence arising from NIR-irradiated AuNPs can activate the PS via energy

vivo and increases the oxygen supply required for PDT

transfer, enhancing singlet oxygen formation 7>7®. This has inspired research to design dual
PTT/PDT therapy approaches, which can be activated by a double or single NIR wavelength,

resulting in a synergistic cancer cell death in vitro and in vivo, as compared to PTT or PDT
alone 66:69,71,77-91

4.3 The use of gold nanoparticles in chemotherapy

Chemotherapy uses toxic agents that kill rapidly dividing cells by directly or indirectly
inducing DNA damage °2. However, the conventional chemotherapeutic approaches are
limited due to the systemic administration and nonspecific distribution of the agent through
the body, leading to poor pharmacokinetics, a low therapeutic index and damage to healthy
cells, which causes serious side effects. AuNPs have the potential to improve these aspects
by acting as targeted nanocarrier drug delivery systems (DDS). AuNPs as nanocarriers can
improve the solubility and stability of a free drug. In addition, they can efficiently hold and
transport a high payload of the drug to the tumor, improving its biodistribution profile and

efficacy, while minimizing the side effects 6394,

Next to targeting, gold nanocarriers enable the release of chemotherapeutic drugs in a
controlled and sustained manner. A commonly used strategy is the engineering of stimulus-
sensitive DDS, which are based on the abnormalities of the tumor microenvironment. For
example, a pH sensitive DDS allows chemotherapeutic drugs to circulate through the neutral
healthy tissues, until the DDS reaches the slightly acidic cancer cell environment and is
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internalized into lysosomes where it is triggered to release the drug. In this way, drug
distribution is restricted in cancerous tissues, while nonspecific drug leakage is prevented in
the healthy tissues °°. This approach has been assessed by several studies to regulate the
delivery of effective, but toxic anticancer drugs, such as cisplatin, 5-fluorouracil and
doxorubicin. In more detail, AuNPs can be conjugated to the drug by pH-sensitive hydrazone
bonds, cis-aconityl bonds or by electrostatic interactions with surface conjugated peptides
or anionic polymers. When entering an acidic environment, these coupling agents become
protonated, abolishing the interaction between the nanocarrier and the biologically active
compound #4599 |n addition, chitosan, a natural polysaccharide, is an attractive polymer
coating for AuNPs that are used in drug delivery applications, thanks to its biocompatibility
and biodegradability. When modified, the chitosan polymers can form a gel-like structure
thanks to the inter-chain hydrogen bonds at neutral pH, encapsulating anti-cancer drugs. In
an acidic environment, swelling and gel-sol transition of the chitosan takes place, releasing
the drug 38190104 Besides an acidic pH, the higher redox activity or upregulated enzymes in
cancer cells can be exploited to trigger drug release as well as the disassembly or aggregation

of gold nanocarriers, hence promoting a better tumor penetration or retention, respectively
41,98,105-108

The development of gold nanocarriers sensitive for exogenous stimuli such as light and heat
enables an ‘on-demand’ drug delivery. As a result, tremendous research has been performed
on AuNPs as photo-thermal responsive DDS, combining NIR-induced PTT and targeted
chemotherapeutic delivery. PTT sensitizes the cancer cells to the chemotherapeutic drug,
allowing it to be administered in smaller doses or reverse multidrug resistance 3719116 |n
addition, the NIR irradiation of plasmonic AuNPs and the subsequent thermal effect can
boost drug uptake and drug unloading in cancer cells, for example by favoring drug diffusion

and by destabilizing the drug-holding material 17126,

4.4 The use of gold nanoparticles as radiosensitizers

4.4.1 External beam radiotherapy

Currently, approximately 50% of all cancer patients receive radiation therapy at some point
during the course of their disease *’. External beam radiotherapy (EBRT) is the most
common form of radiotherapy, where ionizing radiation energy is delivered to the tumor cells
using externally generated photons (X-rays or y-rays) or charged particles (protons, electrons
or ions) 28,

When passing through a medium, ionizing radiation can interact with atoms, losing energy
along their track. The average energy deposited per unit length is called the linear energy
transfer (LET). Alpha particles, ions and protons are considered as high-LET radiation inducing
dense ionizations along their track. Therefore, high-LET radiation is likely to cause damage
through the direct interaction with essential cellular target structures, such as the DNA,
which makes it highly destructive to biological tissues. Indeed, high-LET radiation causes
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complex genetic lesions such as clustered DNA double strand breaks (DSBs). The cells will
respond to DNA damage by arresting the cell cycle and activating the DNA damage response
mechanisms. However, the severe genetic lesions caused by high-LET radiation are typically
difficult to repair and are likely to activate apoptotic cell death. On the other hand, X-rays, y-
rays and electrons are classified as low-LET radiation. Low-LET radiation sparsely and
randomly causes ionizations along the length of its track. As a result, this type of radiation
primarily acts indirectly through the interaction with the abundant water molecules inside
the cell. This results in the generation of a variety of ROS, including hydroxyl radicals,
superoxide, singlet oxygen, and hydrogen peroxide (H202). The generated ROS diffuse over a
distance, which is usually very short, and in turn interact with critical cellular components,
such as the DNA, proteins and lipids. The damage to the genomic DNA is usually less complex
and severe than that caused by high-LET radiation, including single strand breaks and base
damages. Therefore, DNA damage is repaired more easily and thus a higher radiation dose is
needed to cause cell death. In other words, high-LET radiation has a higher relative biological
effectiveness. The latter represents the ratio of the dose of the reference radiation (usually
X-rays) to the dose of the test radiation to achieve the same biological effects 129130,

The goal of radiotherapy is to deliver a lethal radiation dose to the tumor, while keeping the
dose in the surrounding healthy tissues to a minimum. Therefore, accurate treatment
planning and dose calculations are required. In the context of ERBT, this is based on CT
imaging or MRI, creating a three-dimensional (3D) image to precisely match the radiation
beams to the tumor volume in the treatment position using multi-leaf collimators.
Furthermore, the surrounding organs at risk are spared as much as possible by modulating
the intensity of the radiotherapy. Despite these significant technological advancements in
ERBT, successful tumor control can still be challenging, due to the heterogeneity of the
tumor, the presence of radio-resistant cancer cells and the risk for normal tissue toxicity 3!
Gold nanoparticles with good biocompatibility profiles have been proposed as favorable
radiosensitizing agents, which can improve the efficacy of radiotherapy 132134,

4.4.2 AuNPs and photon radiation therapy

4.4.2.1 Physical interactions between AuNPs and radiation

Hainfeld, et al performed a pioneering study where they intravenously injected a high dose
of 1.9 nm AuNPs (2.7 g Au/kg) in mice bearing subcutaneous EMT-6 mammary carcinomas.
Subsequently, the tumors were irradiated with 250 kVp! X-rays. Their results showed a longer
survival of the AuNPs-injected mice compared to the mice that received X-rays or AuNPs
alone. This radiosensitizing effect was attributed to the high atomic number (Z = 79) of gold,

1 Kilovolts (kV) and megavolts (MV) refers to the electron-accelerating potential and equals the
maximum energy of the generated spectrum of poly-energetic photons. kVp is the peak potential
applied across an X-ray tube. Kilo-electron volts (KeV) and mega-electron volts (MeV) denotes the
energy of mono-energetic particles or photons.
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resulting in the preferential absorption of X-rays by the AuNPs as compared to soft tissue 3°.
This property enables AuNPs to increase the radiation dose deposition in cancer cells when
accumulated in the tumor site, enhancing cancer cell death. In more detail, when X-rays
interfere with matter such as AUNPs, a number of interaction processes can occur %2 (Figure

1.5).
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Figure 1.5 Overview of the interaction mechanisms of photons with matter leading to attenuation and

secondary emissions. Adapted from 136,

In the keV energy range, photons interact with the AuNPs mainly through the Compton effect
and the photoelectric effect. In the Compton (inelastic) effect, the incident photon collides
to a free or a weakly bound electron, ejecting it from the outer shell of the atom. The photon
loses a part of its energy and can continue its course or it can be involved in other interaction
processes. The ejected electron travels through the surrounding material, losing its energy
by atom excitations or ionizations. In case of Rayleigh (elastic) scattering, the incident photon
collides with the entire atom, resulting in a negligible energy deposition. Therefore, this kind
of scattering is not useful for therapy 132137,

In the photoelectric effect, the incident photon collides with an electron belonging to one of
the inner shells of the atom. The photon energy is completely absorbed and the ejected
‘photoelectron’ acquires kinetic energy, which equals the energy of the incident photon
minus the electron binding energy. As a result, the photoelectron can travel over a distance
of several cell diameters (um-range). The ejection of the photoelectron creates a vacancy,
which can be refilled by an electron from a higher level. This transition usually occurs
together with the emission of characteristic X-rays or is accompanied by the ejection of an
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‘Auger electron’. Auger electrons can only travel short distances (hnm-range), but can produce
a very high ionization density. In contrast to the Compton effect, the cross-section of the
photoelectric effect (i.e. the probability for the interaction to occur) and the subsequent
Auger cascade strongly increases with an increasing atomic number of the material. Since
soft tissues consist mostly out of low Z organic material, there is only a very small
contribution of the photoelectric effect. In fact, in soft tissues and water, Compton scattering
is the primary mechanism by which photons (>20 keV) lose their energy (Figure 1.6A). In
contrast, gold has a high Z number, resulting in the photoelectric effect being the most
prominent mechanism (Figure 1.6B). Therefore, gold is much more effective in the
absorption of energy per unit mass (more than 100 times) than soft tissues or water (Figure
1.6C). As a result, the secondary electron emission from many gold atoms in an AuNP (and
from multiple AuNPs in the biological tissue) translates into a considerable increase in the
local dose deposition 1337 The abundant secondary electrons in turn can directly damage
biomolecules in their close proximity or they can interact with the water molecules inside
the cell, producing hydroxyl radicals, which cause indirect damage to biomolecules 38
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Figure 1.6 The total absorption cross-section and the absorption cross-section of the Compton effect,
the photo-electric effect and pair production in function of the photon energy in (A) water and (B) gold.
(C) A comparison of the total absorption cross-section in water and gold in function of the photon
energy, represented as the ratio of the total absorption cross-section in gold to that in water. The data
was retrieved from the NIST photon cross sections database 139,

Pair production occurs when high-energy photons (> 1.02 MeV) pass near the nucleus of the
atom, where the energy of the incident photon is converted into an electron and a positron.
The positron can annihilate with a free electron, emitting two photons, each having an
energy of 511 keV and traveling in the opposite direction. The pair production cross-section
in gold is slightly higher than in water. However, using such high beam energy levels (>10

MeV), the photoelectric effect, which is the main advantage of gold, is negligible (Figure 1.6B)
132

4.4.2.2 In vitro, in vivo and Monte Carlo results
After the promising findings of Hainfeld, a large number of studies followed, focusing on the
radiosensitizing effects of AuNPs using photon irradiation in vitro and in vivo (Table 1.1). In
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addition, Monte Carlo (MC) simulations are able to model the radiation passage through a
virtual environment mimicking different biological systems, while taking into account the
presence of AuNPs and their interaction probability with the incident radiation. MC
simulations performing macrodosimetry predict the energy deposition induced by randomly
distributed AuNPs, averaged over a millimeter- or centimeter-scaled phantom representing
the tumor site. On the other hand, microdosimetry and nanodosimetry estimate the dose
deposition on a cellular or molecular level and focus more on the ionizing particle track
originating from the AuNP surface. Such calculation-based tools are helpful in determining a
promising combination of parameters, which could lead to a strong radiosensitizing effect in
experimental studies. The contribution of the AuNPs to the radiotherapeutic effect is usually
guantified by the ‘dose enhancement factor’ (DEF), which represents the dose deposited in
the tumor region with AuNPs divided by the dose deposited in the tumor region without
AuNPs. Alternatively, the ‘sensitization enhancement ratio” (SER) is defined as the ratio of
the radiation doses required to elicit the same biological effect without and with AuNPs. If
these ratios are larger than one, then the AuNPs are functioning as radiosensitizers.
Importantly, DEF or SER varies depending on several parameters related to the radiation
quality, the cell model, AuNP characteristics (such as the size and coating), AuNP
concentration and AuNP localization 36:

- Radiation energy

As previously explained, the photoelectric effect is an important physical interaction
mechanism that contributes to the radiosensitizing properties of AuNPs through the strong
production of photoelectrons, Auger cascades, characteristic X-rays and free radicals during

140 As a result, large dose enhancement factors were

low-energy photon irradiation
observed in cells and animals exposed to AuNPs and irradiated with kilovoltage photons
(Table 1.1). Unfortunately, kilovoltage X-rays have a limited clinical utility due to their shallow
tissue penetration. Therefore, megavoltage (MV) radiation is used to treat deep-seated
tumors. Irradiation of AuNPs with clinical MV photons is not expected to elicit significant
AuNPs-mediated radiosensitization, because the photoelectric absorption in gold during
high-energy MV photon irradiation is negligible, while Compton electron scattering and pair
production in gold and in soft tissue are comparable (Figure 1.6) #1142, Nevertheless,
although the DEF consistently reduces when the radiation energy increases as observed by
Chithrani, et al, several in vitro and in vivo experimental studies, listed in Table 1.1, still

showed a significant radiosensitization effect when AuNPs are irradiated with MV photons
143-153

These experimental results are not in agreement with multiple macroscopic MC simulations,
which usually take into account high AuNP concentrations and estimate little or no dose
enhancement using high-energy MV photons 34154157 This discrepancy between
experimental and theoretical studies could partly be related to a limited resemblance of the
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experimental situation in the MC simulations. For instance, MC simulations usually assume a
homogenous distribution of AuNPs inside a phantom, whereas AuNPs are typically clustered
together inside lysosomes and display a heterogeneous intracellular distribution. In fact,
Rudek, et al showed that the total dose enhancement decreases with an increasing degree
of AuNP clustering 1°8. Nevertheless, dose enhancement hot spots are observed within the
spaces between the AuNPs in the cluster and are much greater than the peripheral dose
enhancement around a single AuNPs or around a cluster of AuNPs °. Besides cluster
formation, AuNPs are mainly found in the perivascular areas of a tumor. As a result, it is more
realistic that a considerable, AuNPs-mediated dose enhancement within cells and tumors
occurs in a heterogeneous fashion 0.

In order to better understand the radiosensitization effects of AuNPs observed after
exposure to MV photons, McMahon, et al used the ‘Local Effect Model” to estimate the
energy deposition close to the AuNP surface. The authors found significant, but
heterogeneous dose enhancement peaks on the nanoscale level in close proximity of the
AuNPs. The dose enhancement peaks are caused by cascading secondary electrons following
an ionization event and are considerably greater than the average macroscopic dose
estimation over the entire cell. In fact, these microscopic dose enhancements around the
AuNPs are similar to those seen after low-energy photon exposure and thus could contribute
to the radiosensitization observed in the MV experimental studies. However, the dose

enhancements drop off quickly with an increasing distance from the AuNPs 16162,

Table 1.1 Overview of the in vitro and in vivo studies focusing on the radiosensitization effects of AUNPs
using photon radiotherapy.

In vitro experiments
Author  Size  Concentration Surface Cellmodel  Sourceenergy  Effect/SER (survival/dose)
{nm) functionality
Bobyk, 1.9 10 mg/ml thiol Fo8 50 keV 1.92 (SF 10%)
et al 163 15 1.40
Butterw | 1.9 | 10 pg/ml thiol AGO-15228 160 kVp 1.16-1.97 (2 Gy)
orth, et 100 pg/ml L132 0.86-0.87
al 164 Astro 1.04-0.96
T98G 1.30-1.91
MDA-MB-231 1.67-1.11
MCF-7 1.41-1.09
PC3 1.07-1.02
DU145 0.98-0.81
Chattop | 30 2.4 mg/ml PEG MDA-MB-361 100 kVp 1.30 (PEG) (SF 10%)
adhyay, Trastuzumab 1.60 (Trastuzumab)
et al 165
Chen, et | 28 36 pg/ml BSA us7 160 kVp 1.37 (2 Gy)
a| 166
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Chithran | 14F 7 x10°NP/ml | Citrate Hela 150 kVp 1.66* (SF 10%)
i, etal 50* 220 kVp 1.20%-1.43*-1.26
144 74 660 keV 1.18*
6 MV 1.17*
Coulter 1.9 12 uM Thiol MDA-MB-231 160 kVp ~1.87 (3 Gy) for MDA-MB-
et al. 167 (500 pg/ml) DU-145 231 only
L132
Cuietal. | 2.7 0.5 mg/ml Tiopronin MDA-MB-231 225 kVp 1.04 - 1.44 (SF 10%)
168
Cuietal. | 2.7 0.5 mg/ml Tiopronin MDA-MB-231 225 kVp 1.09-1.39-1.41 (SF 10%)
168 (EC/IC/EC+IC)
Genget | 14 5nM Glucose SKOV-3 90 kVp 1.30 (5 Gy)
al. 169 6 MV 1.20
Guo, et 14.4  0.05mM PEG H22 662 keV 1.20 (SF 50%)
al 170 30.5 HepG2 (137Cs) 1.30
Jainet | 19 | 12uM Thiol MDA-MB-231 | 160 kVp* 1.41%-1.29-1.16 (4 Gy)
al, 145 (500 pg/ml) DU145 6 MV 0.92-1.13
L132 15 MV 1.05-1.08
Jain et 1.9 12 uM Thiol MDA-MB-231 | 160 kVp 1.10 [0.1% O3] (4 Gy)
al. 17t (500 pg/ml) 1.39 [1% O3]
1.41 [21% 0]
Jeynes, 50 5.5 ug/ml FBS RT112 250 kVp 1.6 (SF 50%)
etal 172
Joh et 23 1mM PEG U251 150 kVp 1.30
a|. 173
Kaur et 5-9 5.5uM Glucose Hela 1.17-1.33 1.52 (SF 10%)
al. 174 MeV (¢°Co)
Kazmi, 42 100 pg/ml Citrate us7 6 MV 1.45 (2 Gy)
etal ¥/
Khoshga | 47- 50 uM PEG Hela 120-250 kVp 1.35 (PEG) (2 Gy)
rd et al. 52 Folic acid 1.64 (FA)
152 1.17-1.33 1.03 (PEG)
MeV (%°Co) 1.05 (FA)
Konget | 10.8 | 15uM Cysteamine MCF-7 200 kVp 1.30 (cysteamine)
al. 153 Glucose 1.60 (glucose)
662 keV 1.13 (137Cs and ©9Co)
(137Cs)
1.17-1.33
MeV (%°Co)
Liu, etal | 4.7 PEG CT26 6 MV 1.33-1.59
175
Livetal. | 14.8 | 1.5-7.5-15 Citrate Hela 50 kVp 1.14-2.88-1.86 (SF 50%)
157 pg/ml
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Liu, etal | 40 10 pg/ml PEG HepG2 50 kVp 1.05 (PEG) (SF 10%)
176 38 Tirapazamine 1.25 (Tirapazamine)
Penninc | 10 50 pg/ml PEG A549 225 kV 1.22 (SF 10%)
kx, et al
177
Roa et 10.8 @ 15nM Glucose DU-145 662 keV 1.24-1.38 (2 Gy)
a|' 178 (137CS)
Saberi, 50 20-100 uM / HT-29 9 MV 1.4 (MID)
et al 148
Shi,etal | 2.77 | 0.1 mg/ml Tiopronin HCT116 26 keV 1.48 (MID)
179 0.25 mg/ml 1.69
Taggart 1.9 12 uM Thiol MDA-MB-231 225 kVp 1.23-1.20-1.17 (2-4-8 Gy)
et al. 180 (500 pg/ml) T98G 1.90-1.57-1.35
DU-145 1.20-1.06-1.10
Wanget | 13 20 nM Glucose A549 6 MV 1.49 (MID)
al. 181
Wanget | 16 20 nM Glucose MDA-MB-231 | 6 MV 1.49 (MID)
al. 182 49 1.86
Wolfeet | 31x9 | 0.3 0D PEG PC-3 6 MV 1.09 (PEG) (SF 10%)
al. 143 Goserelin 1.35 (Goserelin)
Zhang, 4.8 0.05-0.1 mM PEG Hela 662 keV 1.41-1.46 (SF 50%)
etal18 | 121 (137Cs) 1.65-2.07
27.3 1.58-1.86
46.6 1.42-1.52
Zhang, <2 50 pg/ml Glutathione Hela 662 keV 1.30 (SF 50%)
etal 184 BSA (137Cs) 1.21
Zhang, 20 400 nM PEG LS180 6 MV 1.21 (Average lethal dose)
etal 151 28 Octaarginine 1.59
Invivo experiments
Author  Size  Dose Surface Cell model Therapy Effect
(nm) functionality
Chattop | 30 0.8 mg Au, IT Trastuzumab MDA-MB-361 | 100 kVp, Tumor growth:
adhyay, 11 Gy RT + Au: 46% Regression
et al 165 RT- Au: 16% Growth
Chen, et | 28 325 ug Au, IV BSA ug7 160 kVp, Tumor regression
al 185 3Gy (2h p.i.) +
2Gy (24 p.i.)
Hainfeld ' 1.9 1.35 g Au/kg, Thiol EMT-6 250 kVp, Long-term survival:
,etal 135 v 26 Gy 1.35 g/kg: 50%
2.7 g Au/kg, IV 2.7 g/kg: 86%
RT alone: 20%
Hainfeld @ 1.9 1.9 g Au/kg, IV | Thiol SCCVII 68 keV, Tumor doubling time:
, et al 186 42 Gy, 68 keV: 530) vs 76(*) days
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157 keV, 157 keV: 310) vs 490) days
50.6 Gy Long-term survival:
68 keV: 67%) vs 25%+)
157 keV: 0% vs 38%(*)
Hainfeld | 1.9 4 g Au/kg, IV Thiol Tu-2449 100 kVp, long-term survival:
, et al 187 30 Gy RT + Au: 50% (tumor-free)
RT - Au: 0%
Joh, et 23 1.25 g Au/kg, PEG U251 175 kVp, Increased median survival
al 173 \% 20 Gy RT + Au: 28 days
RT — Au: 14 days
Shi,etal | 2.77 | 732.6 ugAu, Tiopronin HCT-116 26 keV Time to increase tumor
179 v 10 Gy size 4x after IT injection:
366.3 ug Au, RT + Au: 54 days
IT RT - Au: 37 days
Wolfe, 31x9 | 10 mg/kg (100 | Goserelin PC-3 6 MV, Tumor growth delay:
etal 143 ul), IV 5 Gy RT + Au: 17 days
RT - Au: 3 days
Zhang, 4.8 4 mgAu/kg, IV | PEG Hela 662 keV Tumor growth inhibition
et al 183 12.1 (137Cs), 5 Gy Most effect =12.1 nm
27.3
46.6
Zhang, <2 10 mg Au/kg, BSA ui14 662 keV Decrease in tumor
et al 184 IP Glutathione (137Cs), 5 Gy volume compared to RT:
(GSH) BSA: 10%
GSH: 35%

Abbreviations: BSA: bovine serum albumin; DEF: dose enhancement factor; EC: extracellular; FA: folic
acid; GSH: glutathione; IP: intraperitoneal; IC: intracellular; IT: intratumoral; IV: intravenous; MID: mean
inactivation dose; p.i.: post-injection; RT: radiotherapy; SER: sensitization enhancement ratio; SER:
sensitization enhancement ratio; SF: survival fraction.

- AuNP concentration and localization

The concentration and localization of AuNPs in cancer cells can also have an impact on the
achievable DEF. Multiple MC simulations proposed that a high concentration of AuNPs inside
a tumor phantom increases the radiation interaction probability °®88191 This was further
demonstrated by conjugating AuNPs to targeting ligands, which promotes the uptake of
AuNPs in cancer cells. As a result, functionalized AuNPs significantly increase the DEF in vitro
and the effectiveness of MV radiotherapy in vivo as compared to untargeted AuNPs 143151-
153192194 Similarly, the intratumoral administration of AuNPs in tumor-bearing mice results
in @ much higher AuNP tumor concentration and a significant improvement of tumor
response after 26 keV irradiation as compared to intravenous (IV) administration ¥°. In terms
of localization, AuNPs that are present within or in close proximity to the cell nucleus achieve
a more pronounced radiosensitizing effect as compared to AuNPs that reside solely
extracellularly or are attached to the cell membrane 1316819519 According to MC
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simulations, the sub-cellular localization was suggested to be especially important for AUNPs-
mediated enhancement of MV photon irradiation, due to the short range of the sensitization
effects as compared to kV photon irradiation %62, However, it is important to note that the

vast majority of the experimental studies observed AuNPs in the cell cytoplasm, rather than
in the Ce” nUCleUS 143—145,153,157,163,167,168,171,172,177,179,181,200—202.

- AuNPs and tumor cell characteristics

The characteristics of AUNPs can also strongly affect the dose enhancement after irradiation.
In fact, spherical AuNPs achieve higher DEF values in Hela cells after irradiation with 6 MV X-
rays as compared to gold nanospikes and AuNRs, thanks to their higher uptake efficiency 23,
Another important factor that can influence the radiosensitization effect is the size of the
AuNPs. For instance, in large AuNPs or AuNP clusters, the ionizing events and formation of
secondary Auger electrons after irradiation of the AuNPs can occur within their bulk. As a
result, larger AuNPs could mitigate the kinetic energy of the electrons, preventing them from
reaching the AuNP surface. Consequently, this would result in a rapid loss of dose-
enhancement when AuNP size increases 122 Besides, the coating of the AuNPs can also
attenuate secondary electrons and scavenge hydroxyl radicals that would otherwise
contribute to the radio-enhancement 2°>2%_Furthermore, small AuNPs can penetrate deeper
inside tumor cells or the tumor tissue, achieving a more homogenous distribution, which
could promote a higher radiation-induced cell killing 183199204 Accordingly, Luo, et al reported
a higher dose enhancement ratio in X-ray irradiated PC3 cells exposed to 2 nm AuNPs as
compared to 5 nm or 19 nm AuNPs 2%, This is in contrast with the results of Chithrani, et al
showing a higher uptake efficiency of 50 nm AuNPs in Hela cancer cells, compared to the 14
nm AuNPs and 74 nm AuNPs #, They further highlighted that the radiosensitizing effects of
AuNPs are not dependent on the mass of gold inside the cells, but on the number of
internalized AuNPs. As a result, the 50 nm AuNPs exhibit the highest radiosensitizing effect
after irradiation with 220 kVp X-rays %4, Similarly, Zhang, et al reported that 12.1 nm and
27.3 nm AuNPs show a higher tumor accumulation in vivo compared to 4.8 nm and 46.6 nm.
Consequently, the 12.1 nm and 27.3 nm AuNPs show a better tumor control after gamma
irradiation 8. Finally, the cell type and certain tumor-related properties, such as hypoxia,
could affect the level of AuNPs-induced dose enhancement. In fact, hypoxia diminishes the
AuNP uptake and free radical production 164167171,

4.4.3 AuNPs and hadron therapy

The majority of the studies have focused on the radiosensitization effects of AuNPs in
conjunction with external photon radiotherapy **°. However, lately there has been a growing
interest in expanding their application to other radiation sources, such as hadron therapy.
Hadron therapy uses charged particles, such as protons or carbon ions, as radiation source
instead of photons. The main advantage of this radiation technique is its depth dose
distribution. The depth dose distribution of photons is characterized by the gradual energy
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deposition when entering the tissue, which results in an undesired off-target irradiation of
healthy tissue located upstream and downstream the tumor site. Unlike photons, charged
particles slow down when travelling through the tissue and display a maximal dose
deposition near the end of their track, the so-called Bragg peak. In this view, the healthy
tissue in front of the tumor receives a small part of the dose deposition, whereas the tissue
downstream the tumor site is completely preserved. Hadron therapy is especially useful in
the treatment of pediatric tumors and tumors located in or in proximity of organs at risk.

A large proportion of the studies on AuNPs-mediated proton irradiation enhancement are
theoretical assessments. Nanometric simulations demonstrated considerable dose
escalations in the immediate vicinity of the AuNPs (<100 nm) 1°>20729%_For instance, the MC
simulation of Heuskin, et al reported an energy-dependent emission of proto-electrons and
Auger electrons from AuNPs that were exposed to 1.3 MeV (25 keV/um) and 4 MeV (10
keV/um) protons. The secondary electron yield is higher for 4 MeV protons and large 50 nm
AuNPs than for 1.3 MeV protons and small AuNPs. On the other hand, the LET of the
secondary electrons is lower after 4 MeV proton irradiation than after 1.3 MeV proton
irradiation?°, Besides the AuNP size, the proton LET and the proton energy, the AuNP coating
also influence the microscopic dose escalation. In fact, the implementation of an organic
coating of 2 nm introduces a significant increase in the production of very low-energy
electrons, whereas a thicker coating results in a large loss of enhancement 210211,

Although MC simulations demonstrated significant nanoscale dose escalations in the close
proximity of the AuNP surface during proton irradiation, the average macroscopic dose
enhancement is negligible. Furthermore, Heuskin, et al reported that the hit probability
between AuNPs and protons is very low 21°. The authors also highlighted that the low energy
of the secondary electrons makes them susceptible for self-absorbance in the AuNPs. As a
result, the dose enhancement efficiency strongly decreases as the AuNP size increases,
despite the increasing secondary electron yield 229211 The secondary electrons that do
escape from the AuNPs after proton irradiation have a much shorter range as compared to
those produced after kV photon irradiation. As a result, cellular uptake of the AuNPs is
suggested to be essential during proton therapy, since no enhancement effect is expected,
unless the AuNPs are located close to the nucleus %212213  Consistent with this, the
theoretical simulation of Sotiropoulus, et al did not detect any significant increase in DNA
strand breaks or damage complexity in the presence of AuNPs under proton irradiation 4.
Despite these theoretical predictions, several in vitro studies did report a significant
radiosensitization of cancer cells exposed to protons and carbon ions in the presence of
AuNPs. These studies are summarized in Table 1.2. The in vitro studies were further
supported by in vivo evidence demonstrating tumor regression and a prolonged survival of
CT26 colorectal carcinoma-bearing mice following intravenous injection with 1.9 nm or 14
nm AuNPs and irradiation of the tumors with 40 MeV protons (41 Gy and 100 Gy,

respectively) 215216,
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Table 1.2 /n vitro studies focusing on the radiosensitization effects of AuNPs during proton or carbon

ion radiation therapy

Author Size Concentration  Coating Cell Source energy  Effect/SERy sunval
(nm) model  (LET)
Enferadi, et 2.6 45-90 pg/ml cRGD ALTS1C1 | 200 MeV 1.1710%
al 200 protons
Polf, etal 217 | 44 / phage- DU145 160 MeV 15-20% increased
nanoscaffold protons RBE
Rashid, etal | 1.9 1mM Thiol HCT-116 | 150 MeV 2.6450%
218 protons
Liu, et al 146 6.1 0.5mM PEG EMT-6 3 MeV Cell survival rate
protons decreased by 2-
11.9%
Li, et al 201 5 5 pg/mi Cetuximab A431 1.3 MeV 1.2210%
(25 keV/um)
protons
Li, et al 202 5 50 pg/ml PEG A431 1.3 MeV 1.0810%
10 (25 keV/pum) 1.1410%
protons
Li, et al 202 5 50 pg/ml PEG A431 4 MeV No significant
10 (10 keV/um) enhancement
protons
Jeynes, etal | 50 5.5 pug/ml TAT-peptide RT-112 3 MeV No significant
172 (12 keV/um) enhancement
protons
Liu et al. 212 15 0.1-10 pg/ml Citrate Hela 165 MeV 5.5x enhanced
(70 keV/um) OH* production;
Carbon ions 20% increased
RBE at 50%
survival
Liu et al. 15 1.5-7.5-15 Citrate Hela 165 MeV 1.27-1.44-1.3350%
157 ug/ml (30 keV/um)
Carbon ions
Kaur, et al 5-9 5.5 uM/ml Glucose Hela 62 MeV 1.3910% and 41%
174 (290 keV/um) | increased RBE
Carbon ions

Abbreviations: LET: Linear energy transfer; PEG: polyethylene glycol; RBE: relative biological
effectiveness; SER: sensitization enhancement ratio.

Although the macroscopic physical effects between AuNPs and protons are limited, the LET

enhancement and dose escalation closely around the AuNP surface could generate

detrimental effects in the cell. For instance, Li, et al demonstrated that the ROS scavenger,
dimethyl sulfoxide (DMSO), could remarkably reduce the contribution of AuNPs to the
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decrease in cell survival after proton irradiation. This highlights the role of AuNPs in
enhancing the ROS generation in combination with protons 2°2. In addition, it was postulated
that the energy absorbed in AuNPs could result in a thermal effect in the cells, which in turn

could lead to detrimental biological effects 2°.

4.4.4 Discrepancies between theoretical and experimental data
To recapitulate, from the above described literature investigating the radiosensitization
effects of AuNPs in combination with MV photon energies and charged particles, it is clear

that there are certain discrepancies between the theoretical MC simulations and the

experimental data 133134;

There is a very weak correlation between the predicted dose enhancement and the
observed radiosensitization (Figure 1.7). Despite the low absorption cross section of
AuNPs with MV photons and the low hit probability between AuNPs and charged
particles, experimental studies report significant radiosensitization effects, where

little or no increase in overall dose deposition is expected.
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Figure 1.7 Comparison of the observed experimental radiosensitization and the predicted physical dose
enhancement for AuNPs at both megavoltage and kilovoltage energies. The absolute increase in
physical dose refers to the additional dose deposition by X-rays in the presence of AuNPs relative to
the dose that would be deposited in the absence of gold minus one (an absolute increase of 1 equals a
doubled dose deposition). The dashed line shows the trend that would be followed if the observed

sensitizations were caused by the predicted increases in physical dose. Adapted from 133,

The higher experimental radiosensitization effects are obtained with AuNP
concentrations that are far less than the 0.1-1 weight percentage of gold, which is

typically associated to the simulation studies.
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- MC simulations conclude that AuNPs should be internalized and reside inside or in
very close proximity to the nucleus, in order to elicit a radiosensitizing effect. In
contrast, AUNPs are mainly observed in intracellular vesicles, in the cytoplasm of
cells.

These conflicts described above raise the assumption that the physical interaction between
AuNPs and radiation, increasing the dose delivered to the cancer cells, is not the only
mechanism responsible for the observed radiosensitization properties of AuUNPs. Therefore,
several studies focused on revealing other mechanisms contributing to the
radiosensitization, such as biological and chemical effects of AUNPs, which are discussed in
the next section.

4.5 The biological and chemical effects of AUNPs

4.5.1 Internalization

When AuNPs reach the surface of the cells, they can interact with several components of the
plasma membrane, resulting in cellular uptake, mainly via endocytosis. Endocytosis is the
engulfment of AuNPs via internal invagination of the plasma membrane, followed by their
budding and pinching-off to form intracellular vesicles. Endocytosis can be categorized into
two main mechanisms: phagocytosis and pinocytosis. Phagocytosis is usually mediated by
the opsonization of the cargo and occurs in specialized cells such as monocytes,
macrophages, dendritic cells and neutrophils, which are responsible for the clearance of
pathogens, debris and foreign particles. On the other hand, pinocytosis occurs in all cell
types. An important aspect affecting the uptake mechanism and intracellular trafficking is
the AUNP size, shape, surface charge and surface functionalization 229221

AuNPs with a size of 50 nm show a higher cellular uptake compared to larger and smaller
sized AuNPs. This is likely because of the better interaction efficiency of 50 nm particles with
multiple membrane receptors, creating sufficient energy to drive the endocytosis with a
beneficial balance between the fast membrane wrapping time and the receptor recycling
time (Figure 1.8A). Small AuNPs first need to cluster together in order to produce enough
energy to initiate the uptake process (Figure 1.8B), or they might be able to directly cross the
plasma membrane via diffusion and freely enter into the cell. Regarding the shape, several
studies demonstrated that rod-shaped AuNPs, especially those with a high aspect ratio, are
internalized less efficiently than spherical AuNPs. A possible reason could be the larger
contact area of the longitudinal axis of the rods with a high number of cell membrane
receptors, leading to an undesirable, slow wrapping time and a reduced number of available
receptors at the plasma membrane surface (Figure 1.8C) %2%223, This is in contrast to the
findings of Bartneck, et al who demonstrated a more efficient uptake of rod-shaped AuNPs
compared to spherical AuNPs, which was attributed to the resemblance of rod-shaped AuNPs
to viral protein capsules ??%. In addition, the rod-shaped particles with a higher surface area-
to-volume ratio than spherical particles also show a higher uptake efficiency 221225,
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A
Energetically unfavorable Energetically favorable and Slow wrapping time
fast wrapping time

Figure 1.8 Schematic representation of the size-dependent uptake efficiency by endocytosis. Adapted
from 222,

The charge of the AuNPs also influences the AuNP cellular interaction and internalization. In
general, cationic AUNPs bind more effectively to the cell surface than neutral and anionic
AuNPs, due to their electrostatic attraction to the negatively charged cell membrane,
increasing the extent of internalization 2227, However, the cell surface adhesion of cationic
AuNPs can depolarize the plasma membrane and disrupt the membrane integrity, increasing
the cytotoxicity 2%, Nevertheless, negatively charged AuNPs are still capable of overcoming
the anionic cell membrane and of accumulating within the cells via endocytosis 229223223,
Finally, functionalization of AuNPs can strongly promote receptor interaction and

subsequent uptake of the particles.

After endocytosis, the AuNPs are confined within intracellular vesicles and are shielded from
the cell cytoplasm and organelles. The vesicles are sent to an early endosome, which
undergoes several transformations. The ageing of an early endosome is typically
accompanied by a gradual decrease in the intra-vesicular pH. These early maturing
endosomes are able to recycle vesicles to the Golgi apparatus or the plasma membrane,
resulting in exocytosis or transcytosis. Eventually, late endosomes fuse with lysosomes,
enabling enzymatic degradation of the content. This endosomal pathway is often a barrier
for nanomedicine, hindering its biological or therapeutic functions 23°. Nevertheless, several
studies reported on the biological effects of AuNPs. Therefore, it is suggested that AUNPs are
able to escape the endosomal transport system, accessing the cytoplasm and organelles. A
potential strategy is the destabilization of the endosomal membrane by cationic AuNPs,
which can create pores or induce leakage of the content to the cytoplasmic environment.
Another well-known mechanism for endosomal escape is the ‘proton sponge effect’, based
on AuNPs coated with polymers containing uncharged amino groups. These amino
functionalities could buffer the protons during the acidification of the endosome, promoting
the continuous influx of protons, together with counter-ions to balance the endosomal
transmembrane voltage difference. Eventually, this process would induce osmotic swelling,
membrane rupture and release of the endosomal content 231232, Alternatively, AuNPs could
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passively cross the plasma membrane or the endosomal membrane, particularly escaping
from macropinosomes, which have been reported to be leaky. Finally, Sabella, et al
suggested that lysosomal entrapment of AuUNPs results in the release of toxic gold ions, which
in turn could exhibit biological effects 233,

4.5.2 Oxidative stress

In physiological conditions, ROS are produced as byproducts of the cellular oxidative
metabolism, which occurs in the mitochondria. Furthermore, ROS act as signaling modulators
and play a significant role in the antimicrobial defense. Nevertheless, it is essential that there
exists an equilibrium between the cellular antioxidant defense system and the ROS
production. Indeed, In case the production of ROS exceeds the detoxification capacity of the
antioxidants, the cells experience ‘oxidative stress’, which causes damage to the cellular
biomolecules and affect cellular signaling pathways that control proliferation and cell death.
Oxidative stress is considered as a major contributor to the AuNPs-mediated cytotoxicity,
even in the absence of ionizing radiation 17234237 AuNPs can induce oxidative stress via two
different strategies.

Firstly, although gold is an inert metal in its bulk form, multiple studies suggest that the
surface of AuNPs is electronically active, thus catalyzing chemical reactions and promoting
ROS production. The amount of ROS produced usually increases with decreasing AuNP size.
In fact, a large area-to-volume ratio allows a greater proportion of gold atoms to be available
at the surface of the AuNPs, compared to the interior of the AuNPs. Furthermore, the high
surface curvature of small AuNPs causes defects in the crystal structure and disrupts the
normally continuous electronic configuration. This creates specific sites that are available for
electron donation and acceptance. As a result, AuNPs would be able to transfer electrons
from donor groups to molecular oxygen, creating superoxide radicals 2334, In addition, the
catalytic properties of the AuNPs could chemically enhance the effects of ionizing radiation
by interacting with superoxide radicals that are generated by the irradiation. The formed
reactive AuNPs-O2 could then catalyze reactions between radical intermediates and other
biomolecules, generating super oxide radicals, H.0, and hydroxyl radicals 137138241242 The
results from these studies demonstrate that the chemical reactivity of AuNPs is oxygen
dependent. Interestingly, under hypoxic conditions, the sensitizing effects of AuNPs upon
irradiation is significantly diminished. This indirectly indicates that chemical reactivity of

AuNPs can enhance the effects of radiation 671,

Secondly, besides chemically generated ROS, AuNPs can also interact and inhibit
biomolecules, which are involved in the regulation of the antioxidant defense system. AuNPs
show a very high affinity and a fast binding reaction to thiol-containing cysteine and
selenocysteine residues, which are present in antioxidant enzymes, such as thioredoxin
reductase (TrxR) and glutathione reductase (GR), respectively %*3. TrxR and GR catalyze the
reduction of thioredoxin and glutathione, respectively, which in turn are used by peroxidases
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to detoxify H202. Furthermore, TrxR1 is involved in cell viability and proliferation.
Consequently, multiple studies linked oxidative stress in AuNPs-exposed cancer cells to the
inhibited activity of TrxR1 enzyme and the interaction between AuNPs and glutathione
177,235,244-236 |n addition, thiolated AuNPs could oxidize the protein disulphide isomerase
(PDI). PDI catalyzes the creation and cleavage of disulphide bonds in folding proteins and is
found in the endoplasmatic reticulum, the cytosol, mitochondria, the nucleus and on the cell
surface. It has been proposed that oxidation of glutathione is required to reduce PDI (which
has been oxidized by the thiolated AuNPs) 2#’. Eventually, these interactions between AuNPs
and the antioxidant system result in the depletion of the endogenous pool of reduced
glutathione and thioredoxin, disturbing the redox capacity of the cells. This was further
confirmed by the protective effects of the thiol-containing N-acetyl L-cysteine (NAC), which
abolished the cytotoxic effects of AuNPs 23°. As a result, the cellular defense against ROS
production is suppressed and oxidative stress is created, sensitizing the cells for additional
stresses such as ionizing radiation.

4.5.3 Mitochondria

Mitochondria are responsible for the energy production of the cell. A series of multiprotein
complexes transfer electrons to oxygen in the mitochondrial matrix, while pumping protons
across the inner mitochondrial membrane into the intermembrane space. This creates an
electrochemical membrane potential, which drives the synthesis of ATP, a process called
oxidative phosphorylation. Under physiological conditions, mitochondria ara a main source
of cellular ROS generation, since electrons can occasionaly leak out of the electron transport
chain, interacting with oxygen to produce superoxide or H20, %*. Internalized AuNPs and the
oxidative stress promoted by the AuNPs can impair the mitochondrial functions in the cell.
For instance, transmission electron microscopy (TEM) showed that small, positively charged
AuNPs are internalized in the mitochondria, resulting in profound morphological changes,
such as swelling and enlargement 292!, |n addition, multiple studies demonstrated that
AuNPs cause mitochondrial membrane depolarization, which has been associated with an
impaired ATP production and an exacerbated ROS generation 1180249251254 The generated
ROS in turn may cause damage to the mitochondrial DNA and the respiratory chain, increase
the mitochondrial membrane permeability and disrupt the Ca?* homeostasis. These effects
are often cellular events known to precede the induction of cell death *&°,

4.5.4 Cell death

Mitochondria are key regulators of autophagy and apoptosis. Autophagy, also called ‘self-
eating’, is initially a protective response of cells aimed at coping with stresses, notably
because it generates energy through the degradation of cytosolic components. As
mentioned before, AuNPs can induce mitochondrial membrane depolarization, leading to a
reduced ATP level and an increased mitochondrial H20: level, which are both stimulants to
induce autophagy. In fact, Gallud, et al demonstrated that exposure of monocytic THP-1 cells
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to 5 nmand 20 nm cationic AuNPs upregulated the expression mTOR and prohibitin, proteins
involved in the regulation of autophagic and mitophagic degradation, respectively.
Furthermore, autophagosomes were visible in the cells using TEM *424°_|n order to break
down the intracellular components and to generate energy, the autophagosomes need to
fuse with lysosomes. However, AuNPs can impair the functionality of the lysosomal system
through alkalinization and membrane instability, resulting in the intracellular accumulation
of autophagosomes and thus reducing the degradative capacity of the cell 2°>2%, Since
autophagy and apoptosis are partly regulated by the same proteins, there exists a strong
interplay between the two mechanisms. Therefore, autophagic cells can succumb to
mitochondrial-dependent apoptosis when the cellular stress and damage are too extensive

260 Thus, severe mitochondrial

and overwhelm the pro-survival autophagy pathway
dysfunction and oxidative stress caused by AuNP exposure can lead to mitochondrial
membrane permeabilization and to the release of pro-apoptotic molecules into the cytosol,
including cytochrome C, a component of the electron transport chain. These pro-apoptotic
elements, in turn, activate caspase proteins and apoptotic cell death, which is characterized
by the formation of membrane-enclosed apoptotic bodies 24251, Due to the important role
of mitochondria in the generation of ROS and in the regulation of different cell death
mechanisms, mitochondrial dysfunction has been proposed as a key player in the AuNPs-
mediated radiosensitization ¥°. Besides autophagy and apoptosis, extensive stress and
damage to cells, such as a complete ATP depletion, can also induce necrosis, characterized
by cell swelling and disruption of the plasma membrane. Necrosis of cells has been
demonstrated after exposure to high concentrations of cationic AuNPs (50 pg/ml) 24°.

4.5.5 Cell cycle

Besides ROS generation and mitochondrial dysfunction, AUNP exposure may cause cell cycle
disruption. The cell cycle is a series of events, in which cellular DNA and components are
doubled and segregated into two daugther cells. Replication of the DNA occurs during the S
phase, while chromosome segregation and cell devision occur during the M phase. Two gap
phases separate the S phase and the M phase: G1 before the S phase, followed by G2 before
the M phase. The two gap phases allow the cells to grow and monitor the environment to
ensure that conditions are suitable and preparations are complete before committing to the
S phase or the M phase. Finally, Go is known as the resting phase, in which the cell can reside
for a prolonged time before resuming the cell cycle 252, Importantly, the radiosensitivity of
cells varies depending on the cell cycle phase. Cells in the late G2 and mitosis (G2/M) phases
are the most sensitive, presumably because condensed chromatin in mitotic cells is more
susceptible to radiation-induced DSBs, which are commonly repaired by the error-prone
non-homologous end joining (NHEJ) mechanism. On the other hand, cells in the late S phase
are the most radioresistant, since there are more diffused chromatin regions. In addition,
during the S phase, DNA damage is usually repaired by the accurate homologous
recombination (HR) mechanism 263264,
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Interestingly, Roa, et al demonstrated that glucose-conjugated AuNPs alone and in
combination with 13’Cs irradiation cause acceleration of the Go/G1 phase and accumulation
of DU-145 prostate cancer cells arrested in the G2/M phase. This cell cycle change is not
observed after irradiation alone. Furthermore, the cell cycle results are supported by an
increased expression of cyclin E and B1 and a reduced expression of p53 and cyclin A. As a
result, the radiosensitizing effects of the glucose-AuNPs are attributed to stalling of the cell
cycle in the radiosensitive Go/M phase Y73, Similarly, multiple other groups reported an
elevated proportion of cells in the G2/M phase and a decreased cell number in the Go/G:
phase after AuNP exposure, but without irradiation 1°9151194252265 On the other hand, a
substantial amount of studies demonstrated a significant arrest of cells in the Go/G1 phase

after AuNP exposure, which is associated to the induction of apoptosis 164249.266-269 |

n
addition, Jiang, et al found that a combinational use of apigenin-stabilized AuNPs and 40 kV
X-ray irradiation greatly enhances the ratio of A549 cells in the Go/G1 phase, compared to
AuNPs or X-ray irradiation alone 27°. A potential explanation for these distinct results was
provided by Li, et al: BSA-AuNPs accumulated in lysosomes could stabilize the microtubules
in the cells by promoting the tubulin polymerization. This effect blocks the chromosome
segregation, causing a G2/M arrest. In contrast, AuNPs-CTAB disrupt the lysosomes, which
result in damage of the microtubules, promoting Go/G1 arrest and apoptosis 2682%°, Besides
the AuNP coating, the differences in cell cycle arrest induced by AuNPs was shown to be
dependent from the cell type and the AuNP size and charge 64182249267 Finglly, 30 nm
nuclear-targeted AuNPs affect the cell cycle of HSC-3 cells by inducing the accumulation of
cells in the S phase and the depletion of cells in the G2/M phase. This significantly increased
the efficacy of the chemotherapeutic drug, 5- fluorouracil, which interferes with the DNA
replication and repair during the S-phase of the cell cycle, leading to cytotoxicity and cell
death 2. In contrast, other groups reported no change in cell cycle progression after AuNP
exposure 145,148,272,273.

4.5.6 DNA damage and repair

As mentioned earlier, the primary target of ionizing radiation is DNA. Therefore,
radiosensitization could be achieved by increasing the formation of complex DSBs or by
inhibition of the DNA damage repair response. In fact, some groups demonstrated an
enhanced induction of yH2AX and 53BP1 foci when cells are incubated with AuNPs, without
exposure to radiation 64180194274 ‘Eyrthermore, early after irradiation, AuNPs-exposed cells
exhibit a significantly higher number of DSBs compared to the cells exposed to kV or MV X-
ray irradiation alone 819 These AuNP effects are usually linked to the excessive ROS
production in the cells 1%419%274 |n contrast, Cui, et al could not observe an increase in the
number of initial yH2AX foci in 2.7 nm AuNPs-exposed MDA-MB-231 breast cancer cells, 30
minutes after 225 kVp X-ray irradiation. However, at 24 hours post-irradiation, the number
of residual DSBs in the irradiated cells was significantly higher in the presence of AuNPs,
indicating a delayed DNA damage repair %8 These results were also observed by several
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other studies 4177.180.273 '|n addition, it was shown that 1.8 nm cationic, anionic and neutral
AuNPs could down-regulate the expression of several genes involved in DNA repair
mechanisms in HaCaT cells, including RAD21 and ATM >4 Moreover, PEGylated nanogels
containing AuNPs decrease the protein expression of RAD51 and Ku70, which are key
regulators of the NHEJ and HR DNA damage repair pathways, respectively 2’°. Since non-
resolved DSBs are an important cause of radiation-induced cell death, the DNA damage
repair inhibition by AuNPs was suggested to be a key mode of radiosensitization. However,
conflicting results were obtained by Chen, et al who demonstrated that BSA-capped AuNPs
enhance the DSBs induction 2-4 hours post-irradiation with 160 kVp X-rays, but they did not
observe a difference in the number of DNA DSBs after 4—24 hours % Furthermore, Jain, et
al did not observe any effect of 1.9 nm AuNPs on the amount of DSBs in prostate, breast and
lung cancer cells after 160 kVp X-ray irradiation, nor on DNA repair mechanisms 4°.

4.5.7 Others

Another biological effect of AUNPs is the inhibition of the lysosome functionality. Lysosomes
are responsible for the removal of misfolded or aggregated proteins from the ER. As a result,
cellular exposure to AuNPs also increased the expression of endoplasmatic reticulum (ER)
stress markers 2%, In addition, AUNPs are observed within the ER using TEM imaging . The
resulting ER stress, in turn, can trigger the induction of mitochondrial-dependent apoptosis
276 275 Besides ER stress, AuNPs may induce Golgi fragmentation, causing abnormal protein
processing and a decreased cellular adhesion 277,

Moreover, AuNPs markedly inhibit different matrix metalloproteases (MMPs) in RAW264
macrophages, L929 fibroblasts and SW579 thyroid cancer cells 26727827 MMPs are able to
degrade the extracellular matrix (ECM) components and facilitate cancer metastases by
increasing the access of cancer cells to the vasculature and the lymphatic system.
Consequently, due to the downregulation of MMP-2 and MMP-9 by 5-10 nm AuNPs, the
invasion capacity of the thyroid cancer cells is significantly suppressed 2¢7.
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Overview: Radiosensitization mechanisms of gold nanoparticles

Physical radiosensitization
—  Emission of low-energy secondary electrons
Chemical radiosensitization
—  Catalyzation of ROS generation
Biological radiosensitization:
—  Suppression of antioxidant enzymes
—  Mitochondria:
o Increased permeability of mitochondrial membrane
o Insufficient energy supply
o  Release of cytochrome C
o Autophagy/apoptosis
—  Cellcycle
o Altered cyclin/cyclin dependent kinase levels
o  Cell cycle synchronization into Go/M phase
— Increased DNA damage and impaired DNA repair
— Inhibition of lysosome functionality resulting in accumulation of misfolded protein and
ER stress
— Inhibition of MMPs reducing the cancer cell evasion capacity

The chemical and biological effects summarized above could explain the discrepancy regarding
the radiosensitization effects of AuNPs between the MC simulation data and the experimental
studies.

4.6 Cancer detection and theranostics

An early diagnosis of cancer is often related to a better prognosis. Therefore, next to SPECT
and PET, the conventional, non-invasive imaging systems, such as CT, MRI and ultrasound
are essential in the clinic. AUNPs have the potential to improve the quality of CT, MRI and
ultrasound by acting as imaging probes and thus could improve the accuracy of the diagnosis.

The contrast in X-ray and CT images originates from the differences in mass X-ray attenuation
between tissues. For instance, the calcium and phosphorus-rich bone tissue has a higher
electron density or a higher atomic number as compared to soft tissues and thus absorbs
more X-rays. As a result, bone tissue appears as white (radiopaque) areas on X-ray or CT
images, while soft tissues, such as skin and muscles, appear as darker (radiolucent) areas.
Introducing media with a high atomic number into the body increases the contrast of the X-
ray based images. Currently, iodine-based compounds are the most frequently used contrast
agents. However, their rapid renal clearance requires short imaging times and potential
catherisation. Furthermore, the increased kidney retention of the contrast media can

280

increase the risk on renal injury “*°. An additional shortcoming of the iodine-based

compounds is the relatively high viscosity and high osmolality, due to the presence of only 3-
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6 iodine atoms per molecule, which potentially causes a poor patient tolerance. In contrast,
1.9 nm sized AuNPs contain 250 gold atoms per particle, and thus exhibit a much lower
osmolality and viscosity at the same elemental concentration as the iodine agents.
Furthermore, the higher molecular weight of the AuNPs causes a slower blood clearance as
compared to the iodine agents, permitting longer imaging times after IV injection. Finally,
gold has a higher atomic number and absorption coefficient (79 and 5.16 cm?/g at 100 keV,
respectively) as compared to iodine (53 and 1.94 cm?/g at 100 keV, respectively). As a result,
a clinical mammographic image could reveal a small 5 mm murine tumor after IV injection of
a high dose of 1.9 nm sized AuNPs (2.7 g Au/kg) thanks to the high tumoral vascularization
and gold content. Strikingly, even blood vessels as fine as 100 um in diameter and a
remarkably detailed anatomical and functional kidney morphology could be distinguished,
which was not possible after injection of an equal weight of iodine contrast agent (Figure 1.9)
22 Comparable results were obtained with 13 nm AuNPs revealing a small tumor in nude
mice, which was undetectable with CT imaging only 281, Furthermore, 30 nm AuNPs show an
X-ray attenuation, which is approximately 5.7 times higher than the current iodine-based
contrast media. Here again, the blood circulation of the AuNPs is much longer, resulting in
the clear delineation of the blood vessels on the CT image. However, the larger size of the
AuNPs promotes the accumulation in liver and spleen, instead of kidney clearance 280282283,

1.9 nm AuNPs lodine contrast medium

Figure 1.9 X-ray images of mice intravenously injected with (A, C) 1.9 nm AuNPs or with iodine contrast
agent (B, D). Arrows indicate detailed vascularization and kidney morphology. Images are acquired at
(A, B) 2 minutes post-injection and (C, D) 60 minutes post-injection. Adapted from 22,

MRI is also a common clinical imaging modality offering anatomical information in high-
spatial resolution, with a high contrast in soft tissue. This is based on the relaxation of
hydrogen protons and their electromagnetic energy emission after a radiofrequency pulse,
under the influence of a strong external magnetic field. MRI contrast agents, Ti-positive or
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T.-negative, affect the rate of the proton relaxation and enhance the sensitivity and quality
of the images 284 Thus, in order to exploit AuNPs as a contrast agent for MRI, they need to
be complexed with MRI contrast materials. For instance, multicomponent nanoparticles have
been produced by surrounding a magnetic core of iron oxide with a gold shell, or by coupling
iron-oxide nanoparticles to AuNPs. Iron oxide is a superparamagnetic material exhibiting a
strong magnetization under the influence of an external magnetic field, creating microscopic
field heterogeneity. This accelerates the dephasing of the proton spins or the T2 relaxation
process. As a result, IV injection of these multicomponent NPs in tumor-bearing mice
significantly decreases the signal intensity in the tumors using T.-weighted MR 118285287 (Qn
the other hand, coupling AuNPs to paramagnetic metals, such as gadolinium or manganese,
accelerates the Ti-relaxation process. As a result, administration of these nanomaterials

increases the signal intensity in the murine tumors, creating bright Ti-weighted images 28

293

Finally, thanks to the unique optical properties, including strong optical absorption and
scattering, AuNPs are promising candidates to enhance high-resolution optical imaging
modalities, such as fluorescent imaging, surface enhanced Raman scattering (SERS), photo-
acoustic (PA) imaging and optical coherence tomography (OCT). Raman scattering is the
inelastic and specific scattering of photons when they interact with molecules. The SPR of
AuNPs during photon irradiation locally increases the electromagnetic field in the proximity
of the nanoparticle surface, which can dramatically enhance the Raman scattering of
adjacent molecules. In this regard, AuNPs are often coupled to strong Raman-active
reporters. This effect enhances the sensitivity to detect the AuNPs in the pM range %429,
AuNPs can also enhance PA imaging based on their strong absorption of photons. The
absorbed photons are converted to heat, resulting in a thermo-elastic expansion and the
subsequent emission of acoustic transients. The latter can be probed by a transducer to
construct photo-acoustic images 2°*%°’. On the other hand, the enhancement of OCT by
AuNPs relies on their effective backscattering of photons 2%, As discussed earlier, in order
for optical modalities to detect or treat in vivo tumors, the use of NIR light is recommended,
because of the deeper tissue penetration. Therefore, AUNPs need to be tuned to absorb or
scatter NIR light, depending on their application.

The characteristics of AUNPs and their utility in cancer detection and treatment as discussed
thoroughly in the sections above, allow researchers to create highly complex and multimodal
nanoplatforms. Indeed, AuNPs can be tuned to absorb NIR light supporting phototherapy
and optical imaging. Furthermore, they can be easily functionalized with several imaging
agents, biological targeting moieties and chemotherapeutic drugs. This concept of combining
multiple therapeutic and diagnostic functions is called ‘theranostics’. Theranostic AuNPs
allow a non-invasive and real-time tracking of the in vivo distribution of the nanomaterials
and can facilitate the dose and toxicity management 28, In addition, combining multiple
treatment modalities, such as phototherapy, drug delivery or radiosensitization, can
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synergize the efficacy of the anticancer therapy, which is useful to combat radio-resistant
and/or chemo-resistant cancer cells 2°°. On the other hand, combining multiple imaging
modalities, such as optical imaging, MRI and CT imaging, merges the high spatial resolution
and 3D reconstruction of CT and MRI, and the high temporal resolution and sensitivity of
optical imaging 22°2°1. An example of a theranostic application is the design of 43.5 nm, cubic
iron oxide nanoparticles, which are decorated with multiple smaller 3.4 nm AuNPs. MRI
imaging showed a maximal tumor contrast, 24 hours post-injection. At this time point, the
NPs in the tumor were irradiated with NIR light, which caused a temperature rise in the tumor
to 56 °C. The AuNPs also radiosensitized the cancer cells after irradiation of the tumor with
160 keV X-rays. As a result, the tumor volume exposed to photo-thermal and radiotherapy is
significantly smaller compared to those exposed to unimodal AuNPs-mediated treatments
286 Similarly, photo-acoustic imaging demonstrated a maximal uptake of 50 nm hyaluronic
acid conjugated gold nanoclusters (AuNCs) in the tumor at 24 hours post-injection, after
which irradiation with NIR light and 6 MV X-rays exhibits an efficient tumor growth inhibition
30 PA imaging can also be used to monitor the temperature rise and temperature
distribution in the tumor tissue during photo-thermal therapy, because the volume
expansion and the speed of sound are both temperature-dependent 3°%. Besides MRI and
optical imaging, CT imaging has also been used to perform image-guided AuNPs-mediated

photo-thermal therapy and drug delivery 302-3%,

Next to improving CT, MRI, ultrasound and optical imaging, conjugation of AuNPs to
radionuclides enables the delivery of radiation to the tumor site and the use of SPECT and
PET imaging. The combination of AuNPs and nuclear medicine paves the way to the
development of even more advanced multimodal imaging, therapeutic and theranostic
applications, which are discussed in detail in the following section (Paragraph 5.3).

5. Gold nanoparticles in nuclear medicine

5.1 Nuclear medicine

Nuclear medicine involves the internal administration of radionuclides into the body to
diagnose, stage and treat diseases, including cancer. In this rapidly growing field,
radiopharmaceuticals are developed by linking a radionuclide to a carrier molecule (also
referred to as targeting molecule), which is directed against a cancer-specific antigen or
process. In this regard, it is essential that the physical half-life of the radionuclide matches
the biological half-life of the carrier molecule. Furthermore, the selection of the suitable
radionuclide depends on its specific emission and the intended application 3°. In more detail,
positron (B* particles) and gamma emitting radionuclides enable 3D PET and SPECT imaging,
respectively. Consequently, the radiopharmaceutical can be traced inside the body providing
functional information about specific molecular and cellular processes in the tumor
depending on the carrier molecule, such as the blood flow, metabolism, receptor expression,
tumor metastatic capacity, inflammation, programmed cell death, etc. Usually, the highly
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sensitive PET and SPECT imaging is combined with CT or MRI to locate the functional
processes in anatomical structures with high spatial resolution. This improves the
interpretation of the nuclear images, leading to a better accuracy of cancer detection and
treatment follow-up 307:3%,

Radionuclides emitting B~ particles, a-particles or Auger electrons have the potential to be
used for cancer treatment. These particles exhibit different LET abilities and tissue
penetration depths (Figure 1.10). Alpha particles possess a high LET, causing a dense track of
ionizations, which are likely to induce complex DNA damage, such as double strand breaks.
Consequently, a-emitting radiopharmaceuticals can be applied in low concentrations, since
only 1-4 hits are needed to induce cell death. However, their large mass and high LET cause
a-particles to have a poor tissue penetration of a few cell diameters (50-100 um). For this
reason, a-emitting radiopharmaceuticals are suitable to treat small lesions, like micro-
metastasis without causing considerable damage to the surrounding healthy tissue, if an
accurate targeting is provided. Likewise, since Auger electrons have the shortest tissue path
length (1-10 nm), they only exhibit a potent cell killing effect when they are in close proximity
to cellular DNA. In contrast to high-LET a-particles and Auger electrons, B particles have a
low LET, resulting in a deeper tissue penetration of 0.05-12 mm. As a result, they are able to
induce damage in multiple neighboring cells. This crossfire effect overcomes the need to
target each cancer cell individually and has the potential to treat small, heterogeneous and
residual tumors. However, the less destructive character of B~ particles asks for a higher
concentration of the radiopharmaceutical inside the target tissue. In addition, there is a

higher risk to affect the healthy neighboring cells 309310,
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Beta particle
LET: 0,2 keV/um
Range: 0.05-12 mm

Auger electron »i\lpha particle
LET: 4-26 keV/um LET: 80-100 keV/um

Range: 2-500 nm Range: 100 um

Cell Metastatic lesion small tumor

Figure 1.10 Schematic representation of the range, DNA damage trajectory and cancer therapy
application of Auger, alpha and beta particles. Adapted from 136,

Currently, ®™Tc and ®F are the two most commonly used radionuclides for routine
diagnostic purposes in nuclear medicine. Other radioisotopes intended for clinical use or
under investigation to diagnose or treat cancer-related diseases are presented, but not
limited to those included in Annex Table 1. Thanks to their specific properties, nanoparticles
can offer a significant contribution to nuclear medicine. First, a major advantage is the
potential of a single nanoparticle to hold multiple radionuclides, achieving much higher
payloads as compared to a radiopharmaceutical agent that carries only one or a few
radionuclides. In fact, Lucas, et al calculated that a much higher absorbed radiation dose
could be delivered to a solid, non-small-cell lung carcinoma model using nanoparticles
containing several B-emitters compared to antibodies that were each conjugated to a single
radionuclide. The number of radionuclides needed per nanoparticle to achieve 100% tumor
control strongly depends on the physical properties of the radionuclide (physical half-life and
radiation energy) and on the biological properties of the nano-object (intra-tumoral
distribution and biological half-life) 3!1. Second, multiple targeting ligands can be conjugated
to the nanoparticle surface, creating a multivalent effect, which promotes efficient binding
to the tumor cells. As a result, the introduction of nanoparticles could increase the delivery
of radioactivity to the tumor, which in turn leads to an improved imaging quality and
therapeutic efficacy®'313, Finally, the ability to load a combination of different types of
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radionuclides and/or chemotherapeutic drugs raises the opportunity to develop targeted,
multimodal diagnostic and therapeutic nanoparticles. Thanks to their ease of synthesis and

functionalization, AuNPs are often selected to hold a variety of radionuclides 398314,

5.2 Radiolabeling of gold nanoparticles

A stable association between the radionuclide and the nanoparticle is essential for the
successful implementation of radiolabeled nanoparticles in cancer diagnosis and therapy.
Loss of the radionuclide can result in its accumulation in non-targeted tissues 3%°. In literature,
several methods for nanoparticle radiolabeling have been described (Figure 1.11).

A B c D 4 4

® "
olinle amm  alihe,

Figure 1.11 Radiolabeling of nanoparticles by (A) chelation, (B) incorporation, (C) chemisorption and (D)
covalent binding. Adapted from 315,

A frequently used strategy is the use of bifunctional chelators, which are covalently attached
to the nanoparticle coating or to the vector molecule, and strongly complex radiometals. In
the development of radiopharmaceuticals, a successful bifunctional chelator minimizes the
dissociation of the radionuclide from the chelator in vivo. This depends on the
thermodynamic stability and the kinetic inertness of the bifunction chelator. The
thermodynamic stability reflects the direction of the dissociation reaction, while the kinetic
inertness reflects the rate of the dissociation reaction. Two well-known bifunctional chelators
are diethylenetriaminepentaacetic acid (DTPA) (Figure 1.12A) and dodecane tetraacetic acid
(DOTA) (Figure 1.12B). Generally, DOTA shows a higher thermodynamic stability to form a
complex with most metal ions than DTPA 3. Furthermore, due to their ‘open-chain’, acyclic
structure, radiometal-DTPA complexes are characterized by fast dissociation kinetics. As a
result, DTPA analogs rapidly achieve a high radiolabeling efficiency and yield under mild
reaction conditions. However, a fast dissociation rate and a lower thermodynamic stability
might result in the release of the radionuclide from DTPA when applied in biological
solutions. Conversely, due to their ‘caged’, macrocyclic construction, DOTA analogs have a
higher thermodynamic stability and are much more kinetically inert compared to DTPA
analogs, creating radiometal-DOTA complexes that are more likely to retain their chemical
integrity in the presence of natural chelators. However, the radiolabeling kinetics of DOTA
analogs are much slower, requiring elevated temperatures to achieve a high yield, which
might affect the integrity of the biomolecules 3'°. DOTA and DTPA analogs are often used to
chelate Y7Lu, 1n, ®4Cu and %0y 314317320 On the other hand, hydrazinonicotinamide (HYNIC)
is a typical chelator for ®°™Tc 321322, The stability of radionuclides chelated to AuNPs can vary
from 80% to >95% when incubated in serum during 24-72h 314317-319,321-326
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Figure 1.12: Molecular structures of (A) diethylenetriaminepentaacetic acid (DTPA) and (B) dodecane
tetraacetic acid (DOTA).

In order to avoid harsh radiolabeling conditions, possible instability and trans-chelation of
the radionuclide, several studies preferred a chelator-free radiolabeling method, embedding
®4Cu and radioactive gold (**8Au and *°Au) into the AuNPs during the production process 327
334 These ®*Cu-doped AuNPs are reported with a radiochemical stability of 95% when
challenged with ethylenediaminetetraacetic acid (EDTA). They show no degradation or trans-
chelation in serum up to 48h, while the stability of #*Cu-DOTA is less stable 328330, Similarly,
1%Au-doped AuNCs show no dissociation of '%Au in serum during a week 3. For
radioiodination and radiofluorination of AuNPs, it is possible to covalently attach radioactive
iodine (*2*1, %I and '3Y) and F to an aromatic phenol group via in situ oxidation and
substitution 3¢ In case of direct radiolabeling, the phenol group is present into the organic
coating of the AuNPs or is provided by a tyrosine residue being part of an AuNPs-conjugated
peptide or antibody 336342 Indirect radiolabeling involves a linker molecule, which already
carries the radiolabeled phenol group and facilitates its coupling to the AuNPs 34334 0On the
other hand, the phenol-free prosthetic probes silicon-[*¥F] and [*®F]-bicyclononyne also
effectively attached ®F to AuNPs 3%3%_ |odination and fluorination are both rapid
radiolabeling methods. However, various studies observed some degree of radioiodine
release resulting in a serum stability of the conjugate of 49-76.3% after 48-72h 341342 As 3
result, the free radionuclides can accumulate in different organs and increase the dose in
healthy tissues, such as in the thyroid, the stomach and the bladder 34°. To address this issue,
Lee, et al constructed a protective Au-shell around '?4I-labeled AuNPs and showed that more
than 98 % of 24| remained on the AuNPs for 48h in human serum, while ‘unprotected’ AuNPs
released 20% or more of 124 336338347348 " Ajternatively, the halogens iodine and astatine
possess a strong affinity for the AuNP surface. As a result, radioactive iodine and the a-
emitter 2!!At could be attached to the AuNP surface via chemisorption 3*°-3%3, Interestingly,
Dziawer, et al demonstrated that 15 nm astatinated AuNPs exhibit a better in vitro stability
than their 3!-iodinated analogues in serum (99.3% vs 92.8%) and in cerebrospinal fluid
(99.5% vs 82.1%) during 24h 3°23%3, Furthermore, it has been shown that the radioiodine
adsorption strength onto the AuNP surface depends on the AuNP surface modifications and
the incubation medium, which could lead to detachment of the radionuclides and hinder
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their applications in vivo 3°*. In order to reduce iodine detachment from 3!|-radiolabeled
AuNRs in vitro and in vivo, Wang, et al pre-oxidized radioactive Na*3!l via chloramine T or the
iodogen as oxidizing agents to convert sodium iodide to iodine. They demonstrated that the
valence state of iodine significantly affects the adsorption strength of the radioiodine to
AuNRs. Indeed, 3!(0)AuNRs exhibits a much higher radiochemical stability in vitro and in
vivo, with only negligible uptake of radioiodine in the thyroid of treated mice, compared to
1311(-1)AuNRs. To explain this result, the authors hypothesized that *3*(~1) simply adsorbs
onto the AuNRs, while *31(0) reacts with the AuNRs, forming a stronger bond 3°.

5.3 The effectiveness of radiolabeled gold nanoparticles in
nuclear medicine

5.3.1 Tumor uptake, retention and distribution

The inherent AuNP characteristics, such as their size, shape, and coating are determining
factors that can affect the AuNP pharmacokinetics, biodistribution and tumor uptake.
Therefore, these properties have to be carefully tuned in order to maximize the tumor
uptake, the tumor-to-background ratio (T/B), and thus the effectiveness of radiolabeled
AuNPs as diagnostic and therapeutic nano-radiopharmaceuticals. For this purpose, SPECT-CT
and PET-CT are useful imaging tools to better understand the in vivo behavior of radiolabeled
AuNPs in real-time. In addition, ex vivo inductively coupled plasma-mass spectrometry (ICP-
MS), y-imaging, Raman scattering imaging and fluorescence imaging are often used to
complement the in vivo nuclear imaging and to verify the amount of AuNPs in the major
organs and in the tumor.

- Pharmacokinetics and biodistribution

Following administration in vivo, the pharmacokinetics and biodistribution profile of targeted
AuNP-based radiopharmaceuticals, carrying multiple targeting molecules, substantially differ
from the monomeric radiopharmaceuticals lacking AuNPs. For instance, the radiolabeled
low-molecular weight monomers, **™Tc-RGD and ®*Cu-DOTA-PEG are cleared from the blood
pool shortly after IV administration (T1/2 < 10 min and 30 min, respectively), whereas *°™Tc-
AuNPs-RGD and ®*Cu-gold nanoshells exhibit a blood circulation T1/2 of 47 min and 12.8 hours,
respectively. The blood clearance of the small monomeric radiotracers is followed by early
excretion, mainly via the kidneys and to a lesser extent via the hepatobiliary pathway, 0-20h
post-injection 3°63>°_ Unlike small molecules, high molecular weight targeting agents, such as
antibodies, are not excreted via the renal system, but accumulate in the liver 32336, The most
important difference in biodistribution pattern is the significantly higher uptake of the
colloidal radiolabeled AuNP analogs in the liver, spleen and lungs, compared to the low-and
high-molecular weight monomeric systems 321.323357.360361  Eycretion of the radiolabeled
AuNPs can take place via both the renal system and the hepatobiliary system, depending on
their size 321.327.357358361 However, Xie, et al concluded that ®*Cu-gold nanoshells were
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excreted via the hepatobiliary system at a slower pace than the monomeric controls 3. This
is potentially due to the sequestration of the AuNPs by the phagocytic cells of the RES, which
prevents their efficient hepatobiliary elimination 362, Intraperitoneal administration of *°™Tc-
AUNP-RGD and In-AuNP@Albumin significantly reduces the nanoparticle sequestration by
the RES, compared to IV administration 37:321363_Nevertheless, the tumor uptake of **™Tc-
AuNP-RGD is faster after IV injection (maximal after 1 hour) than after IP administration
(maximal after 3 hours). Therefore, IV administration is probably more convenient for
diagnostic purposes 321,

Importantly, active targeting of AuNPs significantly improves the tumoral uptake compared
to untargeted AuNPs. However, certain targeting moieties can also increase the exposure of
healthy tissues to the radiolabeled AuNPs. For example, a high accumulation of radiolabeled
AuNPs is observed in the pancreas when the AuNPs are conjugated to the peptides bombesin
or octreotide 3°8361363364 Bombesin and octreotide target the gastrin-releasing peptide
receptor (GRP) and the somatostatin receptor, which are both highly expressed in the
pancreas, but are also overexpressed on prostate cancer cells and neuroendocrine cancer
cells, respectively. Orocio-Rodriguez, et al demonstrated a higher uptake of *™Tc-AuNPs-
Tyr3-Octreotide in the pancreas compared to the monomeric **"Tc-Tyr3-Octreotide 362,
Furthermore, the pancreas-to-blood ratio of ™ Tc-AuNP-Lys3-bombesin is higher than that
of monomeric *™Tc-Lys3-Bombesin 338, Both observations were explained by the faster renal
excretion of the monomeric systems compared to the nanoconjugates. Another example is
the higher liver and spleen uptake of AMD3100-conjugated ®*CuAuNCs compared to
untargeted ®*CuAuNCs. AMD3100 is an antagonist of the chemokine receptor CXCR4, which
is expressed on metastatic breast cancer cells. However, CXCR4 is also present on immune
cells residing in the spleen and liver 3¥7. Similarly, conjugation of 1*1In-AuNPs to Trastuzumab
exhibit a faster blood clearance and a higher uptake in the liver and spleen compared to
untargeted **In-AuNPs, which is explained partly by the Fc-mediated recognition and uptake
of the n-AuNPs-Trastuzumab by the RES 3%. Despite the off-target uptake of these
targeted, radiolabeled AuNPs, the studies did not assess the toxic effects in the healthy
organs.

- Enhanced tumor uptake and retention

Despite the higher RES sequestration after |V injection, the average tumor uptake of **™Tc-
AUNPs-RGD (3.65 %ID/g), ®°™Tc-AuNPs-Tyr3-Octreotide (=3.4 %ID/g), **CuAuNCs-AMD3100
(7.15 %ID/g) and %Cu-nanoshells (0.77 %ID/g) is considerably higher than that of ®*™Tc-RGD
(=2.5 %ID/g), > Tc-Tyr®-Octreotide (=2 %ID/g), #*Cu-AMD3100 (2.98 %ID/g) and %*Cu-DOTA-
PEG (0.09 %ID/g), respectively 321356357361 |0 addition, the early stage of 4T1 lung metastasis,
which is currently difficult to detect, is successfully highlighted by *™Tc-AuNPs-RGD (=14
%ID/g) and ®*CuAuUNCs-AMD3100 (7.36 %ID/g), whereas the small *™Tc-RGD and ®*Cu-
AMD3100 radiotracers show a significantly lower uptake in these micro-metastatic lesions
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(=2.7 %ID/g and 0.65 %ID/g, respectively) 327356 Importantly, the extent of tumor uptake of
radiolabeled AuNPs depends on the properties of the AuNPs, such as the size and the coating.
In size-comparing studies, the smaller radiolabeled AuNPs, including 20 nm **!In-PEG-AuNPs,
29 nm Gd/*°™Tc-AuNPs-RGD and 30 nm %Cu-DOTA-PEG-AuNPs, consistently exhibit a longer
blood circulation time, a higher tumor uptake and/or a lower RES sequestration compared
to their larger counterparts (40 nm, 80 nm and 55 nm, respectively) 31%32>36_Fyrthermore,
a PEG coating on %Cu-AuNPs performs better in terms of a prolonged blood circulation,
delayed RES sequestration and increased tumoral uptake compared to a zwitterionic coating
or stabilization by Tween 20 32, The functionalization and the length of the PEG molecules
have an influence on the stability and the in vivo behavior of the radiolabeled AuNPs. For
instance, the immobilization of the PEG molecules on the AuNP surface via thioctic acid or
lipoic acid providing two or more gold-sulfur bonds results in a higher stability and a longer
blood circulation time of *’Lu-labeled AuNPs and !!in-labeled AuNPs compared to PEG
immobilization via a single gold-sulfur bond 3°%3%_ |n addition, longer PEG molecules (1000
and 5000 Da) prolongs the blood circulation time of ®*CuAuNCs and **In-AuNPs, compared
to 350 and 2000 Da PEG molecules, respectively 3%¢3%7 However, increasing the length of the
PEG molecules from 800 to 6000 Da also reduces the cancer cell uptake of the *'In-EGF-
AUNPs 368,

Next to an increased tumor uptake, AuNPs increase the tumor retention of the radionuclide.
For instance, the residence time of Y’7Lu-Tyr3-octreotate-AuNPs in a 3D-multilayered culture
of Hela cells (17.10h) is significantly higher than that of monomeric *"’Lu-Tyr3-octreotate
(5.13h) 3%°. Other studies confirmed the enhanced tumor retention of AuNP-based
radiopharmaceuticals in vivo. In fact, *’Lu-AuNPs-RGD show a tumor residence time of 61.6h
after four intratumoral injections, whereas '”’Lu-RGD remains in the tumor site for
approximately 17.3h 37°, In addition, the accumulation of %*Cu-gold nanoshells in the tumor
achieves a plateau 20h after IV injection. At 44h after IV injection, the majority of
accumulated %Cu-gold nanoshells are still present in the tumor, which is not the case for the
monomeric **Cu-DOTA-PEG 3>’. Altogether, the enhanced tumor uptake and retention of
targeted, radiolabeled AuNPs contribute to a high T/B ratio and are mainly attributed to the
EPR effect, the multivalent targeting avidity and the high radionuclide cargo of the targeted,
radiolabeled AuNPs, compared to the small monomeric radiotracers 32%:327:356,357,369,

- Intratumoral distribution

Once within the tumor matrix, the most beneficial scenario is that the radiolabeled AuNPs
diffuse and spread uniformly throughout the tumor tissue 3%, Several studies assessed the
local intratumoral distribution of the radiolabeled AuNPs using nuclear imaging, microscopic
examination or autoradiography. The latter blots the emission of the radionuclides in the
tissues to a 2D-image by means of a photographic imaging plate. Unfortunately, in the
majority of the studies, AuNPs were usually observed in the periphery of the tumor mass
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close to the vasculature and displayed a general heterogeneous distribution328329,340,348,356,365-

367371372 The intratumoral diffusion of AuNPs depends on the characteristics of both the
AuNPs and the tumor tissue. For instance, *®Au-nanospheres and °®Au-nanodisks were
found in the tumor periphery, whereas *®Au-nanorods and *®Au-nanocages were detected
throughout the tumor after IV injection 334 Similar results were obtained with 30 nm %4Cu-
DOTA-PEG-AuUNCs, which accumulated in the central region of the tumor 24h after IV
administration. This is attributed to their small size and neutral charge as well as to the
uniform blood flow and the low interstitial pressure of the EMT-6 tumor model 3%°. In
addition, the heterogeneous intratumoral distribution observed for Trastuzumab-targeted
and Cetuximab-targeted *!In-AuNPs is partly attributed to the ‘binding-site barrier effect’ by
which the strong binding of the antibodies to their target facilitates extravasation of the
AuNPs into the tumor, but also limits the intra-tumoral diffusion of the AuNPs 365371373,
Finally, in an advanced cancer stage, the presence of substantial necrotic foci limits the
delivery of AuNPs or other anti-cancer pharmaceuticals 3%’. Since '’Lu-AuNP-RGD
significantly suppress the tumor progression and thus prevent the formation of necrotic foci,
177Lu-AuNP-RGD display a more uniform intratumoral distribution as compared to *"’Lu-
AuNPs or *”7Lu-RGD 37°,

Intratumoral penetration of radiolabeled AuNPs can also be promoted by the application of
external stimuli. For example, the intratumoral uptake of ®4Cu-PEG-HAuUNS-DOX is enhanced
when injection into the hepatic artery (i.e. liver embolization) is followed by electroporation,
radiofrequency ablation, or laser-induced thermal therapy. Electroporation causes cell
membrane permeabilisation via the use of electrical pulses, while radiofrequency ablation
and laser-induced thermal therapy both generate heat via the delivery of an alternating
electrical current and via laser irradiation, respectively. As a result, the 4Cu-PEG-HAuUNS-DOX
are localized both in and around the tumor, whereas embolization alone results in a
predominant peripheral tumor uptake 318, Another strategy is the co-injection of an adjuvant
such as lipiodol, which selectively enters liver tumors after liver embolization. It boosts the
uptake of ®*Cu-PEG-HAUNS throughout the tumor achieving a high tumor-to-normal liver
ratio of 4.17. Conversely, embolization of ®*Cu-PEG-HAuUNS without lipiodol leads to a
perivascular distribution and a lower tumor-to-normal liver ratio of 0.81 374 Similarly,
intratumoral co-injection of the 1°3Pd/18Au-dual radiolabeled AuNPs with the biocompatible
polymer alginate sequestrates them in the tumor 37>.

5.3.2 Imaging

A detailed overview of radiolabeled AuNPs used for imaging purposes is presented in Annex
Table 2. Hereunder, we describe the use of AuNPs in multimodal nuclear imaging and dual
radiolabeling.
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- MRI/SPECT-CT and MRI/PET dual imaging

The radiolabeling of AuNPs offers the opportunity to combine multiple imaging modalities to
visualize tumor tissues in vivo. As discussed in paragraph 4.6, the high X-ray attenuation of
AuNPs increases the contrast of X-ray-based imaging techniques, such as of CT imaging. The
radiolabeling of AuUNPs enables the further advancement of the CT imaging application. For
instance, dendrimer-entrapped and polyethylenimine-entrapped AuNPs, radiolabeled with
%mTc or with 31, enhance the CT contrast on one hand and enable SPECT imaging of tumor
cells, both in vitro and in vivo, on the other hand. The X-ray attenuation property of the
nanocarriers is exceeding that of Omnipaque, a clinically used iodine-based CT contrast
agent. Furthermore, the increase in SPECT-CT signal intensity is related to the concentration
of gold and the radionuclide in the tumor cells. As a result, the imaging contrast
enhancement significantly improves when anti-cancer targeting probes, such as chlorotoxin,
chlorotoxin-like peptides, duramycin, cRGD, folic acid or pH-responsive moieties are linked

to the nanocarriers as compared to their untargeted analogues 324339376381,

Another imaging modality discussed in paragraph 4.6 is the combination of AuNPs with MRI
contrast agents. This imaging application is further advanced by Yang, et al, who conjugated
29 nm cRGD-AuNPs to *™Tc and Gd. As a result, the radiolabeled nanoconjugate can
specifically target and visualize the tumor site by means of SPECT-CT imaging, while taking
advantage of complementary high-resolution MRI images. Indeed, the authors found hyper-
intense MR signals in the tumor region of tumor-bearing mice, 30 minutes post-injection,
after which the signal intensity gradually increased to values that were 2.4 times higher than
the baseline signal, reaching a plateau 2h after injection. In addition, the MR signal
enhancement is much less pronounced in mice that received the untargeted AuNP probes or
free cRGD to block the tumor binding sites. The SPECT-CT images confirm the MRI
observation, demonstrating high tumor accumulation (14.6% ID/g) after 2h, which strongly
reduces after blocking (6.2% ID/g) or after administration of the untargeted AuNP probe (4.0
%ID/g). However, SPECT-CT also reveals that the ®"Tc/Gd-cRGD-AuNPs are present in the
liver (=20% ID/g) and spleen (=55% ID/g). Furthermore, ex vivo studies demonstrate an
increased °°™Tc content in urine (>60% ID/g) compared to the amount of gold (=10% 1D/g),
which is attributed to the detachment of ®™Tc from the AuNPs. Importantly, the presence of
29 nm sized AuNPs in the urine may be an indication of kidney damage. Nevertheless, the
9mTc/Gd-cRGD-AuNPs are suitable for image-guided therapy as the authors were able to
define the optimal time point post-injection at which the AuNP content in the tumor site was
maximal to perform radiotherapy and benefit from the radiosensitization effect 32°.
Alternatively, a targeted PET/MRI imaging probe was created by developing a
multicomponent system consisting out of (1) an AuNP, which was radiolabeled with ®*Cu, and
(1) an iron-oxide nanoparticle (IONP), which acted as a MRI reporter and was conjugated to
anti-EGFR affibodies. The Au-IONP shows a similar T2 relaxation rate of water as Feridex, a
colloidal superparamagnetic iron oxide MRI contrast agent, and reduces the MR signal
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intensity at the tumor site by 44% on T.-weighted MRl images, 48h after IV injection. Next to
RES accumulation, the PET images shows high tumor uptake (4.6% I1D/g, 24h p.i.) and a good
tumor-to-muscle ratio of approximately 6. Blocking the tumor binding sites reduces the
tumor uptake (1.9% 1D/g, 24h p.i.), resulting in a tumor-to-muscle ratio of approximately 2
and abolishes the effect on the MR signal intensity in the tumor region 7.

Another multimodal imaging possibility was demonstrated by coupling and embedding the
positron-emitting 124l in PEGylated AuNPs (*?*|-PEG-Au@AuCBs), which allowed in vivo PET-
CT scanning and optical Cerenkov luminescence imaging (CLI). CLI is based on the detection
of Cerenkov photons, which arise from charged particles originating from the radionuclide
decay and traveling through a dielectric medium with a velocity exceeding the speed of light
in the given medium. Particle deceleration polarizes the electrons of water molecules, which
relax back to the equilibrium by emitting photons 382. CLI can compensate for the relatively
low spatial resolution of PET imaging, while PET overcomes the penetration depth limitation
of the optical CLI imaging. Furthermore, CLI provides the opportunity to utilize existing
clinical radiotracers for image-guided surgery. Despite the significant uptake in the liver and
spleen, the PET-CT imaging shows a rapid accumulation of PEG-?4-Au@AuCBs in the breast
tumor lesion as early as 1h post-injection (5.38% ID/g). The signal remains detectable at 24h
post-injection (1.81% ID/g) with a desirable tumor-to-muscle (T/M) ratio of approximately 5.
Consistent with the PET-CT results, in vivo CLI imaging clearly visualizes the uptake of the
PEG-'2*-Au@AuCBs in the tumor at 24h post-injection. As a result, there is a good linearity
between the PET-CT and CLI imaging at 24h (R? = 0.85). 3%8. In addition, PET-CLI imaging is
useful to detect sentinel lymph nodes (SLNs) after sub-cutaneous injection of PEG-*24I-AuNP.
Indeed, the images show PEG-'2*I-AuNP uptake in the SLNs as early as 1h post-injection
(=30% ID/g). The signal intensity increases to a maximum after 6h and remains evident after
24h (=10% ID/g) 338. As a result, PET/CLI could facilitate the clinical staging of cancer.

- Dual radiolabeling

Alternative to multimodal imaging, dual radiolabeling of AuNPs with *In and | enables
multispectral SPECT imaging, in which the emissions from 2°| and *!In are independently
tracked at a window centered around 28 keV and 200 keV, respectively. Multispectral
imaging helps to study the radiolabeling stability, the radionuclide anchor stability and
biological parameters, such as enzyme activity. In this case, In is specifially linked to a
MMP9-cleavable peptide, which is conjugated to the AuNPs. Four hours after IV injection,
125 is detected in the thyroid, stomach and bladder due to the lack of in vivo stability, whereas
n remains chelated to the AuNPs, circulating in the blood pool. Tumor uptake was clearly
visible 24h post-injection in both MMP9-high A431 and MMP9-low 4T1Luc tumors, leading
to a high T/M of 8, after 48h. However, due to the high MMP9 expression in the A431 tumor,
the Mn-labeled peptide is cleaved from the AuNPs, facilitating its tissue clearance and
reducing the !n signal intensity between 24h and 48h (from 7.25 to 6.23 %ID/g). In
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contrast, the signal intensity in the MMP9-low 4T1Luc tumor continues to increase (from
6.41 to 10.2 %ID/g) 3*°. Dual radiolabeling is also useful to establish the biodistribution of
multi-component AuNPs. This was proven by administration of **®Au-AuNPs with a [*C]citrate
surface coating to rats. Gamma spectrometry and liquid scintigraphy were used to detect
and quantify the ®Au and “C activity in the ex-vivo organs, respectively. Interestingly, the
biodistribution profile of the gold core and the citrate coating were different from each other
and thus the authors concluded that the different components of the AuNPs separated one
from each other and that the AuNPs did not remain intact 33,

5.3.3 Treatment

For therapeutic purposes, the goal of radiolabeled AuNPs is to deliver a lethal radiation dose
to the tumor site, while minimizing the radiation damage to healthy tissue. The effectiveness
of radiolabeled AuNPs for targeted radionuclide therapy (TRT) and as multimodal therapeutic

agents has been investigated in vitro and in vivo. These studies are presented in detail in
Table 1.3.

- Invitro experiments

Radiolabeled AuNPs can potentially increase the effectiveness of TRT. For instance, In vitro,
AuNPs conjugated to Lys®-bombesin (Tat-BN) and radiolabeled with *™Tc are stronger
inhibitors of PC-3 cell proliferation (cell proliferation of <10%) than the monomeric **™Tc-
Tat-BN without AuNPs (cell proliferation of =37%) 3%, Similarly, the '7’Lu-AuNPs-RGD
inhibited C6 cell proliferation (cell proliferation of 3.62%) significantly more as compared to

the monomeric 7Lu-RGD (cell proliferation of 29.67%) 37°.

Various in vitro studies demonstrate that the conjugation of targeting ligands directed
against EGFR1 (Cetuximab or EGF) or EGFR2 (Trastuzumab or Panitumumab) increases the
effectiveness of AuNPs, radiolabeled with B, 1™n, Y7Ly, 8Au or 2''At, to reduce the
viability of EGFR1- or EGFR2-expressing cancer cells, respectively 314320342353385386 [irqt,
Ml n-AuNPs-Trastuzumab, 7Lu-Panitumumab-AuNP, 77Lu-AuNPs-Trastuzumab and 2''At-
AuNP-PEG-Trastuzumab show a higher cytotoxic effect than their untargeted, radiolabeled
AuNPs analogs32935338386 Sacond, increasing the EGF load on *!In-EGF-AuNPs increases its
cytotoxic efficacy 3*. Third, cancer cells with a low or intermediate HER1/HER2 expression
profile are less affected by the targeted radiopharmaceuticals as compared to the cells with
a high receptor expression 31432038538 Finally, pre-blocking the binding sites on A549 cells
diminishes the cytotoxic effect of 3'|-Cetuximab-AuNPs 342,

- Intravenous injection in tumor-bearing mice

There are a limited number of in vivo studies, which intravenously inject radiolabeled AuNPs
to investigate their use as potential agents for TRT. For instance, IV administration of 7 doses
of polyethylenimine-entrapped AuNPs, radiolabeled to 3! and conjugated to chlorotoxin
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(3Y-Au PENPs-BmK CTX and 3!-Au PENPs-CTX) in glioma-bearing mice significantly slows
down the tumor growth and prolongs the survival after 3 weeks as compared to the saline
control, the untargeted AuNP analogs or the non-radioactive AuNP analogs 33377, Next to
the delivery of radionuclides to the tumor site, radiolabeled AuNPs can also act as
radiosensitizers. This was investigated in vivo, where SPECT-CT imaging was used to define
the maximal tumor delivery of 12°| after IV administration of 12°I-cRGD-AuNPs, which was then
followed by EBRT. Combined ?°I-cRGD-AuNPs and RT suppressed the tumor growth more
effectively during 21 days as compared to no treatment, IR alone, AuNPs+RT and cRGD-
AuNPs+RT. However, there was no significant difference in the apoptotic degree caused by
1251.cRGD-AuUNPs and cRGD-AuNPs, 2 days after RT. The authors suggested that a significant
increase in therapeutic efficacy might be possible if 2°| was exchanged by 3!, which has a
higher therapeutic potency 3. Alternatively, TRT could be combined with photothermal
therapy. This approach was studied in vitro, showing the radiotoxicity of **™Tc/Y’Lu-AuNP-
Tat-BN and dendrimer-entrapped *’Lu-AuNP conjugated to folate and bombesin (*’Lu-
DenAuNPs-folate-bombesin) in cancer cells, while the corresponding unlabeled analogs,
DenAuNP-folate-bombesin and AuNPs-Tat-BN, exhibited thermo-ablative properties
following laser irradiation at 532 nm for 6 min (0.65W/cm?). It is important to note that laser
irradiation at 532 nm, close to the SPR peaks of the respective AuNPs, has a limited clinical
application, due to its poor tissue penetration 337 Nevertheless, the studies highlight a
proof-of-principle for future research on the TRT/photothermal combination therapy.
Furthermore, the research group also demonstrates an enhanced cytotoxic effect of the
dual-radiolabeled AuNPs as compared to the single radiolabeled *’Lu-AuNP-Tat-BN or ®™Tc-
AuNP-Tat-BN, which is attributed to the biological effects of Auger electrons and low-energy
internal conversion of °mT¢ 384,

- Intratumoral injection in tumor-bearing mice

The majority of the research assessing the effectiveness of radionuclide therapy using
radiolabeled AuNPs in vivo chose for an intratumoral route of administration, usually with
the aim to improve the therapy of localized prostate cancer or breast cancer
359,370,375,385,386,388-392 |ntratumoral administration maximizes the tumor concentration of the
radiolabeled AuNPs and minimizes the sequestration by the liver and spleen, which is
associated with IV injection 353839 Conjugation of targeting molecules, such as
Trastuzumab, Panitumumab, cRGD, pigallocatechin-gallate (EGCg) to the AuNPs result in a
more than 2 times prolonged tumor retention, compared to their untargeted radiolabeled
AuNPs counterparts, which show a gradual tissue redistribution to the liver and spleen over
time 3703863883839 L rthermore, due to their relatively large size, 150 nm non-
functionalized ©Pd@Au nanoseeds show a tumor xenograft retention of 5 weeks 3°2. The
significantly longer retention of *®AuNPs-EGCg (75% ID/g after 24h) within the tumor
compared to 1 AuNPs-gum arabic (GA) (200% ID/g after 24h) allows to inject only one third
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of the activity, without comprimsing the tumor response (5 MBq for **AuNP-EGCg vs 15 MBq
for 1%8AUNP-GA) 388389,

A longer tumor retention leads to a higher radiation dose delivered to the tumor. For
instance, 48h after injection of 10 MBqg !In-AuNPs-Trastuzumab in a breast cancer
xenograft, the cumulative absorbed radiation dose is estimated to be 60.5 Gy, compared to
28.4 Gy for untargeted ™!In-AuNPs 3%°. Comparably, 48h after injection of 4.5 MBq '"’Lu-
AuNPs-Panitumumab in a breast cancer xenograft, the cumulative absorbed radiation dose
is estimated to be 30.37 Gy, compared to 21.86 Gy for untargeted ’Lu-AuNPs 34, Finally,
intratumoral injection of 8 MBq of Y’Lu-cRGD-AuNPs results in a cumulative abosorbed
radiation dose of 63.8 Gy after 23 days, compared to 38.3 Gy and 16.6 Gy for /Lu-AuNPs

and 7Lu-cRGD, respectively 37°

. As a result, treatment of tumor xenografts with
radiolabeled, targeted AuNPs inhibits the tumor growth after more than 2 weeks post-
treatment and prolongs the survival of the treated mice, compared to the saline control
385,386,388,389,391,3%4 | addition, ’Lu-cRGD-AuNPs significantly reduces the tumor metabolic
activity, the intratumoral blood vessels formation and the VEGF tumoral gene expression,
compared to the saline control group, *”’Lu-AuNPs and '"’Lu-cRGD 37°. Due to the non-
systemic, highly localized administration of the radiolabeled AuNPs into the tumor, the
radiation doses in the healthy organs was lower than 1.5 Gy3%38>3% Fyrthermore, the
studies did not reveal significant differences in serum ALT, creatinine and urea, and caused

no decrease in blood cell counts 38°386,388,389,391,394

The intratumoral administration strategy of radiolabeled AuNPs is seen as a potential
alternative for the implantation of radioactive seeds during interstitial brachytherapy 37>:3%,
Interstitial brachytherapy is based on the, often permanent, implantation of millimeter-sized
radioactive seeds in or near the tumor, providing a continuous dose delivery. Although
successful, there are certain limitations associated to this mode of therapy, such as
discomfort and a heterogeneous intratumoral dose distribution 37>, Injection of colloidal
nanoseeds using much smaller needles could reduce the trauma caused by implantation.
Furthermore, the delivered radiation dose would be easily controllable by adjusting the
injection volume in contrast to the millimeter seeds, which are each 18.5-74 MBq. In
addition, injection of nanoseeds would enable the treatment of smaller tumors 37>3%2_ Finally,
experimental studies show that the presence of gold nanoparticles in cancer cells during

exposure to 1°| or 3% results in significant radiosensitization of the tumor in vitro and in vivo
395,396

One of the radionuclides used during low-dose brachytherapy is 9Pd. Laprise-Pelletier
produced core-shell nanoparticles (<50 nm) consisting of a core of radioactive °3Pd,
surrounded by a shell of gold, which needed to provide dose enhancement
(193Pd:Pd@AUNPs-PEG). In addition, similar nanoparticles were co-labeled with the high-
energy emitter *%8Au (13Pd:Pd@*°®Au:AuNPs-PEG). Four weeks after a single injection of 60
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MBq of *%Pd:Pd@AuNPs-PEG or 1%Pd:Pd@**®Au:AuNPs-PEG, the tumor volume decreases
with 56% and 75%, respectively, as compared to the controls. However, the tumor growth
inhibition of 13Pd:Pd@°8Au:AuNPs-PEG is associated with severe necrosis at the skin of the
treated animals. This observation is attributed to the emission of high-energy electrons and
the long-range high-energy photons by 1°®Au, which could be a limitation of *®Au when used
for short-range nanobrachytherapy 37°. Alternatively, Moeendarbari, et al produced %pPd-
coated gold nanoseeds, consisting of an 100 nm inner gold core and an outer shell of 19Pd.
Due to the large size of the gold core, the secondary electrons produced by the interaction
between the °3Pd emission and the gold are expected to be trapped inside the gold core.
Nevertheless, the 13Pd@Au nanoseeds significantly inhibit the tumor growth and reduce the
tumor metabolic activity, 5 weeks after treatment, compared to the saline controls 32,
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Overview: Gold nanoparticles in nuclear medicine

Combining AuNPs in nuclear medicine enables:
—  Conjugation of multiple radionuclides per AuNP
—  Prolonged blood circulation time
—  Multivalent targeting
o Increased tumor uptake
o increased intratumoral retention time
In diagnostics:
— Increased SPECT and PET signal intensity
—  Detection of micro-metastatic lesions
—  Multi-modal imaging platform:
o increased CT contrast due to X-ray absorption coefficienct
o MRl via conjugation of MRI contrast agents
o  SPECT or PET imaging
—  Monitoring the tumor uptake to ensure maximal X-ray radiosensitization or PTT effect
(theranostics)
In therapy:
—  Potential multi-modal therapeutic platform: radionuclide therapy and PTT
—  Main application is intratumoral injection
o  Maximized intratumoral concentration
o Lessinvasive than brachytherapy
o Minimized RES sequestration
o Minimized radiotoxicity in healthy tissue (well-tolerable)
— Increased estimated absorbed dose in the tumor
—  Reduced tumoral metabolic activity
—  Suppressed tumor growth
—  Prolonged survival of treated mice
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6. Clinical trials

General introduction

Liposomes were the first class of nanoparticles to receive approval for cancer treatment.

Currently, they still represent a large proportion of clinical-stage nanotherapeutics. This is

thanks to their biostability, safety and biodegradability. In addition, they can transport both

hydrophobic and hydrophilic drugs in the lipid bilayer and vesicle lumen compartments,

respectively. In contrast, although well represented in research, only a few AuNPs were

investigated in clinical trials (Table 1.4).

Table 1.4 Overview of the clinical trials using AUNPs

. Admin. Route . Status o
Name Formulation Size (nm) Enrollment Indication 1D
IV, single dose =
o
of 21-35 mg/kg, Completed Photo-thermal ablation of | &
ju 12-24h prior to pilot study head and neck cancers: §
(8]
g 3.5-5W/cm? NIR (2008-2014) adverse effects* and tumor | &
2 i
e laser (808 nm) 11 participants response. ™
©
=z irradiation.
R =
& 9 Silicacore Active, not recruiting | MRI/US guided photo- Q
o C )
<5E 2 | coated with 150 pilot study thermal ablation of prostate §
= g gold shell V single d (2016-2020) neoplasm: efficacy* and §
, single dose, o
% & ] 45 participants adverse effects b
g 12-36h prior to
o MRI/US guided R . Extension: MRI/US guided | >
) e ecruitin
LOU laser irradiation. ot st dg photo-thermal ablation of g
e ilot stu
z FZOZO 20;/3) prostate neoplasm: §
o efficacy* and adverse I
est. 60 participants fect @
effects
Patient with primary or =
© metastatic cancer 9
S ) Completed ) 8
g IV, single dose v Ph | undergoing surgery: Tumor 5
ear ase
= 12-78h prior to Y and normal tissue {
4 (2006-2009) o ) =
[S) surgery. o distribution*, acute anti-
= Tumor 84 participants .
S 7 ) tumor activity and long-
S 8 inecrosis .
o < factor (TNF) 27 term toxicity.
- @
S A AUNP IV, 50-600 Advanced solid tumors: >
= - AUNPs
o ug/m2, on days Completed maximum tolerated dose*, g
g 1 and 15 (course Phase | toxicity*, pharmacokinetics, §
% 1). Upto 3 re- (2006-2009) tumor and normal tissue 3
(0]
< treatment 60 participants distribution, antitumor ©
courses. effect.
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) Targeting BCL2L12 in =
IV, single dose ) . ) o
Active, not recruiting : recurrent glioblastoma or 3
Q ) of 0.04mg/kg, 8- ) B Y
o isiRNA- 48h . 13 early phase 1 gliosarcoma: safety*, S
o ours prior
=S i AuNPs fot P (2017-2022) pharmacokinetics, tumor 8
o tumor =
= " 8 participants tissue distribution, ~
resection.
treatment feasibility
N human Intradermal, 10 Acti o =
= C19A3 pro- | g of C19A3 ctive, not recruiting Q
g . . . phase 1 Type 1 Diabetes: safety*, S
¢ insulin peptide every 5 (2016-2020) feasibility, i ®
i ) Y, immune response; X
9 | peptide- 28 days for 8 o S
O 8 participants ©
AuNPs weeks (3 doses) -
Transplantation, Plasmonic photo-thermal =
S 39-45 nM, NIR 60/15 Completed therapy of atherosclerotic g
E Silica-gold ilaser (821 nm, 20/40 Phase | lesions: plague volume*, E
nm
% NPs 35-44 W/cm?, 7 Jshell (2007-2016) Major adverse Pt
core/she w
<z( days after 180 participants cardiovascular events-free | ©
intervention survival*

Abbreviations: * Primary objectives; BCL2L12: Bcl2-like protein 12; IV: intravenous; MRI: magnetic
resonance imaging; NIR: near-infrared; TNF: tumor necrosis factor; US: ultrasound

One of the first studies investigating AuNPs in modern medicine was performed by Guy
Abraham and Peter Himmel in 1997. They evidenced that the oral administration of 20 nm
AuUNPs (daily doses of 30 mg for 4 weeks, followed by one dose per month for 5 months)
significantly decreased the tenderness and the swelling of the joints in 10 patients with
rheumatoid arthritis. Although no signs of toxicities were noted, no follow-up studies were
conducted 3%, Later on, a novel nanomedicine, CYT-6091 or Aurlmmune was tested in a
phase | clinical trial in advanced-stage cancer patients (Table 1.4). CYT-6091 consisted out of
a 27 nm PEGylated AuNP which was conjugated to recombinant human tumor necrosis factor
alpha (TNF-a). TNF-a is a cytokine that exerts anti-tumor effects and induces hyper-
permeability of the tumor vasculature 3°94%  As a result, TNF-a could enhance the efficacy of
subsequently administered chemotherapy, improving the tumor response rate. However,
the cytokine has a limited clinical value due to unfavorable pharmacokinetics, poor tumor
delivery and toxic side effects, such as hypotension, hepatotoxicity, general malaise and
fatigue 402402 Conjugation of TNF-a to AuNPs resulted in a 5-fold longer half-life of TNF-a and
enabled the delivery of the cytokine to the tumor as was confirmed by core biopsies. The
dose of TNF-a could be increased from 225 pg/m? to 600 ug/m?, without serious dose-
limiting toxicity or immunogenicity %,

Besides drug delivery, the ability of AUNPs to absorb NIR light promoted the development of
120 nm silica nanoparticles, surrounded by a 12-15 nm gold shell and coated with PEG
molecules for the photo-thermal ablation of solid tumors. A pilot study was performed in 22
patients with prostate cancer, receiving an intravenously administered dose of 35 mg/kg of
AuroShell NPs, one day prior to laser irradiation (AurolLase therapy) (Table 1.4). The chemical,
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hematological, immunological and urinalysis evaluations identified no sign of toxicity, lack of
tolerance, or immunological effects in the patients until 6 months after AuroShell NP
treatment. Furthermore, there was no change in temperature of the anterior rectal wall after
laser irradiation. However, two adverse effects were attributed to the AurolLase therapy. One
patient showed an allergic reaction and one patient experienced a transient burning
sensation of the epigastrium at the time of infusion. Nevertheless, the authors concluded
that systemic infusion of AuroShell NPs is clinically safe to use for the focal ablation of
prostate cancer % Similarly, no adverse effects were related to the AuroLase therapy in
patients with head-and neck cancers “%>. Following these promising results, a recent clinical
study evaluated the efficacy of the AurolLase therapy protocol in 15 patients with low-or
intermediate risk prostate cancer. The authors combined AuroShell NPs with MRI-ultrasound
fusion imaging to achieve high-precision, transperineal laser ablation of the prostate cancer.
There were no serious adverse events (grade 3) during the procedure and within 90 days
post-treatment. Furthermore, no significant difference in the International Prostate
Symptom Score, Urinary Quality of Life or Sexual Health Inventory for Men was reported
after treatment. The biopsies taken after three and 12 months post-treatment showed that
the ablation zones were cancer free in 60% (9/15) and 86.7% (13/15) of the patients,
respectively. As a result, the clinical study reported that the treatment protocol is technically

feasible and safe for the targeted destruction of prostate tumors 4°°.

Glioblastoma is difficult to treat due to the limited ability of chemotherapeutics to cross the
blood-brain-barrier (BBB). Therefore, researchers developed the NU-0129 nanodrug, a 13
nm AuNP densely packed with a siRNA oligonucleotide, which targets the oncogene Bcl2-like
protein 12 (Bcl2L12) mRNA. Bcl2L12 is overexpressed in glioblastoma, preventing tumor cell
apoptosis and promoting tumor growth. An early phase | clinical trial is ongoing with 8
glioblastoma patients treated with NU-0129 IV infusion, followed by tumor resection (Table
1.4). In six patients, sufficient tumor tissue was available for element analysis. This analysis
demonstrated gold accumulation, evidencing the ability of NU-0129 to cross the BBB.
However, two patients showed severe hypophosphatemia and/or lymphopenia (> grade 3),
which were possibly related to the infusion. No significant treatment-related toxicities were
observed in the other six patients. Pharmacokinetic studies and the immunohistochemical
analysis of the tumor tissue to determine the expression of Bcl2L12 and apoptotic markers

are pending *%’.

Finally, besides tumor treatment, AuNPs were evaluated in clinical trials for their use in non-
cancer diseases. For instance, transfer of silica-AuNPs to atherosclerotic lesions, followed by
NIR laser excitation is a promising technique for atherodestruction, with a possibility to
reverse atherosclerosis. After 12 months, patients treated with silica-AuNPs and NIR
irradiation showed a mean plaque volume reduction of 43.2-44.8%, compared to a 22.7%
reduction in patients treated with a conventional stent. In addition, the prevalence of major
adverse cardiovascular events within 12 months and 60 months demonstrated that the
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treatment with silica-AuNPs resulted in a lower risk on cardiovascular death compared to the
stent-treatment. No nanotoxicity, clinical complications or thrombosis were recorded at the
site of intervention up to 60 months after treatment #%840° Besides the treatment of
atherosclerosis, AUNPs were recently investigated as therapeutic agents for diabetes type |
and as sensors to detect gastric lesions and pulmonary arterial hypertension in exhaled
breath.

7. Challenges of gold nanoparticles in medicine

7.1 Biocorona formation

As mentioned before, despite the increasing number of promising reports on the use of
AuNPs in nanomedicine, clinical translation has been limited. The preferred route of
nanoparticle administration in a clinical view is via IV injection. However, a meta-analytical
review about nanoparticle delivery revealed that only 0.7% (median) of the injected dose of
nanoparticles reached the tumor #1°. This could be explained by some major physical and
biological barriers that AuNPs encounter once applied in vivo. Indeed, AuNPs must endure
an extensive journey, traveling through the circulatory system multiple times in order to
reach the tumor site and to perform their therapeutic function #’. First, AUNPs are almost
immediately and inevitably coated with proteins, lipids, carbohydrates and nucleic acids,
which are present in the biological environment, forming the ‘biocorona’. The major part of
the studies have focused on the protein part of the biocorona. The formation of a biocorona
is a dynamic and complex process. Initially, low-affinity, but highly abundant proteins, such
as albumin, interact with the AuNPs, followed by the gradual replacement with high-affinity,
but lower abundant proteins. Eventually, two layers are created around the AuNPs, an inner
‘hard’ layer of irreversibly attached proteins and an outer ‘soft’ layer of loosely bound
proteins. The biocorona gives the AuNPs a ‘biological identity’, which is presented to the
body and which is distinct from the intended ‘synthetic identity’. Important factors
determining the biocorona are the size, shape and surface charge of the AuNPs as well as the
biological environment *1. Larger AuNPs are found to be covered with a larger amount of
proteins having a higher molecular weight, as compared to smaller AuNPs. This is due to the
higher surface area of the larger particles. However, smaller AuNPs show a more complex
biocorona composition and consisted more out of low molecular weight proteins than their

larger sized counterparts 412413,

The biological effects arising from this new AuNP interface on the AuNP biological behavior
can be both beneficial or unfavorable. For instance, adherence of proteins to the AuNP
surface can induce protein unfolding, exposing epitopes that bind to macrophage receptors
or activate the immune response #4415 Furthermore, Kuschnerus, et al showed that the
formation of a biocorona in the presence of bovine serum or fibrinogen reduces the colloid
stability of the AuNPs and induces oxidative stress in microglial cells, respectively. The AuNP
agglomeration increases the AuNP size and consequently facilitates the cellular uptake by
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endocytosis 4. Comparably, the adherence of negatively charged BSA proteins to cationic
CTAB-AuNPs neutralizes the surface charge and induces aggregation, while anionic AuNPs
are more stable #7. In addition, the formation of a biocorona diminishes the targeting
capabilities of transferrin-conjugated AuNRs and cRGD-AuNPs to human cancer cells,
potentially due to shielding of the targeting ligands by proteins of the biocorona #:%420_ |n this
view, Su, et al found that the absorbed proteins interfere in particularly with the binding of
small functionalized AuNPs as compared to large AuNPs, since small sized AuNPs show less
multivalent receptor interactions “*!. In contrast to the above, there are also studies
demonstrating that the biocorona helps to stabilize nanoparticles, reduces the cytotoxicity
and does not have detrimental effects on the targeting capabilities of functionalized

nanoparticles 422424,

7.2 Sequestration by the reticuloendothelial system

The adsorbed surface proteins are recognized by the phagocytic macrophages of the RES,
leading to a fast clearance of AuNPs from the blood. This is in particular true if ‘opsonins’
such as immunoglobulins, complement proteins and coagulation factors are included in the
biocorona #?°. On the other hand, ‘dysopsonins’ like albumin and apolipoproteins reduce the
phagocytic uptake and increase the blood circulation time #!*. Usually, the nanoparticles are
sequestered by the liver, since the Kupffer cells make up 80-90% of all macrophages in the
body. Furthermore, the specialized liver endothelial cells exhibit fenestrae allowing
particulate matter to be trapped in a similar manner as the EPR effect describing the
accumulation of AuNPs in the tumor tissue °.

In order to reduce the effects associated to the biocorona formation and liver sequestration,
researchers often modify the nanoparticles with PEG. PEG grafting suppresses protein
adsorption by blocking the protein binding sites on the AuNP surface and by creating a barrier
against protein diffusion. In case of targeted AuNPs, suppression of the protein adsorption
preserves the binding efficiency of the targeting ligand to the cancer cells #¥7. Although
PEGylation cannot completely eliminate corona formation, PEG molecules give the AuNPs a
stealth character, slowing down the phagocytic uptake and increasing the blood circulation
time 42>42842% However, PEGylation also brings the ‘PEG dilemma’: an excessive PEGylation
strongly inhibits the interaction efficiency of the AuNPs to cancer cells and hinders
endosomal escape, reducing the AuNPs targeting and delivery capabilities **°. Another
approach to minimize RES uptake is by tuning the size and shape of the nanoparticles. For
instance, multiple researchers demonstrated that rod-shaped NPs and worm-like NPs with
very high aspect ratio exhibited a lower macrophage uptake and an increased blood
circulation time compared to spherical NPs, due to a limited interaction between the NPs
and the macrophages under flow conditions 31#3%. |n addition, macrophages prefer to take
up rigid NPs compared to softer NPs, such as hydrogels #3°.
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Instead of changing the nanoparticle properties, a few selected number of studies aimed to
reversibly block the RES sequestration by pre-injecting tumor-bearing mice with liposomes.
It was suggested that the liposomes would saturate the macrophage receptors and/or would
deplete the opsonins. 1.5-5 hours later, the injection of AuNRs or paclitaxel-encapsulated
nanoparticles followed. Interestingly, these studies demonstrated a significantly prolonged
blood circulation time of the nanoparticles, an increased tumor uptake and an improved
tumor treatment efficacy using the paclitaxel-encapsulated nanoparticles 4343, However,
Sun, et al demonstrated that the extent of tumor uptake enhancement was not as large as
the extent to which the liver and spleen uptake decreased. Therefore, they suggested that
the lipids released by destabilized liposomes could potentially influence the tumor
microenvironment and the biological identity of the nanomaterials **’. A more aggressive
approach is the pre-injection of dichloromethylene-bisphosphonate or clodronate-
encapsulated liposomes, which trigger macrophage apoptosis 439441, Similarly, gadolinium
chloride suppresses the phagocytic activity and promotes macrophage elimination #42.
Comparably to macrophage saturation, these studies reported an increased blood circulation
time and an improved tumor accumulation of their respective NPs, resulting in an inhibited
tumor growth. However, macrophages play an important role in the innate immune
response. Inhibition of these cells may affect the integrity of the immune system and could
possibly lead to an increased susceptibility to infection. Therefore, although blocking the RES
system through macrophage saturation or depletion shows promising results, further

research is essential regarding the safety of such approaches #43.

7.3 Safety evaluation

The accurate safety evaluation of nanomedicine is an important key point for their
translation to the clinic. Acute toxicity of nanomedicine compounds is usually related to

44 This was

complement activation, inflammation, hemolysis and/or oxidative stress
confirmed by Senguputa, et al demonstrating a dose-dependent acute increase in white
blood cell count and red blood cell count 6-72 hours after IV injection (1-2-10 mg/kg) of 50
nm citrate-stabilized AuNPs %%, In addition, IV injection of 13 nm PEGylated AuNPs (4.26
mg/kg) causes inflammation and cell death in the liver of healthy mice 5 minutes and one
week after administration ##. Similarly, transient pathological abnormalities and increased
expression of inflammatory cytokines are observed in the liver, spleen and kidney, one day
after intraperitoneal injection of differently sized AuNPs (5-170 ug/kg) in rats and mice *”
40 In contrast, other studies showed no signs of in vivo AuNP toxicity at all 40>41455 The
conflicting results in literature clearly illustrate that drawing conclusions on AuNP safety is a
complicated matter due to the great variety in AuNP design, which strongly determines the
in vivo fate, behavior and performance. In general, AuNPs with a small size, spherical shape
and a positive surface charge are considered more likely to induce hazardous effects than
large, rod-shaped and negatively charged AuNPs. This is due to the extravasation into normal

tissues, the high reactivity related to the large surface area-to-volume ratio, and the
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extensive interactions and uptake in the cells #°¢45°, Furthermore, the surface stabilizing
agents also exhibit a significant impact on the toxicity profile of the AuNPs. A well-known
example is CTAB, the most common and convenient surfactant for the synthesis and
stabilization of AuNRs, but with a high cytotoxicity *%°. Besides the high variety in AuNP
parameters, the differences in the experimental design, such as the administered doses, the
administration mode, single or multiple injections, the evaluation at certain time points after
injection and the type of assays make it difficult to compare results between studies 461,

Another important aspect to take into account during the safety evaluation of AuNPs is the
high stability and the low biodegradability of the inorganic AuNPs. After sequestration by the
RES organs , AuNPs can persist in RES macrophages up to 6 months after administration 462,
As a result, this long-term AuNP exposure raises concerns about potential delayed or chronic
toxicological effects. The long-term studies in literature usually consider a follow-up of 30 to
90 days after injection. Here again, conflicting results were found. For instance, Senguputa,
et al demonstrated significant histo-pathological changes, such as nuclear infiltration,
nuclear proliferation and loss in structural integrity in the liver, kidneys, lungs, spleen and
testis of mice that received daily intraperitoneal injections of 50 nm AuNPs for 30, 60 and 90
days (1-2 mg/kg). Furthermore, after 30 days, they observed a strongly increased white blood
cell count %, A single intravenous injection of pentapeptide CALNN-coated AuNPs (0.7
mg/kg) caused spleen athrophy and hematological findings indicating anaemia in rats at 28
days post-injection %63, In contrast, a single intravenous injection of 2, 5 or 10 nm AuNPs (1.25
mg/kg) in mice were found to be non-toxic in terms of inflammatory responses,
histopathological changes, blood and serum biochemistry or any physiological aspects for a
period of 90 days **'. Similarly, accumulation of gold in tissues after weekly repeated
administrations of 14 nm AuNPs (90 pg) during 7 weeks caused no observable overt toxicity,

kidney or liver damage **

. Interestingly, one study assessed the toxicity of AuroShell
particles, which are currently under clinical investigation to ablate prostate cancers (Table
1.4). The safety of the gold-silica nanoshells after a single IV infusion of clinically expected
doses was evaluated in mice, rats and dogs for time durations of up to 404 days. Apart from
brown-black pigmentation in the macrophages of the liver and spleen and in the medulla of
the lymph nodes, no other clinically relevant signs of toxicity were observed according to
histopathology, blood chemistry, hematology, urinalysis, electrocardiography,
ophthalmology, body weights, and general health of the animals 4%°. Promising results
regarding the toxicity of gold-silica nanoshells was also demonstrated in 22 human prostate
cancer patients. In fact, an intravenous infusion of 35 mg/kg AuNPs was not associated with
any adverse effects regarding clinical symptoms, chemical analysis, hematological analysis,
immunological analysis, and urinalysis at 2, 8, 15, 30, 60, 90, 120, 150, and 180 days post-
infusion 494, In another clinical study, a functional follow-up was performed at one and five
years after implantation of silica-gold NPs in a bioengineered on-artery patch and photo-
thermal therapy of atherosclerotic plaques. At both time points, the authors did not observe
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detrimental effects regarding biochemical serum analysis (e.g. plasma concentrations of
hemoglobin, cholesterol, glucose, creatinine, etc.) **°. Nevertheless, the pre-clinical GLP-
certified in vivo study demonstrated that after more than 1 year, the quantity of gold in the
liver and spleen of the mice and dogs were similar to the initial infused dose of silica-gold
nanoshells, which indicated that the body was unable to break down the particles. This raises
the concern that AuNPs that are too large to be eliminated via standard excretion pathways

could perhaps reside permanently inside the body 4%,

7.4 Tumor biology and translatability

Other important challenges impeding tumor accumulation that AuNPs encounter, besides
fast clearance, protein corona formation or RES sequestration, are related to the tumor and
tumor environment. For instance, the Starling forces are usually disrupted in tumor tissues,
which can counteract the efficiency of the EPR effect. The immature and permeable
vasculature at the tumor site allows small and large solutes to diffuse freely from the blood
vessels to the tumor tissue, reducing the high intravascular osmotic pressure. Furthermore,
the poor lymphatic drainage at the tumor site elevates the interstitial tumor pressure,
approaching the intra-arterial pressure %4, As a result, the extravasation of the NPs depends
more on encountering and diffusion through the fenestrae into the tumor than on convective
transport. Once extravasated, nanoparticles might be impaired in their intratumoral diffusion
due to the high interstitial tumor pressure, the dense ECM and tightly packed cells, pushing
the nanoparticles toward the tumor’s periphery. In addition, tumors exhibit an uneven
distribution of blood vessels, which results in inaccessible tumor regions. As a result, the
distribution of AuUNPs is highly heterogeneous, concentrated around the tumor blood vessels,
rather than reaching internal tumor cells %/,

Another potential reason for the poor translation of promising AuNPs to the clinic is the
limited translatability between animal models and clinical patients. In fact, animal tumors
differ from human tumors. The tumor growth rate has a substantial impact on the tissue
organization. The limited amount of time in pre-clinical studies asks for the inoculation of
xenografted human tumor cells, which develop quickly. As a result, angiogenesis rapidly
follows, resulting in a more profound disorganization of the tumor vasculature than in human
tumors, which usually grow at a slower pace. This could overestimate the EPR effect.
Furthermore, the xenografted tumor size can increase up to 10% of the animal’s body weight
before treatment is administered. Consequently, it is more likely that AuNPs will encounter
the xenografted tumor while circulating through the vasculature as compared to a clinical
tumor, which might comprise approximately 0.005% of the human body weight.
Furthermore, AuNPs holding a targeting agent that is specifically directed against a human
cancer antigen is more likely to bind to the human xenografted tumor cells than to normal
animal cells. Besides the above described differences in tumor biology between pre-clinical
in vivo models and human patients, a substantial tumor heterogeneity between patients
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exists as well, decreasing the predictability of the patient response and requiring a
personalized approach #’. It should be noted that many of these challenges are also
applicable for the delivery of other anti-cancer drugs.

7.5 Regulatory challenges

Next to the various biological challenges described above, the slow pace of clinical translation
of nanomedicine also depends on certain technological and regulatory hurdles. For instance,
the amount of nanomaterials required for pre-clinical studies is small. In order to proceed to
clinical studies, large-scale production is needed. This requires a demanding chemistry,
manufacturing, and control process, with proper quality standards and a strict analysis of
reproducibility on a batch-to-batch basis. In addition, due to the complex and diverse nature
of nanomedicine, regulatory decisions to obtain market authorization of nanotherapeutics
and their follow-on products are based on individual case-by-case analyses, which is a
complex and time-consuming process #6>%°_Therefore, regulatory bodies have recognized
the importance to establish clear guidelines and recommendations for medicinal products
containing nanomaterials. Currently, the European Medicines Agency (EMA) released
reflection papers regarding IV iron-based nano-colloidal products %7, IV liposomal products

48 the development of block-copolymer-micelle medicinal products 46

470

and surface coatings
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The literature discussed in the introduction gives a broad overview on the promising
potentials of AuNPs to facilitate cancer diagnosis and enhance the efficacy of cancer therapy,
including EBRT and targeted radionuclide therapy (TRT). However, it is also clear that the
strong variety in AuNP design, such as the size, shape, zeta potential, coating,
functionalization, etc. has a considerable impact on the effects of AuNPs in vitro and in vivo,
determining the biological response and outcome. The research included in this thesis aims
to evaluate the in vitro cytotoxicity and the in vivo fate of unique poly-allylamine coated,
Cetuximab-conjugated gold nanoparticles (AuNPs-PAA-Ctxb). Furthermore, the thesis
decribes the radiolabeling of AuNPs-PAA-Ctxb in order to investigate their potential as
radiosensitizing agents in TRT.

The AuNPs-PAA used in this work are produced by means of plasma vapor deposition (PVD)?2.
This technique uses a vacuum chamber filled with argon gas and is equipped with two
magnetron sputtering cathodes, one mounted with NaCl and the other with 99.99% gold.
The application of an electric field generates a gaseous plasma condition ionizing the argon
atoms. Then, the Ar ions accelerate from the plasma to the cathode and eject atoms from
the target material, which in turn are deposited on the substrate (Figure 2.1A). Typically, one
cycle includes a single layer of NaCl deposition, followed by the deposition of a discontinuous
layer of gold and eventually ends with the poly-allylamine modification of the AuNP surface,
achieved through the plasma polymerization of the monomer. Repeating this cycle results in
the generation of multi-layered samples (Figure 2.1B). The NaCl layers are dissolved in water-
based solutions, obtaining a suspension of AuNPs-PAA 471 Polyelectrolytic PAA has a
hydrophilic character and a coating of at least 1.7 nm is required to stabilize the AuNPs in
suspension 42, The PVD synthesis method allows the AuNP production process and surface
coating to occur in one step, which results in a good adhesion of the coating to the AuNPs,
provides a good control over the AuNP size and coating thickness, and offers a high
production rate.

2 pyD was performed at I’Unité de Recherche Laboratoire d’Analyse par Reaction Nucléaire (LARN),
University of Namur.
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Figure 2.1 A schematic representation of (A) the plasma vapor deposition mechanism (adapted from
473), (B) the repeating deposition cycles to produce AuNPs-PAA, obtaining a multilayered sample and
(C) antibody-conjugated, PAA-coated AuNPs (adapted from 472474),

Abbreviations: AuNPs: gold nanoparticles; Ar*: argon ion; e™: electron; PAA: polyallyl-amine.

After suspending the AUNPs-PAA in acetate buffer (pH 5), excess of PAA and NaCl is removed
by filtration. Subsequently, the AuNPs-PAA are conjugated to the antibody Cetuximab (Ctxb)
in the presence of the coupling reagent, COMU3. COMU activates the carboxylic acid groups
of Ctxb, promoting the formation of an amide bond with the amino groups of the external
PAA coating on the AuNPs (Figure 2.1C) %’2. Following removal of COMU and unreacted Ctxb
by filtration, AUNPs-PAA and AuNPs-PAA-Ctxb are freeze-dried in order to improve long-term
storage and colloid stability. For this purpose, 3% of arabic gum is added to the AuUNPs-PAA
and AuNPs-PAA-Ctxb as stabilizer and cryoprotectant.

3 1-Cyano-2-ethoxy-2-oxoethylidenaminooxy)dimethylamino-morpholino-carbenium
hexafluorophosphate
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Ctxb is a human-mouse chimeric monoclonal antibody and is directed against the accessible
extracellular domain of the epidermal growth factor receptor (EGFR) or the HER1 receptor.
EGFR is a member of the ErbB family of tyrosine kinase receptors, including four receptor
subtypes (HER1 to HER4). When inactive, EGFR is a monomer. Upon interaction with the
epidermal growth factor (EGF) or the transforming growth factor-alpha (TGF-a), EGFR forms
a homodimer or a heterodimer with another member of the ErbB family. Dimerization
activates the intracellular tyrosine kinase region of the EGFR, causing autophosphorylation
and initiation of the downstream pathway. Eventually it results in the transcription of genes
stimulating cell proliferation, survival, migration and angiogenesis *’>4’5, Since sustained
proliferation and survival of cells, metastasis and angiogenesis are all hallmarks of cancer,
the ErbB receptors are considered as proto-oncogenes. In fact, the overexpression of EGFR
is observed in a wide range of cancer types. Examples include lung cancer, colorectal cancer,
head-and neck cancers, glioblastoma, breast cancer, prostate cancer, ovarian cancer and
renal cancer #7478 Currently, Ctxb is used to treat advanced metastatic colorectal cancer or
squamous-cell head-and-neck cancer as a monotherapy or in combination with
chemotherapy or radiotherapy #’>#76. Ctxb prevents endogenous ligand binding to EGFR and
sterically inhibits the EGFR dimerization. Furthermore, internalization of the Ctxb/EGFR
complex withstands the low pH environment of the endosome, resulting in the lysosomal
degradation of the complex, instead of receptor recycling, which happens after
internalization of EGF/EGFR complexes. As a result, EGFR expression is downregulated and
the receptor-dependent signal transduction pathways are blocked. An additional mechanism
of action is the antibody-dependent cellular cytotoxicity, in which the Fc region of Ctxb
recruits immune cells to destroy the tumor cells 47°. Although Ctxb has its own anti-cancer
properties, in this research, Ctxb is primarily conjugated to the AuNPs to act as a targeting
vector, promoting the interaction of the AuNPs to the EGFR-overexpressing cancer cells.

Intravenous injection of AuNPs is a realistic exposure scenario when used as nanomedicine
in a clinical setting. However, such a systemic administration leads to the inevitable exposure
of healthy cells and tissues to AuNPs. The first cells that encounter the injected AuNPs are
the endothelial cells, lining the inner walls of the vasculature and responsible for the
exchange of oxygen, nutrients and waste products with the tissues. Furthermore, AuNPs are
prone to sequestration by the reticuloendothelial system (RES), while both the hepatobiliary
system and the renal system are potential elimination routes to remove AuNPs from the
body. AuNPs-PAA-Ctxb have previously been shown to specifically bind cancer cells
overexpressing EGFR in comparision to EGFR negative cells, with an in vivo biodistribution
profile similar to that of unconjugated Ctxb 3474 However, the effects on healthy cells have
not yet been investigated before.

Furthermore, AuNPs-PAA-Ctxb were previously shown to enhance the efficiency of proton
therapy in the EGFR-overexpressing A431 cancer cells 21, It has been suggested that the
radiosensitization mechanism of AuNPs does not solely depend on the physical interactions
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of the AuNPs with the radiation. Instead, there is a growing interest in the biological effects

of AuNPs as radiosensitization mechanism 17”7

. In addition, since AuNPs are interesting
platforms to hold multiple radionuclides, it would be interesting to investigate the potential
of our targeted AuNPs-PAA-Ctxb to sensitize cancer cells to TRT. For this purpose, Y’Lu is a
promising radionuclide thanks to its physical half-life of 6.67 days, which is compatible with
the biological half-life of antibodies. Furthermore, the mean tissue penetration range of the
B particles is proficient to eradicate small, residual tumors with a minimized damage to the
surrounding healthy tissue, while the emission of low-energy gamma photons enables SPECT

imaging “°.

Therefore, the aim of this thesis is to evaluate the biological toxicity effects of the AUNPs-PAA
and AuNPs-PAA-Ctxb in normal healthy cells and tissues, and to assess the potential of 77Lu-
radiolabeled AuNPs-PAA-Ctxb as a radiopharmaceutical and radiosensitizing agent:

In the first part of this thesis (Chapter 3), normal human kidney (HK-2) cells, human liver
(THLE-2) cells and human microvascular endothelial (TIME) cells are exposed to AUNPs-PAA
and AuNPs-PAA-Ctxb. The mechanism of AuNP cytotoxicity is unraveled by investigating the
cellular uptake of the nanoparticles and their effects on cell viability, apoptosis,
mitochondrial function and the antioxidant defense system. In addition, the role of oxidative
stress is revealed by assessing the protective effects of the antioxidant N-acetyl L-cysteine.

In the next chapter (Chapter 4), the pharmacokinetics and the biodistribution of AUNPs-PAA-
Ctxb is evaluated in healthy mice, upto 6 months after IV injection. AuNPs-PAA-Ctxb are
prone to rapid sequestration by the RES. Therefore, we assessed the potential liver damage
by evaluating the serum activity of several liver enzymes. In addition, since the in vitro study
demonstrated that endothelial cells are particularly sensitive to the effects of AUNPs-PAA-
Ctxb, we measured the serum levels of specific cytokines related to endothelial cell
activation. Furthermore, possible inflammatory response was also assessed by measuring the
serum levels of cytokines related to the immune response. Finally, we evaluated the
morphological appearance of the liver, spleen, kidney and lungs.

In the last part, since we demonstrated that AuNPs-PAA-Ctxb inhibit the antioxidant system,
induce oxidative stress and cause mitochondrial dysfunction in cells (Chapter 3), we
hypothesized that these biological effects could sensitize cancer cells to TRT. Therefore, in
Chapter 5, we optimized the radiolabeling of AUNPs-PAA-Ctxb with ¥7Lu and evaluated the
binding and specificity of the radiolabeled nanoconjugate in vitro. This chapter also describes
the future research required to test our hypothesis and to demonstrate the potential of the
radiolabeled AuNPs-PAA-Ctxb to be used as a radiopharmaceutical in vivo.
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1. Abstract

Purpose: This study evaluates the cytotoxicity of AuNPs coated with polyallylamine
(AuNPs-PAA) and conjugated or not to the epidermal growth factor receptor (EGFR)-
targeting antibody Cetuximab (AuNPs-PAA-Ctxb) in normal human kidney (HK-2), liver
(THLE-2) and microvascular endothelial (TIME) cells, and compares it with two cancer cell
lines that are EGFR-overexpressing (A431) or EGFR-negative (MDA-MB-453).

Results: Conjugation of Cetuximab to AuNPs-PAA increased the AuNPs-PAA-Ctxb
interactions with cells, but reduced their cytotoxicity. TIME cells exhibited the strongest
reduction in viability after exposure to AUNPs-PAA(+Ctxb), followed by THLE-2, MDA-MB-
453, HK-2 and A431 cells. This cell type-dependent sensitivity was strongly correlated to
the inhibition of thioredoxin reductase (TrxR) and glutathione reductase (GR), and to the
depolarization of the mitochondrial membrane potential. Both are suggested to initiate
apoptosis, which was indeed detected in a concentration- and time-dependent manner.
The role of oxidative stress in AuUNPs-PAA(+Ctxb)-induced cytotoxicity was demonstrated
by coincubation of the cells with N-acetyl L-cysteine (NAC), which significantly decreased
apoptosis and mitochondrial membrane depolarization.

Conclusion: This study helps to identify the cells and tissues that could be sensitive to
AuNPs and deepens the understanding of the risks associated with the use of AuNPs in

Vivo.
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2. Introduction

In order to improve cancer detection and therapy efficiency, gold nanoparticles (AuNPs) are
emerging as promising contrast agents, drug delivery vehicles, photo-thermal agents and
radiosensitizers 22169186.202,481-485 rnctional surface modifications are typically applied to
actively target the cancer cells %8648 |n our team, 5 nm AuNPs are synthesized and coated
with organic polyallylamine (AuNPs-PAA) by plasma vapor deposition. AuNPs-PAA are
subsequently conjugated to Cetuximab (AuNPs-PAA-Ctxb), a commercially available antibody
targeting the epidermal growth factor receptor (EGFR), which is overexpressed in numerous

471 The resulting nanoconjugates are able to selectively target EGFR-

tumor types
overexpressing cancer cells in vitro and in vivo, and exhibit an in vivo pharmacokinetic profile
similar to that of unconjugated Cetuximab. However, the reticuloendothelial system (RES) in
the liver and spleen rapidly sequestrates AuNPs-PAA-Ctxb 360474 This phenomenon has been
demonstrated by several other in vivo biodistribution studies and is the main reason why
clinical success of AuNPs remains, in general, elusive 3604%0-4% |n addition, accumulation of
AuNPs-PAA-Ctxb and other AuNPs has been demonstrated in the kidneys, which are
particularly sensitive to xenobiotics due to their high degree of vascularization and their
ability to concentrate toxins 360451455,474430,496,497 | conclusion, since AUNPs accumulate in
several non-target organs in vivo, it is essential to assess the potential toxicity of AuUNPs in
these healthy cells and tissues before AuNPs can be used in a clinical setting 4.

Due to their small size, nanoparticles generally exhibit different characteristics and have a
higher reactivity compared to their bulk counterparts. Various studies have reported that
AuNPs are able to induce formation of reactive oxygen species (ROS) in cells, which would be
the major cause of cellular damage, genotoxicity and cell death 2°3499300 |n addition,
abnormalities in tissue morphology of the kidney, the liver and the spleen and a minor
increase in lung inflammation were detected in rodents after exposure to AuNPs 497,°01-504,
However, these findings contradict to those of other research groups that have
demonstrated that AuNPs exhibit no toxic health effects at all in vitro and in vivo >°>°%7_ These
conflicting results in the literature indicate that it is difficult to predict the toxicity of AuNPs
in different biological systems, and that this depends strongly on their physicochemical
properties including particle size, shape, surface coating, surface charge and adsorbed
protein corona 296208512,

In this study, we characterized our in-house produced AuNPs-PAA and AuNPs-PAA-Ctxb in
terms of their size and surface charge. Furthermore, we evaluated and compared the cellular
uptake and cytotoxic effects of the AuUNPs-PAA and AuNPs-PAA-Ctxb on human microvascular
endothelial (TIME) cells, human proximal tubular kidney (HK-2) cells and human liver (THLE-
2) cells. These three cell types were chosen because they originate from normal human
primary cells, retaining their phenotypic and functional characteristics. Furthermore, since
these cell types are exposed to a significant amount of AuNPs in vivo, they are suitable in
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vitro models for the estimation and understanding of the nanoparticle toxicity on human
health, such as vascular toxicity, nephrotoxicity and hepatotoxicity 36049049 |ndeed,
microvascular endothelial cells are the first cells to encounter the AuNPs after intravenous
injections and are responsible for the transport and exchange of the AuNPs from the
bloodstream to the tissues. Renal tubular cells are exposed to AuNPs after their filtration
through the glomerular capillary wall during renal excretion. Finally, although Kupffer cells in
the liver have a high phagocytic capacity to sequestrate AuNPs, the hepatocytes are part of
the hepatobiliary system, which represents an important pathway for nanoparticle
processing and thus forms a potential site for toxicity >*3. In addition to these non-cancerous
cell types, EGFR-overexpressing A431 cells and EGFR-negative MDA-MB-453 cancer cell lines
were used as positive and negative controls, respectively, for antibody targeting. Cytotoxicity
was assessed by following the number of viable cells and measuring the mitochondrial
membrane potential, the thioredoxin reductase and glutathione reductase activity, and the
extent of apoptotic cell death. In order to explore the role of oxidative stress, the possible
protective effect of N-acetyl L-cysteine (NAC) was studied. If a situation applies for both
AuNPs-PAA and AuNPs-PAA-Ctxb, we will refer to them as AuNPs-PAA(+Ctxb) in the
remainder of the chapter. This work contributes to a better estimation of the potential
negative effects of therapeutic AuNPs formulations on human health.

3. Materials and methods

3.1 Chemicals

Polyallylamine, (1-Cyano-2-ethoxy-2-oxoethylidenaminooxy) dimethylamino-morpholino-
carbenium hexafluorophosphate (COMU), Arabic gum, NAC, CelLytic M, the bicinchoninic
acid (BCA) protein assay kit, the Thioredoxin reductase assay kit, bovine serum albumin (BSA),
non-fat dry milk, phosphatase inhibitor tablets (PhosStop) and the Complete Mini EDTA-free
Protease Inhibitor Cocktail were purchased from Sigma-Aldrich (Diegem, Belgium).
Cetuximab (Erbitux® 5 mg/ml) was kindly provided by the Sint-Dimpna Hospital (Geel,
Belgium). Vivaspin® centrifugal concentrators and cacodylate buffer were obtained from
Merck (Overijse, Belgium). All cell lines, the Microvascular Endothelial Cell Growth Kit-VEGF
and EGF were obtained from ATCC (Molsheim Cedex, France). Fetal bovine serum (FBS),
Dulbecco’s modified Eagle’s medium (DMEM), DMEM:F12, phosphate buffered saline (PBS)
tablets and penicillin-streptomycin were purchased from Gibco (Aalst, Belgium). The BEGM
Bullet Kit was received from Lonza (Verviers, Belgium). The CellTiter 96 Aqueous One Solution
Cell Proliferation Assay was purchased from Promega (Leiden, The Netherlands). The
IncuCyte Caspase 3/7 Green Reagent and the IncuCyte Annexin V Red Reagent were obtained
from Essen BioScience (Hertfordshire, UK). TGX Stain-free Precast Protein Gels, Trans-Blot
Turbo Mini Nitrocellulose Transfer Packs and the Clarity Western ECL substrate kit were
provided by Bio-Rad Laboratories (Temse, Belgium). The rabbit anti-EGFR antibody was
purchased from Cell Signaling Technology (Leiden, The Netherlands). The mouse anti-f actin
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antibody was purchased from Santa Cruz Biotechnology (Heidelberg, Germany). HRP-labeled
goat anti-rabbit antibody, goat-anti mouse antibody and tetramethylrhodamine, methyl
ester, perchlorate (TMRM) were obtained from Invitrogen (Merelbeke, Belgium).
Glutaraldehyde and osmic acid were received from Agar Scientific (Essex, UK). The Eponate
12 Embedding Kit with BDMA was purchased from Ted Pella (Paris, France). The Glutathione
Reductase Assay kit was obtained from Abcam (Cambridge, UK). Nitric acid (HNOs),
hydrochloric acid (HCl), hydrogen peroxide (H202) and hydrofluoric acid (HF) were of trace
metal grade and purchased from Fisher Scientific (Merelbeke, Belgium). SPEX Certiprep
certified standard solutions (Boom B.V., Meppel, The Netherlands) were used to prepare the
calibration standards and internal standards.

3.2 Production of AuNPs-PAA and Cetuximab conjugation

The AuNPs were produced and coated with PAA by physical plasma vapor deposition as
described previously 4’1 The resulting PAA-coated AuNPs (AuNPs-PAA) were dispersed in
acetate buffer (pH 5) under pulsed sonication (50W, 30 kHz, 20% amplitude, 0.5 sec pulses),
and were subsequently purified from excess PAA and NaCl by filtration in a centrifugal filter
unit with a molecular cut-off of 10 kDa. Cetuximab was purified by filtration in a centrifugal
filter unit with a molecular cut-off of 10 kDa, after which it was lyophilized (LABCONCO,
Osterode, Germany). Lyophilized Cetuximab and COMU were dissolved in 0.01 M PBS to a
concentration of 1 mg/ml and 1.5 mg/ml, respectively. The Cetuximab and COMU solutions
were mixed and the pH was adjusted to 7 with 0.1 M HCl. Then, the AuNPs-PAA were added
to the Cetuximab-COMU mixture to achieve a final concentration of 0.24 mg/ml, 0.43 mg/ml
and 0.17 mg/ml of Cetuximab, COMU and gold, respectively. The mixture was stirred for 4h
at room temperature, after which it was purified with a centrifugal filter unit with a molecular
cut-off of 300 kDa. The AuNPs-PAA-Ctxb were lyophilized for long-term storage after the
addition of 3% arabic gum as stabilizer, which also causes steric repulsion between the
nanoparticles when they are re-suspended after the freeze-drying process.

3.3 Nanoparticle characterization (Zeta potential and size

distribution)

Lyophilized AuNPs-PAA(+Ctxb) were dispersed in Class 1 water, DMEM or DMEM with 10%
(v/v) FBS to a gold concentration of 80 pg/ml. The size distribution of the nanoparticles was
characterized by means of CPS Disc Centrifugation (Benelux Scientific, Eke, Belgium). A
rotational speed of 22 000r.p.m., a sucrose density gradient of 2—8% with a fluid density of
1.017 g/ml and a refractive index of 1.341 were employed. The measurement range of the
instrument was set from 3.5 nm to 50 um. The particle density was set to 10.05 g/ml and the
particle refractive index to 0.47. Each measurement was calibrated with certified PVC
microparticles provided by CPS Instruments, having a peak diameter of 0.263 um and a
particle density of 1.386 g/ml. The peak particle sizes and the 5" and 95™ percentiles were
extracted from relative number size distributions. The zeta potential was determined with
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the Nanosizer Nano ZSP (Malvern P analytical, Brussels, Belgium) with a temperature
equilibration time of 2 min at 25°C. A dispersant refractive index of 1.330, a viscosity of
0.8872 cP and a dispersant dielectric constant of 78.5 were used. UV-Vis spectra were
recorded on the CLARIOstar microplate reader (BMS Labtech, De Meern, Netherlands).
Conjugation of Cetuximab to AuNPs-PAA was also confirmed by SDS-PAGE. 10 pg of
Cetuximab, Cetuximab + AuNPs-PAA and AuNPs-PAA-Ctxb were loaded on a TGX Stain-free
Precast Protein Gel. Migrated Cetuximab was detected with UV light by using the Fusion FX
Imager (Vilber Lourmat, Eberhardzell, Germany).

3.4 Cell culture

A431 cells and MDA-MB-453 cells were grown in DMEM High Glucose medium. HK-2 cells
were grown in DMEM:F12 High Glucose medium. TIME cells were grown in Vascular Cell
Basal Medium supplemented with the Microvascular Endothelial Cell Growth Kit-VEGF.
Finally, THLE-2 cells were cultured by using the BEGM Bullet kit without
gentamycin/amphotericin and epinephrine, but supplemented with 5 ng/ml EGF. All the
cultured cells were supplemented with 10% FBS and 100 u/ml penicillin-streptomycin and
were maintained in a humidified 37°C incubator with 5% COx.

3.5 MTS viability assay

The cell viability after exposure to AuNPs-PAA(+Ctxb) was tested with the CellTiter 96
AQueous One Solution Cell Proliferation Assay. Cells were seeded into a 96-well plate (25 000
cells/cm? for HK-2 and TIME cells; 28 125 cells/cm? for A431 cells; 31 250 cells/cm? for THLE-
2 cells; and 43 750 cells/cm? for MDA-MB-453 cells). After 24h, the medium was replaced by
fresh medium containing increasing concentrations of nanoparticles (1.56-50.00 ug Au/ml)
for incubation periods of 3h or 24h. After the exposure period, the medium was discarded
and cells were washed twice with DMEM + 10% FBS to avoid the interference of the AuNPs
at 490 nm. The MTS reagent, prepared according to the manufacturer’s instructions, was
added to the cells. The plate was incubated at 37°C for 1.5h and the absorbance was
measured at 490 nm with the CLARIOstar microplate reader (BMS Labtech, De Meern,
Netherlands). The cell viability was calculated as the ratio of the absorbance of the sample
well to the average of the unexposed control wells, after subtraction of the background signal
of wells that contained AuNPs-PAA(xCtxb) but no cells. The results, expressed as
percentages, were obtained from at least three independent experiments with a minimum
of three replicates per condition. Curve fitting of the concentration-response data was
performed with Origin 2017 software, by using a log-logistic function and a modified log-
logistic function (Equation S3.1 and Equation S3.2, respectively).

3.6 Live cell imaging

The effect of AuUNPs-PAA(+Ctxb) on cell apoptosis was investigated by recording time-lapse
images of the cells every 2h during 3 days with the IncuCyte ZOOM system (Essen BioScience,
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Hertfordshire, UK). Approximately 15 000-45 000 cells/cm? were seeded into 96-well plates.
After 24h, the medium was replaced by fresh medium containing increasing concentrations
of nanoparticles (1.56-50.00 ug Au/ml). To assess the presence of oxidative stress, cells were
also co-incubated with 2 nM NAC. The IncuCyte Caspase 3/7 Green Reagent and the IncuCyte
Annexin V Red Reagent were added to the cell media to monitor apoptosis according to the
manufacturer’s instructions >**°1, Built-in software was used to analyze the images in order
to generate the annexin V and caspase 3/7 area data (um?/well), which was normalized to
cell confluency data (%). The results were obtained from at least three replicates per
condition.

3.7 Western blot analysis

To determine EGFR expression, cells were cultured in T25 flasks until 80% confluency. Briefly,
cells were rinsed with ice cold PBS and lysed with lysis buffer (20 mM Tris, 150 mM NaCl, 1
mM EDTA, 1 mM EGTA, 1% sodium deoxycholate, 1% Nonidet P40, 10% glycerol, pH 7.5)
containing a protease and phosphatase inhibitor tablet. The protein concentrations were
quantified with the BCA kit according to the manufacturer’s instructions. 15 ug of proteins
were separated on a 4TGX Stain-free Precast Protein Gel. After protein transfer onto a
nitrocellulose membrane, the membranes were blocked with 5% non-fat dry milk in PBS-
0.1% Tween (PBS-T) for 2h at room temperature. Next, membranes were incubated with
rabbit anti-EGFR antibody diluted 1:1000 in 5% BSA, or with mouse anti-B-actin antibody
diluted 1:5000 in 5% non-fat dry milk, overnight at 4°C. After washing in PBS-T, the
membranes were incubated with HRP-labeled goat anti-rabbit antibody diluted 1:10 000 in
5% BSA or HRP-labeled goat anti-mouse antibody diluted 1:50 000 in 5% non-fat dry milk for
1h at room temperature. Protein detection was performed with the Clarity Western ECL
substrate kit and the Fusion FX Imager (Vilber Lourmat, Eberhardzell, Germany). Protein
bands were quantified with BiolD analysis software (Vilber Lourmat, Eberhardzell,
Germany). The EGFR protein level was normalized to the level of the housekeeping protein,
B-actin. The results are expressed as mean EGFR expression relative to the EGFR expression
in A431 cells and were obtained from at least 4 independent replicates.

3.8 Transmission electron microscopy and energy dispersive x-ray
spectroscopy

Transmission electron microscopy (TEM) was used to determine the subcellular localization
of the AuUNPs-PAA-Ctxb. Approximately 25 000-45 000 cells/cm? were seeded in T175 flasks.
After 24h, the medium was replaced by fresh medium containing 5.0 pug Au/ml of AuNPs-
PAA-Ctxb for incubation periods of 3h or 24h. After the exposure period, the cells were
washed twice with DMEM + 10% FBS, once with PBS, and collected by trypsinization. Cells
were fixed with 2.5% (w/v) glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) at 4°C during
2.5h. Next, the cells were washed with 0.2 M cacodylate buffer and subsequently post-fixed
in 1% (v/w) osmic acid in 0.1 M cacodylate buffer. Finally, samples were dehydrated by
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successive passages in increasing concentrations of ethanol (30%, 50%, 70%, 85% and 100%),
and were embedded in resin. Ultra-thin sections for TEM analysis were prepared with an
8800 ultratome Il (LKB, Sollentuna, Sweden), after which the cells were visualized with a FEI
Tecnai 10 TEM (Thermo Fisher Scientific, Zaventem, Belgium) and iTEM software (Olympus,
Soft Imaging Solutions, Muenster, Germany). Energy dispersive X-ray spectroscopy (EDS) was
performed on representative cells with the scanning electron microscope JEOL 7500F and
Jeol JED2300 software (Jeol Benelux, Zaventem, Belgium).

3.9 Inductively coupled plasma mass spectrometry

Inductively coupled plasma mass spectrometry (ICP-MS) was used to quantify the cellular
gold content after interaction of AuNPs-PAA(+Ctxb) with the cells. Approximately 20 000-
40 000 cells/cm? were seeded in T25 flasks. After 24h, the medium was replaced by fresh
medium containing 5.0 ug Au/ml of AuNPs-PAA(+Ctxb) for incubation periods of 3h, 6h, 12h
or 24h. After exposure, the cells were rinsed twice with DMEM + 10% FBS, once with PBS,
and collected by trypsinization. Detached cells were washed twice with DMEM + 10% FBS by
successive centrifugation. The cells were counted and re-suspended in 1 ml of Class 1 water.
Next, samples were digested with 0.5 ml aqua regia for 2h at 110°C in PFA Savillex® digestion
vessels (VWR, Leuven, Belgium). The samples were evaporated to incipient dryness,
redissolved in 5% HNOs and then exposed to UV light in a 705 UV-digester (Metrohm,
Zwijndrecht, Belgium) for 2h. Beforehand, 100 pL of 30% H202 was added as initiator for the
UV digestion. Finally, 0.05% HF was added to reduce Au memory effects. The Au content in
the samples was determined with an XSeriesll quadrupole ICP-MS instrument (ThermoFisher
Scientific, Bremen, Germany). Data was acquired from 20 ms dwell time per isotope, 200
sweeps per reading, and 5 readings per sample, resulting in 20 s of measurement time per
isotope. A rinsing time of 150 s was included between each sample. The elements Re, Ir, Tl
were used as internal standards. An external calibration curve based on 0.5-1—-2 -5 ng/ml
of Au standards permitted quantification of the gold content in the samples. The results are
expressed as mean pg Au/cell calculated from three replicates per condition obtained from
one experiment.

3.10 TMRM assay

The effect of AuUNPs-PAA(+Ctxb) on the mitochondrial membrane potential was assessed by
measuring the mitochondrial retention of the TMRM dye. Approximately 25 000 cells/cm?
were seeded in 24-well plates. After 24h, the medium was replaced by fresh medium
containing a non-lethal concentration of nanoparticles (ie 3.0 pg Au/ml for TIME cells, and
5.0 pug Au/ml for THLE-2 and HK-2 cells) for incubation periods of 30 min, 3h, 6h, 12h or 24h.
The non-lethal concentration was estimated on the basis of IncuCyte apoptosis data acquired
from cells exposed to AuNPs-PAA. To assess the presence of oxidative stress after 12h of
exposure, cells were also co-incubated with 2 nM NAC. After the exposure period, the cells
were washed twice with DMEM + 10% FBS, once with PBS, and collected by trypsinization.

100



Gold nanoparticles affect the antioxidant status of selected normal human cells

Subsequently, cells were re-suspended in full medium containing 100 nM TMRM dye, and
incubated for 20 min at 37°C. After centrifugation, cells were re-suspended in PBS, and the
TMRM intensity was measured in the FL2-channel of the BD Accuri C6 flow cytometer (BD
Biosciences, Erembodegem, Belgium). The relative average TMRM intensity was calculated
as the ratio of the TMRM intensity of the sample wells to the average TMRM intensity of the
unexposed control wells, after subtraction of the background signal from unlabeled cells. The
results were obtained from at least three independent experiments with a minimum of three
replicates per condition.

3.11 Thioredoxin reductase and glutathione reductase activity

measurements

Approximately 25 000-45 000 cells/cm? cells were seeded in 175 cm? flasks. After 24h, the
medium was replaced by fresh medium containing a non-lethal concentration of
nanoparticles (ie 3.0 ug Au/ml for TIME cells and 5.0 ug Au/ml for THLE-2 and HK-2 cells) for
an incubation period of 12h. The non-lethal concentration was estimated on the basis of
IncuCyte apoptosis data acquired from cells exposed to AuNPs-PAA. After the exposure
period, cells were washed twice with DMEM + 10% FBS, once with PBS, and collected by
tryspinization. Subsequently, the cell pellets were re-suspended in ice cold PBS. Next, the
cells were centrifuged and lysed by Cellytic M (100 pl per 107 cells), supplemented with a
protease inhibitor tablet. After centrifugation of the samples (14 000 g, 10 min, 4°C), protein
concentrations were quantified with the BCA protein assay kit. Next, the thioredoxin
reductase activity and the glutathione reductase activity in 100 pg of protein were measured
according to the manufacturer’s instructions °1®°17. Results are expressed as the average
change in absorbance per minute and are obtained from at least three independent
experiments with a minimum of two replicates per condition.

3.12 Statistical analysis

Results are reported as mean * standard error (SE). A parametric one-way ANOVA was
performed when more than two cell groups needed to be compared to the unexposed
control group. In this case, the cell groups were exposed to only one variable, such as
different concentrations of AuNPs-PAA(+Ctxb) in the MTS assays or for different incubation
time periods in the TMRM assay. The one-way ANOVA was then followed by a Dunnett post-
hoc test to identify which pairs were significantly different. A parametric two-way ANOVA
was used to analyze the IncuCyte data, since the treated cell groups were exposed to two
independent variables, both different concentrations of AuNPs-PAA(+Ctxb) and for different
incubation times and were compared to the unexposed control group. The two-way ANOVA
was followed by a Dunnett post-hoc test to identify which pairs were significantly different.
A parametric Student’s t-test was used to compare the means of AuNPs-PAA and AuNPs-
PAA-Ctxb treated cells for the MTS assay and the TMRM assay or between the treated and
untreated groups for the enzyme activity assay. Finally, since the ICP-MS data is based on a
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single experiment, a non-parametric Kruskal-Wallis test and a Dunn’s post-hoc test were
performed in order to compare cell groups exposed for different incubation time periods. A
non-parametric Mann-Whitney test was used to compare the means between AuNPs-PAA
and AuNPs-PAA-Ctxb. The statistical analyses were performed by using Prism 7.02 software.
The level of statistical significance is depicted by the number of asterisks as follows: *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.

4. Results

4.1 Size distribution and zeta potential of AUNPs-PAA(£Ctxb)

First, UV-Vis spectra showed surface plasmon resonance peaks between 522 and 526 nm,
which is characteristic for nano-sized AuNPs (Figure S3.1A). The composition of the AuNPs-
PAA-Ctxb and the preserved functionality of Cetuximab after conjugation were described
previously 202474 Successful conjugation of Cetuximab was also demonstrated by gel
electrophoresis showing that Cetuximab was unable to migrate when conjugated to AuNPs-
PAA, unlike uncoupled Cetuximab incubated with AuNPs-PAA (Figure S3.1B). Next, the
AuNPs-PAA(+Ctxb) were characterized in terms of their size distribution and nanoparticle
surface charge. Both these parameters were determined for the AuNPs-PAA(+Ctxb)
dispersed in Class 1 water, DMEM and DMEM supplemented with 10% FBS (Table 3.1). Size
measurements demonstrated peak particle diameters of 4-5 nm for AuNPs-PAA when
dispersed in Class 1 water, DMEM and DMEM with 10% FBS. Conjugation of AuNPs-PAA to
Cetuximab increased the peak particle diameter to 26 nm, 25 nm and 19 nm when dispersed
in Class 1 water, DMEM and DMEM with 10% FBS, respectively. The 5" and 95" percentiles
indicate nanoparticle suspensions that are mainly monodispersed. The size distribution
curves are presented in Figure $3.1C.

The zeta potential values of the AuNPs-PAA and the AuNPs-PAA-Ctxb dispersed in Class 1
water were -30.53 mV and -29.27 mV, respectively. The zeta potential values shifted
significantly towards less negative values when AuNPs-PAA and AuNPs-PAA-Ctxb were
dispersed in DMEM (-8.03 mV and -7.59 mV, respectively) or in DMEM with 10% FBS (-8.37
mV and -7.04 mV, respectively).
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Table 3.1 Characterization of the AUNPs-PAA and AuNPs-PAACtxb dispersed in different media

Nanoparticle type
Suspension medium ‘ AuNPs-PAA ] AuNPs-PAA-Ctxb
Modus size (nm) [5t and 95t percentile]
Class 1 water 4 [4-14] 26 [13-53]
DMEM 5 [4-11] 25 [13-66]
DMEM + 10% FBS 5 [4-11] 19 [12-62]
Zeta potential (mV) #+ SD
Class 1 water -30.53 £0.25 -29.27 £0.15
DMEM -8.03£0.27 -7.59 £ 0.45
DMEM + 10% FBS -8.37£0.25 -7.04£0.22

Notes: The size was measured with disc centrifugation. The values represent the modus particle size,
the 5th and 95th percentile (nm). The zeta potential values were assessed with the Nanosizer Nano ZSP
and are expressed as the mean nanoparticle surface charge + standard deviation (n=3).
Abbreviations: AuNPs, gold nanoparticles; Ctxb, Cetuximab; DMEM, Dulbecco’s modified Eagle’s
medium; FBS, fetal bovine serum; mV, millivolts; PAA, polyallylamine; SD, standard deviation.

The AuNPs-PAA(+Ctxb) used in the following experiments involving cell culture were
dispersed in full medium containing 10% FBS. Table 3.2 presents a summary of the
experiments, the exposure conditions and a short description of the results.
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4.2 Cellular internalization of AUNPs-PAA-Ctxb

Cetuximab targets EGFR and thus can influence the interaction of AuNPs-PAA-Ctxb with the
cells depending on their EGFR expression. Therefore, we verified the overexpression of EGFR
in A431 cells by means of western blot. Compared to A431 cells, HK-2 cells, THLE-2 cells and
TIME cells displayed an EGFR expression of 26%, 3% and 2%, respectively. MDA-MB-453 cells
had the lowest EGFR expression (0.14%) of all (Figure 3.1). TEM demonstrated the
internalization of AUNPs-PAA-Ctxb in all cell types when exposed to 5.0 pug Au/ml of AuNPs-
PAA-Ctxb for 3h or 24h (Figure 3.2). After an exposure period of 3h, the nanoparticles were
present in small intracellular membrane-bound vesicles, which were localized mostly in the
peri-nuclear region of A431 cells (Figure 3.2A), HK-2 cells (Figure 3.2E) and THLE-2 cells
(Figure 3.2G). In the EGFR-negative MDA-MB-453 cells, only a minimal uptake of
nanoparticles was observed (Figure 3.2C). When the exposure period was increased to 24h,
the number of nanoparticle-containing vesicles and the amount of AuNPs-PAA-Ctxb in the
vesicles appeared to increase in all cell types. The nanoparticle uptake by the TIME cells was
characterized mainly by large clusters of AuNPs-PAA-Ctxb, which could be observed at both
3h (Figure 3.21) and 24h of exposure (Figure 3.2J). EDS analysis on representative cells
confirmed the presence of intracellular gold (Supplemental Figure S3.2).
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Figure 3.1 EGFR expression in HK-2 cells, THLE-2 cells, TIME cells and MDA-MB- 453 cells relative to
EGFR expression in A431 cells, determined by Western blot. Results are expressed as mean + SE and
are obtained from at least 4 independent replicates. Protein bands were normalized against B-actin.
Abbreviations: A431: human epidermoid cancer cells; EGFR: epidermal growth factor receptor; HK-2:
human kidney cells; MDA-MB-453: human breast cancer cells; SE: standard error; THLE-2: human liver
cells; TIME: human telomerase immortalized microvascular endothelial cells.
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THLE-2 HK-2 MDA-MB-453 A431

TIME

Figure 3.2 Transmission electron microscopy images demonstrating the internalization of AUNPs-PAA-

Ctxb in A431 cells (A and B), MDA-MB-453 cells (C and D), HK-2 cells (E and F), THLE-2 cells (G and H)
and TIME cells (I and J). The cells were exposed to 5.0 pg Au/mL of AuNPs-PAA-Ctxb for 3h (left column)
or 24h (right column). Arrows indicate AuNPs-PAA-Ctxb. Images were acquired at different
magnifications. Size bar =1 um, N = Nucleus.

Abbreviations: AUNPs-PAA-Ctxb, polyallylamine-coated gold nanoparticles conjugated to Cetuximab;
A431, human epidermoid cancer cells; HK-2, human kidney cells; MDA-MB-453, human breast cancer
cells, THLE-2, human liver cells; TIME, human telomerase immortalized microvascular endothelial cells.
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We also quantified the gold content of the cells by means of ICP-MS after incubation with
5.0 ug Au/ml of AuNPs-PAA(+Ctxb) for 3h, 6h, 12h and 24h (Figure 3.3). It is important to
note that the ICP-MS data represents the interaction of AuNPs with the cell surface as well
as the uptake of AuNPs by the cells. The results demonstrated maximum interaction of
AuNPs-PAA-Ctxb with A431 cells after 3h (1.09 + 0.07 pg Au/cell). Then, the AuNPs-PAA-Ctxb
content decreased to a plateau phase after 6h, which continued until 24h of exposure. During
the plateau phase, there was no significant difference between AuNPs-PAA and AuNPs-PAA-
Ctxb content (Figure 3.3A). The MDA-MB-453 cells showed a small, but significant increase
in AUNPs-PAA content after 24h (0.62 +0.11 pg Au/cell) compared to 3h of exposure (0.27
0.01 pg Au/cell) (Figure 3.3B). In HK-2 cells, the AuNPs-PAA(+Ctxb) content increased and
peaked after 6h of incubation (0.69 + 0.15 pg Au/cell for AuNPs-PAA and 0.98 + 0.07 pg
Au/cell for AUNPs-PAA-Ctxb), after which it decreased gradually (Figure 3.3C). The THLE-2
cells demonstrated an increased AuNPs-PAA(+Ctxb) interaction after 24h of exposure (0.51
+ 0.02 pg Au/cell for AUNPs-PAA and 1.59 + 0.14 pg Au/cell for AuNPs-PAA-Ctxb) (Figure
3.3D). Finally, the TIME cells showed a trend of increasing AuUNPs-PAA-Ctxb content after 12h
(0.38 + 0.07 pg Au/cell) (Figure 3.3E). Overall, the cellular AuNPs-PAA-Ctxb interaction was
higher than the AuNPs-PAA interaction in TIME cells, in THLE-2 cells, in A431 cells after 3h, in
MDA-MB-453 cells after 3h, and in HK-2 cells after 3h and 6h (exact p-values of 0.1).
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Figure 3.3 Interaction of AuNPs-PAA(£Ctxb) with A431 cells (A), MDA-MB-453 cells (B), HK-2 cells (C),
THLE-2 cells (D) and TIME cells (E) quantified with ICP-MS. The cells were exposed to 5.0 ug Au/mL of
AuNPs-PAA(+Ctxb) for 3h, 6h, 12h or 24h. Results are expressed as mean pg gold per cell £ SD calculated
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from 3 replicates per condition obtained from one experiment. A significant difference compared to 3h
of exposure was calculated by a Kruskal-Wallis test and a Dunn’s post-hoc test (*p<0.05).
Abbreviations: A431: human epidermoid cancer cells; Ctxb: Cetuximab; Au: gold; AuNPs-PAA:
polyallylamine-coated gold nanoparticles; HK-2: human kidney cells; ICP-MS: inductively coupled
plasma mass spectrometry; MDA-MB-453: human breast cancer cells; SD: standard deviation; THLE-2:
human liver cells; TIME: human telomerase immortalized microvascular endothelial cells.

4.3 AuNPs-PAA(+Ctxb) reduced the cell viability

TEM and ICP-MS results clearly showed interactions and uptake of AuNPs by the cells.
Therefore, we assessed the cell viability after exposure to increasing concentrations of
AUNPs-PAA(+Ctxb) for 3h and 24h. MTS assays revealed that AuUNPs-PAA(+Ctxb) reduced cell
viability in a concentration- and time-dependent manner (Figure 3.4). The lowest observed
effect concentration (LOEC) presents the lowest tested concentration causing a significantly
reduced cell viability. The LOEC of AuNPs-PAA after 3h of exposure is 25.0 ug Au/ml for the
A431 cells and 12.5 pg Au/ml for the MDA-MB-453 cells (Figure 3.4C), the THLE-2 cells (Figure
3.4G) and the TIME cells (Figure 3.41). The HK-2 cells showed no significant reduction in cell
viability (Figure 3.4E) at the maximum exposure concentration of 50.0 ug/ml. However, when
the exposure period was increased to 24h, the LOEC values decreased for all cell types (Table
3.3). Although exposure to AuNPs-PAA-Ctxb demonstrated a concentration- and time-
dependent cytotoxicity profile comparable to that described for unconjugated AuNPs, they
were significantly less cytotoxic. This difference in cytotoxic effect was generally observable
from exposure to a nanoparticle concentration of 6.25 ug Au/ml for 24h for A431 cells (Figure
3.4B), MDA-MB-453 cells (Figure 3.4D), HK-2 cells (Figure 3.4F) and THLE-2 cells (Figure 3.4H).
Indeed, the calculated half maximal effect concentrations (ECso) of AuNPs-PAA-Ctxb were
significantly higher than the ECso concentrations of AuNPs-PAA in all cell types, except for the
TIME cells (Table 3.3). In addition, these ECso values demonstrated that the sensitivity to the
cytotoxic effects of the nanoparticles were also cell type-dependent. Interestingly, the EGFR-
overexpressing A431 cancer cells were the least sensitive cells. Amongst the healthy cells,
the TIME cells were the most vulnerable for the cytotoxic effects of the AuNPs-PAA(+Ctxb),
whereas the HK-2 cells were the most resistant.
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Figure 3.4 Cell viability after exposure to AuNPs-PAA (black curves) and AuNPs-PAA-Ctxb (gray curves)
of A431 cells (A and B), MDA-MB-453 cells (C and D), HK-2 cells (E and F), THLE-2 cells (G and H) and
TIME cells (I and J). Cells were exposed to increasing concentrations of AUNPs-PAA or AuNPs-PAA-Ctxb
for 3h or 24h. The number of viable cells was assessed by MTS assay. The results are expressed as the
mean percentage of viable cells relative to the unexposed cells £ SE and are obtained from at least
three independent experiments with a minimum of three replicates per condition. A significantly
reduced viability compared to the unexposed control was calculated by a one-way ANOVA and a
Dunnett post hoc test (*p<0.05, **p<0.01, ***p<0.001 ****p<0.0001).

Abbreviations: A431: human epidermoid cancer cells; ANOVA: analysis of variance; AuNPs-PAA:
polyallylamine-coated gold nanoparticles; Ctxb: Cetuximab; HK-2: human kidney cells; MDA-MB-453:
human breast cancer cells; SE: standard error; THLE-2: human liver cells; TIME: human telomerase
immortalized microvascular endothelial cells.
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Table 3.3 ECso values (ug Au/ml) after 24h of cell exposure and LOEC (ug Au/ml) after 3h and 24h of
exposure to AuUNPs-PAA and AuNPs-PAA-Ctxb.

AuNPs-PAA AuNPs-PAA-Ctxb

Cell type LOEC | LOEC | ECso+95%Cl LOEC | LOEC | ECso+95%Cl
(3h) | (24h) | (24h) (3h) (24h) | (24h)

A431 25.0 12.5 13.7[12.8-14.6 50.0 25.0 26.9[24.8—-29.1]

] [
MDA-MB-453 125 | 6.25 | 831[7.67-8.96] | 50.0 6.25 12.3[11.6 -13.0]
HK-2 >50 6.25 | 9.65[8.60-10.7] | >50 12.5 16.7 [15.3-18.2]
THLE-2 125 | 3.12 | 5.08[4.36-5.79] | 3.12 6.25 | 9.75[9.04-10.5]
TIME 12.5 | 6.25 | 5.47[5.18-5.75] | 12.5 6.25 | 5.67[5.08 -6.26]

Note: Values were calculated from the MTS viability assays and expressed as ug Au/mL (Figure 3.4).
Abbreviations: A431: human epidermoid cancer cells; AuNPs: gold nanoparticles; Cl: confidence
interval; ECso: Half maximal effect concentration; HK-2: human kidney cells; LOEC: lowest observed
effect concentration; MDA-MB-453: human breast cancer cells, THLE-2: human liver cells; TIME: human
telomerase immortalized microvascular endothelial cells; Ctxb: cetuximab.

4.4 AuNPs-PAA(+Ctxb) induced apoptosis

The MTS viability assays demonstrated reduced cell viability after exposure to AuNPs-
PAA(+Ctxb). However, the assay is based on the metabolic activity of the cells and gives no
further information about the process of cell death. Therefore, we performed live cell
imaging measuring the caspase 3/7 activity and annexin V labeling, two markers of apoptosis.
The results demonstrated that exposure to AuNPs-PAA(+Ctxb) caused apoptotic cell death in
a concentration- and time-dependent manner (Figure 3.5). In the first 24h, 50.0 ug Au/ml
(red line) and 25.0 pug Au/ml (purple line) of AuNPs-PAA(+Ctxb) resulted in a significant
increase in caspase 3/7 activity and annexin V labeling in all cell types. TIME cells, in addition,
showed a significant increase in the apoptotic parameters after exposure to 12.5 ug Au/ml
of nanoparticles (Figure 3.5I-T, yellow line). Extending the exposure period to 48h, 12.5 pg
Au/ml of AuNPs-PAA (yellow line) significantly increased apoptosis in MDA-MB-453 (Figure
3.5C-D) cells, HK-2 cells (Figure 3.5E-F) and THLE-2 cells (Figure 3.5G-H), whereas 6.25 ug
Au/ml (brown line) also induced significant apoptosis in the TIME cells (Figure 3.51-J) and HK-
2 cells (Figure 3.5E-F). Finally, from 48h to 72h, 6.25 pg Au/ml of AuNPs-PAA (brown line) led
to a significant number of apoptotic cells in MDA-MB-453 cells (Figure 3.5C-D), whereas 3.12
ug Au/ml of AUNPs-PAA (green line) increased apoptosis significantly in the TIME cells (Figure
3.51-)). Similar to the MTS assay, the live cell imaging data demonstrated that AuNPs-PAA-
Ctxb are less cytotoxic than the AuNPs-PAA. Exposure to AuNPs-PAA-Ctxb reduced or delayed
the increase in caspase 3/7 activity and annexin V labeling compared to exposure to AuUNPs-
PAA.
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Figure 3.5 Live cell imaging for caspase 3/7 activation (left lanes) and annexin V labeling (right lanes) in
A431 cells (A and B, K and L), MDA-MB-453 cells (Cand D, M and N), HK-2 cells (E and F, O and P), THLE-
2 cells (G and H, Q and R) and TIME cells (I and J, S and T). The cell lines were exposed to increasing
concentrations of AuNPs-PAA or AuNPs-PAA-Ctxb. Time-lapse pictures were taken every 2h for 72h.
The results are expressed as the mean area of caspase 3/7 or annexin V per well + SE and are obtained
from at least three replicates. A significant increase in caspase 3/7 activity and annexin V labeling
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compared to unexposed control cells was calculated by a two-way ANOVA and a Dunnett post-hoc test.
The start of significance is visualized by vertical bars (*p<0.05, **p<0.01, ***p<0.001 ****p<0.0001).
Abbreviations: A431: human epidermoid cancer cells; ANOVA: analysis of variance; AuNPs-PAA:
polyallylamine-coated gold nanoparticles; Ctxb: Cetuximab; HK-2: human kidney cells; MDA-MB-453:
human breast cancer cells; SE: standard error; THLE-2: human liver cells; TIME: human telomerase

immortalized microvascular endothelial cells.

4.5 AuNPs-PAA(+Ctxb) caused mitochondrial dysfunction

Live cell imaging identified apoptosis as the cell death mechanism after exposure to AuNPs-
PAA(xCtxb). Since mitochondria are key players in activating apoptosis, we assessed
mitochondrial dysfunction by measuring the mitochondrial membrane potential after
exposure of the cells to a sub-lethal concentration of AuNPs-PAA(+Ctxb) (Figure 3.6). A
temporary hyperpolarization of the mitochondrial membrane potential was observed in HK-
2 cells exposed to AuNPs-PAA-Ctxb (Figure 3.6A) and in TIME cells exposed to AuNPs-
PAA(+Ctxb) (Figure 3.6C) for 3h. Following 6h of exposure to AuNPs-PAA(+Ctxb), the
mitochondrial membrane potential of THLE-2 cells (Figure 3.6B) was reduced by
approximately 11-14%, and of TIME cells (Figure 3.6C) by approximately 6-10%, compared to
the unexposed controls. After extending the exposure period to 12h, the mitochondrial
membrane potentials of the THLE-2 cells and TIME cells were further depolarized to 80% and
60%, respectively. Only exposure to AUNPs-PAA could temporarily reduce the mitochondrial
membrane potential of the HK-2 cells by 15% (Figure 3.6A). Finally, after 24h of exposure,
the mitochondrial membrane potential of the THLE-2 cells and the TIME cells was repolarized
to more than 90% compared to the unexposed control cells. HK-2 cells exposed to AuNPs-
PAA-Ctxb exhibited a significant hyperpolarization. Although AuNPs-PAA-Ctxb led to less cell
death than AuNPs-PAA, no strong differences were observed in the mitochondrial membrane
depolarization of cells exposed to AUNPs-PAA and those exposed to AuNPs-PAA-Ctxb.
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Figure 3.6 Mitochondrial membrane potential measurements of the HK-2 cells (A), THLE-2 cells (B) and
TIME cells (C) after exposure to AuNPs-PAA or AuNPs-PAA-Ctxb. TIME cells were exposed to 3.0 ug
Au/mL, THLE-2 and HK-2 cells were exposed to 5.0 pug Au/mL of AuNPs-PAA or AuNPs-PAA-Ctxb. During
the 12h exposure, 2 nM NAC was added to assess oxidative stress. The mitochondrial membrane
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potential was measured with TMRM fluorescence, detected by flow cytometry. The results are
expressed as mean TMRM fluorescent signal relative to the unexposed control cells (red line) + SE and
are obtained from at least three independent experiments with a minimum of three replicates per
condition. Significant difference in TMRM signal compared to the unexposed control was calculated by
a one-way ANOVA and a Dunnett post-hoc test (bullets). Significant difference in TMRM fluorescent
signal between AuNPs-PAA and AuNPs-PAA-Ctxb exposed cells, or between nanoparticle-exposed cells
and NAC co-exposed cells, was calculated by a Student’s t-test (asterisks) (*p<0.05, **p<0.01,
#%%p<0.001 ****p<0.0001).

Abbreviations: ANOVA: analysis of variance; AuNPs-PAA: polyallylamine-coated gold nanoparticles;
Ctxb: Cetuximab; HK-2: human kidney cells; NAC: N-acetyl L-cysteine; SE: standard error; THLE-2:
human liver cells; TIME: human telomerase immortalized microvascular endothelial cells.

4.6 AuNPs-PAA(+Ctxb) inhibited the activity of thioredoxin
reductase and glutathione reductase

Thioredoxin reductase (TrxR) and glutathione reductase (GR) are enzymes involved in the
antioxidant defense mechanism of the cell. TrxR and GR both use NADPH to reduce
thioredoxin (Trx) and glutathione (GSH), respectively, which are in turn used by peroxidases
to eliminate H202. Oxidative stress can have a negative effect on mitochondrial function.
Since an exposure period of 12h resulted in the most pronounced mitochondrial membrane
depolarization (Figure 3.6), we measured the TrxR and GR activity in the cells after exposure
to a non-lethal concentration of AuNPs-PAA(+Ctxb) for 12h (Figure 3.7). Incubation with
AUNPs-PAA(+Ctxb) strongly inhibited the TrxR activity in HK-2 cells (Figure 3.7A), THLE-2 cells
(Figure 3.7B) and TIME cells (Figure 3.7C) with residual activities of 22.8%, 15.3% and 6.3%,
respectively. In addition, a decrease of the GR activity was observed, but to a lesser extent
than was the case for TrxR inhibition (with residual activities of 61.2%, 69.2% and 37.9% for
HK-2 cells, THLE-2 cells and TIME cells, respectively). In general, the inhibitory effects on TrxR
and GR were most profound in TIME cells, followed by THLE-2 cells and HK-2 cells.
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Figure 3.7 Thioredoxin reductase and glutathione reductase activity in the HK-2 cells (A), THLE-2 cells
(B) and TIME cells (C) after exposure to AuNPs-PAA or AuNPs-PAA-Ctxb. TIME cells were exposed to 3.0
ug Au/mlL, THLE-2 and HK-2 cells were exposed to 5.0 ug Au/mL of AuNPs-PAA or AuNPs-PAA-Ctxb for
12h. The enzyme activity rate per minute was measured by the increase in absorbance at 405 nm for
GR and at 412 nm for TrxR. The results are expressed as mean enzyme activity rate per minute per 100
ug of protein + SE and are obtained from at least three independent experiments with a minimum of
two replicates per condition. Significant difference in enzyme activity rate compared to the unexposed
control was calculated by a Student’s t-test (*p<0.05, **p<0.01, ***p<0.001 ****p<0.0001).
Abbreviations: AuNPs-PAA: polyallylamine-coated gold nanoparticles; Ctxb: Cetuximab; GR: glutathione
reductase; HK-2: human kidney cells; SE: standard error; THLE-2: human liver cells; TIME: human
telomerase immortalized microvascular endothelial cells; TrxR: Thioredoxin reductase.

4.7 The protective effect of N-acetyl L-cysteine (NAC)

Finally, we investigated the ability of NAC to counteract the cytotoxicity caused by AuNPs-
PAA(£Ctxb). NAC is a potent thiol-containing anti-oxidant, which can interact with ROS such
as OH and H202 through the reducing capacity of its thiol-disulfide exchange activity.
Furthermore, NAC acts as a precursor of reduced glutathione >*8°%°, Since an exposure period
of 12h resulted in the most pronounced mitochondrial membrane depolarization, the
potential protective effect of NAC was assessed after exposure to a non-lethal concentration
of AuNPs-PAA(xCtxb) for 12h. Co-incubation of the cells with AuNPs-PAA(+Ctxb) and NAC
prevented mitochondrial membrane depolarization in all cell types after 12h of exposure
(Figure 3.6). Furthermore, the increases in caspase 3/7 activity and annexin V labeling were
remarkably reduced (Figure 3.8) compared to AuNPs-PAA(+Ctxb) exposure without NAC
(Figure 3.5). Indeed, during co-exposure with NAC, only exposure to the highest AuNPs-
PAA(+Ctxb) concentrations of 50.0 ug Au/ml (red line) and 25.0 pug Au/ml (purple line)
resulted in a significant increase in annexin V and caspase 3/7 labeling in most cell types. In
addition, a concentration of 12.5 ug Au/ml (yellow line) of AuNPs-PAA resulted in a significant
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increase in annexin V and caspase 3/7 labeling in MDA-MB-453 cells (Figure 3.8C-D) and TIME
cells (Figure 3.81-)).
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Figure 3.8 Live cell imaging for caspase 3/7 activation (left panels) and annexin V labeling (right panels)
in A431 cells (A and B, K and L), MDA-MB-453 cells (C and D, M and N), HK-2 cells (E and F, O and P),
THLE-2 cells (G and H, Q and R) and TIME cells (I and J, S and T). The cell lines were co-exposed to
increasing concentrations of AuNPs-PAA or AuNPs-PAA-Ctxb and 2 nM of NAC. Time-lapse pictures
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were taken every 2h for 72h. The results are expressed as the mean area of caspase 3/7 or annexin V
per well + SE and are obtained from at least three replicates. A significant increase in caspase 3/7
activity and annexin V labeling compared to unexposed control cells was calculated by a two-way
ANOVA and a Dunnett post-hoc test. The start of significance is visualized by vertical bars (*p<0.05,
**p<0.01, ***p<0.001 ****p<0.0001).

Abbreviations: A431: human epidermoid cancer cells; ANOVA: analysis of variance; AuNPs-PAA:
polyallylamine-coated gold nanoparticles; Ctxb: Cetuximab; HK-2: human kidney cells; MDA-MB-453:
human breast cancer cells; SE: standard error; NAC: N-acetyl L-cysteine; THLE-2: human liver cells;
TIME: human telomerase immortalized microvascular endothelial cells.

4.8 Correlation between cell viability, TrxR activity and
mitochondrial membrane depolarization

The previous results demonstrated that the most sensitive TIME cells exhibited the strongest
mitochondrial membrane depolarization, the highest basal TrxR activity and the strongest
TrxR inhibition. Alternatively, the more resistant HK-2 cells showed a mild mitochondrial
membrane depolarization, the lowest basal TrxR activity and the least TrxR inhibition. In
order to interpret the relation between the cell viability, the TrxR activity and the
mitochondrial membrane potential, correlation studies were performed. The results
highlighted a clear correlation between: (I) the residual mitochondrial membrane potential
and the cell viability (Figure 3.9A, Pearson’s r = 0.995), (Il) basal TrxR activity and the cell
viability (Figure 3.9B, Pearson’s r = -0.929), (lll) the extent of TrxR inhibition and the cell
viability (Figure 3.9C, Pearson’s r = -0.920), and (IV) the extent of TrxR inhibition and the
residual mitochondrial membrane potential (Figure 3.9D, Pearson’s r = -0.997 for AUNPs-PAA
and r =-0.969 for AuNPs-PAA-Ctxb).
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Figure 3.9 Correlation analyses showing the relation between the residual mitochondrial membrane
potential and cell viability (A); the basal TrxR activity and cell viability (B); the extent of TrxR activity and
cell viability (C); and the extent of TrxR inhibition and the residual mitochondrial potential (D). Data are
presented as mean * SD (for mitochondrial membrane potential and TrxR activity) or 95% Cl (for ECsp).
1= HK-2 cells, 2= THLE-2 cells and 3= TIME cells.

Abbreviations: Cl, confidence interval; HK-2, human kidney cells; SD, standard deviation; THLE-2, human
liver cells; TIME, human telomerase immortalized microvascular endothelial cells; TrxR, thioredoxin
reductase; AuNPs-PAA, polyallylamine-coated gold nanoparticles; Ctxb, cetuximab; ECso, half maximal
effect concentration

5. Discussion

Only a limited number of reports have been published investigating the toxicity of AUNPs on
non-cancerous human cells that were expected to be significantly exposed to AuNPs after in
vivo administration. In this study, we presented a comprehensive evaluation of the
cytotoxicity of polyallylamine-coated AuNPs conjugated to Cetuximab (AuNPs-PAA-Ctxb) in
normal human kidney, liver and microvascular endothelial cells, and compared the toxicity
profile with their unconjugated counterparts (AuNPs-PAA).
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TEM images demonstrated that the AuNPs-PAA-Ctxb were present in intracellular vesicles
and thus suggested that AuNPs-PAA-Ctxb uptake was mediated by endocytosis. The extent
of nanoparticle internalization depends on the AuNPs surface modifications as well as on the
cell type and the incubation time. Indeed, quantitative ICP-MS data showed that conjugation
of the AuNPs-PAA with Cetuximab resulted in an overall increased cellular interaction. This
was observed in the THLE-2 cells and TIME cells, but less so in the EGFR-negative MDA-MB-
453 cells, which potentially use non-specific uptake routes. Furthermore, A431 cells and HK-
2 cells, with high expression levels of EGFR, exhibited this higher AuNPs-PAA-Ctxb interaction,
especially after short incubation times of 3h and 6h. This observation could be attributed to
Cetuximab, since it promotes a fast receptor-mediated internalization of AuNPs in A431 cells
and in pancreatic cancer cells after 30 min-2h #6529 Furthermore, it has been demonstrated
that intermediate-sized nanoparticles (20-60 nm) are endocytosed more efficiently than
smaller nanoparticles 222°2%, Thus, in addition to receptor targeting, the overall increased size
of the AuNPs-PAA-Ctxb compared to AuNPs-PAA could have facilitated their cellular uptake.
However, we noticed a subsequent decrease in the gold content in the A431 and HK-2 cells.
This could potentially be related to a reduced cell surface number of EGFR and/or exocytosis
of the AuNPs. In fact, Cetuximab-conjugated AuNPs inhibit the recycling of EGFR from
endosomes to the cell surface more efficiently than free Cetuximab #8620, This would lead to
a prolonged reduction in the number of docking sites for Cetuximab and therefore less
uptake of the AuNPs-PAA-Ctxb over time. Furthermore, it has been reported that
macropinosomes in A431 cells diffuse with difficulty to lysosomes and travel back to the
extracellular fluid >?>°23, No exocytosis processes were reported yet for HK-2 cells. In contrast
to the aforementioned interaction kinetics, the MDA-MB-453 cells, the TIME cells and the
THLE-2 cells showed a more gradual and progressive increase in AuNPs-PAA(+Ctxb) content
with increasing incubation periods, which could indicate a less efficient and specific AUNPs
uptake. Interestingly, despite the relatively low interactions of AuNPs-PAA(xCtxb) with the
TIME cells, as shown by ICP-MS (maximum 0.38 + 0.07 pg Au/cell), the TEM images
demonstrated large intracellular nanoparticle clustering. Nanoparticle clustering was also
observed in human umbilical vein endothelial cells (HUVECs) incubated with 10%? citrate-
capped AuNPs/ml for 24h under static conditions °**. A possible hypothesis for this
observation is that nanoparticles can be trapped and clustered within the glycocalyx coating
of the endothelial cells >?°. Furthermore, the microvascular endothelial cells control the
continuous passage of macromolecules and fluid from the blood to the extravascular tissue.
Therefore, endothelial cells are rich in cell surface invaginations to engulf proteins, lipids and

nanoparticles >%°.

Since we demonstrated clear, but different interactions of the AuNPs-PAA(+Ctxb) with the
cells, we performed cell viability assays to investigate the effects of AUNPs-PAA(+Ctxb) on the
different cell types. Our results showed that the AuNPs-PAA(+Ctxb) toxicity was increased in
a concentration- and time-dependent manner In addition, the ECso values, based on the MTS
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assays after 24h of exposure, demonstrated that various cell types are differentially sensitive
to the effects of the AuNPs. Interestingly, EGFR-overexpressing A431 cells exhibited the
highest resistance to AuNPs-PAA-Ctxb-induced toxicity (ECso = 26.9 ug Au/ml), followed by
HK-2 cells (ECso = 16.7 pg Au/ml), MDA-MB-453 cells (ECso = 12.3 ug Au/ml), THLE-2 cells
(ECso = 9.75 pg Au/ml) and TIME cells (ECso =.5.67 pg Au/ml). These findings are not
consistent with several other toxicity studies demonstrating that cancer cells are more
sensitive to nanoparticle-induced toxicity than normal cells and that antibody-conjugated
AuNPs enhance cell death in antigen-overexpressing cancer cells 25%:252489,527529 | fact, we
showed that conjugation of AuNPs-PAA to Cetuximab even reduced nanoparticle-induced
cytotoxicity, leading to ECso values that are 1.5-2 times higher than the ECsp values of the
cells incubated with AuNPs-PAA. This observation could be attributed to the change in
surface coating of AUNPs-PAA after antibody conjugation, which could reduce the interaction

of gold with biological components 396230,

The calculated ECso values allow comparison of the sensitivity of the (normal) cells and the
toxicity of our unique AuNPs-PAA(+Ctxb) with other reports in literature. As such, the ECso
value of A431 cells after 24h of exposure to AUNPs-PAA-Ctxb is 2.5 times lower than the ECso
value calculated for 30 nm citrate-reduced AuNPs on A431 cells >3, As a result, our AuNPs-
PAA-Ctxb have a much higher capacity to induce cell death in the tumor cells, whereas the
reduced cytotoxicity of the AuNPs-PAA-Ctxb compared to AuNPs-PAA is advantageous for
the normal healthy cells. Focusing on the kidney cells, incubation of normal human proximal
tubular cells with 40 nm polyethylenimine-coated AuNPs has shown to activate pathways
involved in apoptosis and DNA damage repair. An ECso value of 72.18 pg/ml was calculated
after 24h of exposure, which is approximately 4-7 times higher than the ECsovalue of the HK-
2 cells in this study °%. In the liver tissue, the RES is the main cause of rapid sequestration of
AuNPs. Uptake of 5 nm polyvinylpyrrolidone-coated AuNPs (98 pg/ml) in endocytic vesicles
was observed in hepatocytes of rat liver precision-cut slices >2. This uptake did not translate
into significant cytotoxicity after 24h of exposure. The latter is consistent with 3.2 nm
dihydrolipoic-coated gold nanoclusters (24.5 ug/ml) causing no toxicity in the normal human
liver LO2 cell line after 72h of exposure >32°33, |In contrast, production of pro-inflammatory
cytokines has been demonstrated in primary rat hepatocytes after 4h of incubation with 20
nm AuNPs (211.2 pg/ml), showing a higher sensitivity than liver macrophages >34
Furthermore, a time- and concentration-dependent uptake of 40 nm polyethylenimine-
coated AuNPs in normal human hepatocytes resulted in oxidative stress. However, the
calculated ECso value of 170 pug/ml after 24h of exposure is still 30 times higher than the ECso
value for the THLE-2 cells in this study °%. Finally, we showed that TIME cells exhibit the
highest sensitivity to AuNPs-PAA(+Ctxb), which could be related to their clustered
nanoparticle uptake observed by TEM imaging. It is noteworthy that the experiments were
performed under static conditions, whereas the endothelial cell layer in particular is
subjected to a continuous blood flow and shear stress in vivo. Fede et al (2015) revealed that
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the cytotoxicity of PEG-coated AuNPs in HUVECs was significantly lower under flow-
conditions than under static conditions. However, the toxicity increased with increasing
concentrations and incubation times, which is consistent with our data >**. Altogether, our
results regarding cell viability and the above-mentioned reports demonstrate that the
sensitivity to AuNPs-induced cytotoxicity depends on the cell type as well as on the
nanoparticle size, coating, concentration and incubation time.

Multiple hypotheses have been proposed regarding how AuNPs interact with cellular
components after endocytosis. For example, endosomal escape could lead to physical
interaction between the AuNPs and biological components >33, Others have reported on
gold ion release due to particle degradation caused by the acidic lysosomal environment
177233537 "|n order to gain knowledge regarding the underlying mechanisms of our AuNPs-
PAA(+Ctxb) cytotoxicity, we assessed apoptosis, mitochondrial dysfunction and measured
antioxidant enzyme activities. Our results demonstrated that AuUNPs-PAA(+Ctxb) were able
to decrease the TrxR and GR activity in normal cell types. Generally, the AuNPs-PAA(+Ctxb)
inhibited TrxR more effectively than GR, which may be ascribed to the high affinity of gold
for the selenocysteine residue present in the active site of TrxR, but lacking in GR 2*3. TIME
cells showed the highest basal TrxR and GR activity, followed by THLE-2 cells and HK-2 cells.
The abundance of TrxR in TIME cells could be related to the Trx system modulating
angiogenic activities, such as endothelial migration, proliferation and vascular network
formation >3%°3%. Consequently, AuNPs-PAA(£Ctxb) were able to exert a considerable
stronger inhibitory effect on the TrxR (and GR) of TIME cells than on THLE-2 and HK-2 cells
(6.3% of residual TrxR activity in TIME cells versus in 15.3% in THLE-2 cells and 22.8% in HK-
2 cells). Similar cell type-dependent differences in TrxR inhibition were reported in 5 cancer
cell lines with A431 cells, the most resistant cell type in our experiments, having the lowest
basal TrxR activity 7>37. Inhibition of TrxR and GR creates a lack of reduced Trx and GSH,
which are needed as substrates for peroxidases to eliminate H20.. The disturbance in the
thiol redox balance can lead to oxidative stress causing mitochondrial dysfunction >%°. Indeed,
our results demonstrated a substantial depolarization of the mitochondrial membrane
potential after 12h of AuNPs incubation, especially in TIME cells (60.4% of control
fluorescence), in THLE-2 cells (79.2% of control fluorescence) and to a lesser extent in HK-2
cells (84.8% of control fluorescence). Furthermore, a strong correlation was observed
between the extent of TrxR inhibition and the mitochondrial membrane depolarization
(Figure 3.9D). The correlation analyses including ECso values (Figure 3.9A-C) indicate that the
sensitivity of the cells to AuNPs-PAA(+Ctxb) was strongly associated with the basal TrxR
activity, the extent of TrxR inhibition and the mitochondrial membrane depolarization.
Alternatively, EGFR expression and cellular AuUNPs-PAA(+Ctxb) interaction were less decisive,
as shown by ICP-MS (maximum gold content of 0.98 pg/cell in HK-2 cells compared to 0.38
pg/cell in TIME cells).
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Notably, the mitochondrial membrane depolarization recovered almost completely after 24h
of exposure to a sub-lethal concentration of AuNPs-PAA(+Ctxb). A possible explanation is
given by Penninckx et al, who demonstrated a substantial increase of autophagic activity in
A549 after 12-18h of AuNPs incubation, but no longer after 24h 7. In addition, exposure to
50 nm citrate-capped AuNPs caused autophagy in HK-2 cells, promoting their cell survival 262,
This suggests that autophagy could be responsible for the observed cell recovery by providing
energy through the lysosomal degradation of cytoplasmic constituents. However, next to
serving as a cell survival mechanism, autophagy can also mediate the induction of apoptosis
after exposure to AuNPs 61, Furthermore, a link exists between apoptosis and the Trx system.
More specifically, reduced Trx interacts with the apoptosis signaling kinase-1 (ASK-1) and
prevents its homodimerization and activation. As Trx becomes oxidized, it dissociates from
the complex and ASK1 induces the mitochondrial-dependent apoptotic pathway >3%°3. Since
AuUNPs-PAA(+Ctxb) caused a strong TrxR inhibition, it can lead to a lack of reduced Trx and a
pro-apoptotic status. The live cell imaging results showed that exposure to AuNPs-
PAA(+Ctxb) provoked a concentration-and time-dependent activation of caspase 3/7 and
annexin V labeling, identifying apoptosis as a major mechanism of cell death.

We further verified the central role of oxidative stress in AuNPs-induced cytotoxicity by co-
incubation of the cells with AuNPs-PAA(+Ctxb) and NAC. In addition to its antioxidant
function, NAC acts as a precursor for reduced glutathione and can replenish the depleted
intracellular glutathione content. The latter has been observed in human leukemia cells,
human hepatoma cells and normal human fibroblasts following exposure to AuNPs 23541,
The results showed that co-incubation of the cells with NAC avoided the mitochondrial
membrane depolarization and significantly reduced apoptotic cell death. This is consistent
with results demonstrating that pre-exposure of Hela cells and MCF-7 cells with NAC,
glutathione, and triphenylphosphine monosulfonate (TPPMS) increased cell survival during
exposure to 1.4 nm TPPMS-coated AuNPs and 3-10 nm chitosan-coated AuNPs 253527,
However, pre-exposure with ascorbic acid, a non-thiol containing antioxidant, did not
significantly reduce the toxicity of the AuNPs. Therefore, Pan et al suggested that thiol-
containing antioxidants not only reduced the oxidative stress caused by the nanoparticles,

but also could neutralize the AuNPs interactions with vital biological targets 2>3.

Altogether, our findings in normal cells complement other studies demonstrating that AuNPs
disturb the cellular redox balance, trigger mitochondrial dysfunction and could lead to
apoptosis in various cancer cells 177:180.233,244,246,251-253,528,537,542 | fact, the inhibition of TrxR
and the mitochondrial dysfunction have been identified as important biological aspects of
the AuNPs radiosensitization mechanism in therapeutic radiotherapy %37, Consequently,
basal TrxR activity could possibly be used as a tool to estimate the sensitivity of normal cells
to AuNPs when a significant accumulated dose of AuNPs is expected after administration. It
should be noted that the results of this study are based on one specific cell line originating
from either the kidney, the liver or the microvasculature, and therefore warrants further in
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vivo testing. Furthermore, this study stimulates future research to investigate AUNPs toxicity

in normal human cells and tissues that encounter a significant dose of AuNPs after in vivo
administration.

6. Conclusion

Since only a limited number of reports have been published investigating the toxicity of
AuNPs on normal human cells, the present study complements the literature on the
inhibitory effects of AuNPs investigated in cancer cells. The results of this study point out a
general mechanism of cytotoxicity induced by AuNPs-PAA(xCtxb). However, the sensitivity
to AUNPs-PAA(+Ctxb) is cell-type dependent according to the cell type characteristics. More
specifically, basal TrxR activity, TrxR inhibition and mitochondrial membrane depolarization
were clearly correlated with the sensitivity of the cells to AuNPs-PAA(+Ctxb). In contrast,
EGFR expression and the subsequent cellular interactions with AuNPs-PAA(+Ctxb) were less
clear cut. Furthermore, we demonstrated that conjugation to Cetuximab reduced the
cytotoxicity of the AuNPs-PAA, potentially due to the change in surface coating. This study
paves the way to investigate basal TrxR activity as a potential tool to predict which healthy
cells and tissues could exhibit a high sensitivity to AuNPs after administration. This supports
the understanding of the risks associated with the use of AuNPs in vivo.

7. Supplemental information
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Figure S3.1 UV-Vis spectrum of AuNPs-PAA and AuNPs-PAA-Ctxb (A). Gel electrophoresis of Ctxb,
AuNPs-PAA + Ctxb and AuNPs-PAA-Ctxb (B). Size distribution curves (relative number) of AuNPs-PAA
and AuNPs-PAA-Ctxb in MilliQ water, DMEM and DMEM + 10% FBS obtained from CPS Disk
Centrifugation (C).

Abbreviations: AuNPs-PAA, polyallylamine-coated gold nanoparticles; Ctxb, Cetuximab; FBS, Fetal
bovine serum; DMEM, Dulbecco’s Modified Eagle Medium
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k
T NS
1+(xi50)

Equation $3.1 Log-logistic function for curve fitting of the MTS viability data.

y:

k(1+gx)
y= IR
1+ (1+ 29%50) (5-)

Equation $3.2 Modified log-logistic function for curve fitting of the MTS viability data.

In both equations, y represents the experimental cell viability, x is the gold concentration and S defines
the slope parameter. Moreover, k is the response at x = 0 and x50 is the gold concentration at which
the cell viability is reduced by 50% compared to control response. Finally, in the second equation, g
represents the hormesis parameter, modelling a potential stimulatory effect of low gold
concentrations.
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< Figure 3.2 Energy dispersive X-ray spectroscopy analysis on a representative THLE-2 cell (A), a TIME
cell (G) and a HK-2 cell (M-N), which were treated with 5 ug Au/ml of AuNPs-PAA-Ctxb for 3h or 24h.
Gold mapping was performed on the THLE-2 cell /(B) and the TIME cell (H). Bright signal zones (red
squares) were analyzed resulting in specific X-ray spectra (C-I1-O) and quantification of gold, carbon and
oxygen (E-K-Q). No-signal zones (blue squares) were analyzed resulting in specific X-ray spectra (D-J-P)
and the detection of only carbon and oxygen (F-L-R).
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Chapter IV

1. Abstract

Cetuximab-conjugated gold nanoparticles are known to target cancer cells, but display
toxicity towards normal kidney, liver and endothelial cells in vitro. In this study, we
investigated their pharmacokinetics, biodistribution and toxicity after intravenous
administration in healthy mice. Our data showed that these nanoparticles were rapidly
cleared from the blood and accumulated mainly in the liver and spleen with long-term
retention. Acute liver injury, inflammatory activity and vascular damage were transient
and negligible, as confirmed by the liver functionality tests and serum marker analysis.
There was no sign of altered liver, kidney, lung and spleen morphology up to 4 weeks
post-injection. After 6 months, kidney casts and splenic apoptosis appeared to be more
prevalent than in the controls. Furthermore, occasional immune cell infiltration was
observed in the lungs. Therefore, we recommend additional in vivo studies, in order to
investigate the long-term toxicity and elimination of gold nanoparticles after multiple
dosing in their preclinical validation as new targeted anti-cancer therapies.
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2. Background

Over the last few decades, applications of gold nanoparticles (AuNPs) in nanomedicine have
developed extensively due to their unique physicochemical properties. Furthermore, the
possibility of modifying the surface of AuNPs with targeting agents strengthens their
potential use in the diagnosis, monitoring and treatment of cancer **°*. Our previous studies
have shown that AuNPs, coated with polyallylamine and conjugated to Cetuximab (AuNPs-
PAA-Ctxb), successfully targeted cancer cells that were overexpressing the epidermal growth
factor receptor (EGFR), both in vitro and in vivo 344 Furthermore, AuNPs-PAA-Ctxb
selectively radiosensitized EGFR-overexpressing cancer cells, thus increasing the efficacy of
25 keV/um proton therapy (3.0 Gy) by 22% 292292 Several studies indicate that the physical
interaction between AuNPs and radiation, leading to low-energy electron emission, is
unlikely to be the only mechanism responsible for the radiosensitizing property of AuNPs
210214 | fact, it has been demonstrated that AuNPs also exert a direct biological effect on
the cells. More specifically, AuNPs caused mitochondrial dysfunction, inhibition of the
thioredoxin antioxidant defense system and oxidative stress in various cancer cells, which
may predispose these cells to the damaging effects of ionizing radiation 177:180:245537,
Moreover, we recently observed the same biological effects in non-cancerous, human
kidney, liver and microvascular endothelial cells exposed to AuNPs-PAA-Ctxb in vitro. This
indicates a general AuNP cytotoxicity mechanism, which is not cancer cell specific >*.

When administered in vivo, the reticuloendothelial system (RES) is able to identify AuNPs as
foreign substances that need to be sequestered and eliminated, while the renal system
rapidly excretes AUNPs that are smaller than 5.5 nm. Therefore, the kidneys and RES organs,
such as the liver, spleen and lungs can encounter a significant proportion of the administered
AuNPs #° Therefore, although AuNPs hold promise to enhance the effectiveness of cancer
radiotherapy, off-target accumulation and the cytotoxicity effects of AuUNPs observed in
normal cells warrant further investigation with respect to their potential toxicity and
immunogenicity in vivo.

Several studies have reported on the toxicity of AuNPs in vivo, but with conflicting
conclusions. Some reports have described how AuNPs can cause acute inflammation,
changes in white blood cell levels, changes in liver and kidney functional parameters,
emphysema of the lungs and damage to the liver, spleen and kidneys #46:497:501,502,504,545 Thjg
is in contrast to other studies, which could not detect definite signs of in vivo toxicity
451453455546 This apparent discrepancy stems from differences in study set-up, with the
administration route and dosage playing a pivotal role. In addition, the size, coating, surface

charge and shape of the AuNPs also influenced the biodistribution and toxicity outcome
453,461,511
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In this study, we investigated the pharmacokinetics, biodistribution and potential toxicity of
our unique, in-house produced AuNPs-PAA-Ctxb in healthy BL6/57 male mice. As previously
described, AuNPs-PAA-Ctxb are spherical and negatively charged (-7.04 + 0.22 mV in cell
culture medium, including 10% fetal bovine serum). These nanoparticles, including the gold
core and coating, have a diameter of 4-5 nm, but the size increases to 26 nm if the antibody-
functionalization is taken into account >**. At specific time points after intravenous (IV)
injection (5 min, 15 min, 30 min, 1h, 6h, 24h, 72h, 1 week, 4 weeks and 6 months), mice were
sacrificed in order to collect their blood, lungs, kidneys, liver and spleen. The biodistribution
of the AUNPs-PAA-Ctxb in these tissues was assessed using inductively coupled plasma mass
spectrometry (ICP-MS). In addition, the in vivo toxicity was evaluated by monitoring the
tissue morphology and functional parameters of the liver. Finally, we screened for certain
cytokines that are involved in an immune response or specifically linked to cardiovascular
damage because of the previously observed sensitivity of human microvascular endothelial
cells to AuUNPs-PAA-Ctxb 544,

3. Methods

3.1 Chemicals

Cetuximab (Erbitux® 5 mg/ml) was kindly provided by the Sint-Dimpna Hospital (Geel,
Belgium). Arabic gum (AG), the aspartate aminotransferase (AST) activity assay kit (MAKQ55),
the alanine transaminase (ALT) activity assay kit (MAKO052), the alkaline phosphatase (ALP)
diethanolamine activity kit (AP0100), the gamma glutamyl transferase (GGT) activity
colorimetric assay kit (MAKO089), hematoxylin, eosin and formalin were purchased from
Sigma-Aldrich (Diegem, Belgium). Paraplast Plus was obtained from Leica Microsystems
(Diegem, Belgium) and Nembutal was purchased from Ceva Santé Animale N.V. (Brussels,
Belgium). Nitric acid (HNOs), hydrochloric acid (HCl), hydrogen peroxide (H202) and
hydrofluoric acid (HF) were of trace metal grade and purchased from Fisher Scientific
(Merelbeke, Belgium). The external calibration and internal standards were prepared using
SPEX Certiprep certified standard solutions (Boom B.V., Meppel, The Netherlands).

3.2 Gold nanoparticles and antibody conjugation

AuNPs-PAA were produced and conjugated to Cetuximab as previously described 201471544,
Aliquots of 900 ug of gold were freeze-dried containing 3% AG. Before injection, the AUNPs-
PAA-Ctxb were re-suspended in 1 ml of sterile 0.9% NaCl using pulsed sonication (50W, 30
kHz, 20% amplitude, 0.5 sec pulses).

3.3 Animal study

Healthy adult (8-10 weeks) male C57/Bl6 mice were housed under standard laboratory
conditions with a 12:12 hour light/dark cycle and 4-5 animals per cage. Food and water were
available ad libitum. All animal experiments were approved by the Ethical Committee Animal
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Studies of Medanex Clinic and conducted in compliance with the European Communities
Council Directive of September 22, 2010. Ten groups of 5-6 animals received a single, non-
lethal, IV injection of 100 ul of AuNPs-PAA-Ctxb suspension (90 ug of gold). The animals were
anesthetized by intraperitoneal administration of 100 ul Nembutal and euthanized by cardiac
puncture, which enabled the collection of blood samples at 5 min, 15 min, 30 min, 1h, 6h,
24h, 72h and 1 week post-injection in EDTA-coated tubes. In addition, the liver, the spleen,
the kidneys and the lungs were collected at 6h, 24h, 72h, 1 week, 4 weeks and 6 months
post-injection. Control mice received 100 pl of 0.9% NaCl or 3% AG and were euthanized at
6h, 24h or 6 months post-injection, as described above. All the animals were randomly
assigned to each time point group.

3.4 Inductively coupled plasma mass spectrometry

The liver, spleen, right kidney and right lung intended for ICP-MS analysis were weighed and
homogenized using the Tissuelyser Il (Qiagen, Antwerp, Belgium). Next, 25-75 mg of blood
or homogenized tissue was digested in 3 ml concentrated HNOz and 1 ml of H,0; for 4h at
110°C on a hotplate. The samples were evaporated to incipient dryness, followed by
digestion with 4 ml of aqua regia overnight at 110°C. After evaporation, the dried samples
were dissolved in 5-10 ml of 5% (v/v) aqua regia. Prior to a 2h UV digestion treatment in a
705 UV digester (Metrohm, Zwijndrecht, Belgium), the samples were spiked with 100 pL of
30% H20: to initiate radical formation. Finally, 0.05% HF was added to all samples in order to
reduce Au memory effects in the ICP-MS introduction system. The gold concentration in the
samples was quantified using an XSeriesll quadrupole ICP-MS instrument (ThermoFisher
Scientific, Bremen, Germany) using external calibration standards containing 0.5, 1, 2 and 5
ng/mL of gold. Data was collected from 20 ms dwell time per isotope, 200 sweeps per
reading, and 5 readings per sample. A rinsing time of 150 s with a solution containing 5%
aqua regia and 0.05% HF was included between each sample. The elements Re, Ir, Tl were
used as internal standards. The results are expressed as g of gold per gram of tissue.

3.5 Histological examination

The right medial lobe of the liver, left kidney, left lung and 1/4%™ of the spleen intended for
histological examination were fixed in 10% formalin for 24h, after which the samples were
dehydrated and embedded in paraffin. Seven um sections were then prepared and stained
with hematoxylin and eosin (H&E) according to a standard protocol. Bright-field images were
obtained using a Nikon Ti-Eclipse microscope.

3.6 Liver enzyme activity measurement and luminex analysis

Blood samples intended for liver enzyme activity measurements and luminex analysis were
collected at 6h and 24h after injection in serum collection tubes. The blood samples were
allowed to clot for 30 minutes at room temperature, after which serum was isolated by
centrifugation at 10,000 g for 5 min, aliquoted and stored in Eppendorf tubes at -20°C until
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analysis. In order to evaluate liver toxicity, the enzyme activity of AST, ALT, GGT and ALP in
serum samples was measured. For this purpose, specific assay kits were used according to
the manufacturer’s instructions **->°°. Samples were measured in duplicate and results were
expressed as milliunits/ml (mU/ml). In order to evaluate immunotoxicity and cardiovascular
damage, serum levels of CCL2, CCL5, CXCL10, EGF, FGF2, GDF-15, ICAM-1, IFNy, IL-1B, IL-2,
IL-4, IL-6, IL-10, PCK9, P-Selectin, TNFa, uPAR were analyzed using a multiplex magnetic bead
array (R&D systems). The luminex assay was performed according to manufacturer's
instructions >1. Samples were measured in duplicate using a Luminex 200 and analyzed with
XPONENT 3.1 (Luminex Corporation).

3.7 Statistical analysis

Results were reported as a mean + standard error (SE). The treatment time is one variable
and the dose remains constant. Therefore, a parametric one-way ANOVA was used to
compare the multiple animal groups (more than two groups) that were treated for different
time periods to the control groups (0.9% NaCl and arabic gum) for the enzyme activity assay
and for the luminex assay, and to the 6 hours treatment groups for the ICP-MS assay. The
Holm-Sidak test was chosen as post-hoc test, since it has a high power to identify significant
pairs. The statistical analyses were performed using Prism 7.02 software. The level of
statistical significance is indicated by the number of asterisks as follows: *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001.

4. Results

4.1 Blood clearance

The AuNPs-PAA-Ctxb blood concentration-time curve was fitted by a three-phase
exponential decay function, using Origin 2017 (Figure 4.1). The pharmacokinetic parameters
are summarized in Table 4.1. The maximum Au concentration (Cmax) in the blood was reached
immediately after IV injection (Tmax). Our data showed that AuNPs-PAA-Ctxb were rapidly
eliminated from the blood circulation, leading to a rapid fall in the initial gold concentration.
This explains the short initial half-life (T1/2¢) of 2.3 minutes (i.e. the time required for the Au
concentration in the blood to decrease by 50% of its initial value at Tmax (5 min post-
injection)). This fast clearance was followed by a more gradual decline in Au concentration,
which was associated with longer half-lives (T1/2s and Ti2y). After 6h, 97% of the initial Au
concentration was removed from the blood. Since the gold content in the blood was
detected until 1 week after injection, an area under the curve (AUC) of 22.3 ug.h.ml™* and an
average blood clearance (Cu) of 4.0 ml.h"t were calculated.
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Figure 4.1 Blood pharmacokinetic profile of AuNPs-PAA-Ctxb. Mean gold concentration (ug/ml) in the
blood at 5 min, 15 min, 30 min, 1h, 6h, 24h, 72h and 1 week after a single IV administration (90 ug
gold). Error bars represent SE (n = 5-6).
Abbreviations: AuNPs-PAA-Ctxb: gold nanoparticles coated with poly-allylamine and conjugated to
Cetuximab; IV: intravenous; SE: standard error.

Table 4.1 Pharmacokinetic parameters based on the AuNPs-PAA-Ctxb blood concentration-time curve.

Parameter AuNPs-PAA-Ctxb
Trmax 5 min

Crnax 11.3 pg.ml?

T1/2a 2.3 min

T1/28 23.1 min

T1/2y 15.6 h

AUCoh->1 week 22.3 ug.h.mlt

Col 4.0ml.h1

Abbreviations: AuUNPs-PAA-Ctxb: gold nanoparticles coated with poly-allylamine and conjugated to
Cetuximab; Tmax: time point of maximal observed concentration; Cmax:: Maximal observed
concentration; Ti/2q: short half-life; Tis: medium half-life; T1/,: long half-life; AUC: area under the
curve; Cpi: average blood clearance over 1 week.

4.2 Tissue distribution

In terms of pharmacokinetics, we observed a rapid clearance of the AuNPs-PAA-Ctxb from
the blood to the tissues. Sequestration of AuNPs by the RES organs is a well-known
phenomenon after IV administration 2. Furthermore, the kidneys can eliminate AuNPs that
are smaller than 5.5 nm #%°. Considering the above, we assessed the concentration of AUNPs-
PAA-Ctxb using ICP-MS in several RES organs (i.e. liver, spleen, lungs) and the kidneys. Since
97% of the AuNPs-PAA-Ctxb were cleared from the blood circulation after 6h, AUNPs-PAA-
Ctxb distribution was assessed at 6h, and further monitored at 24h, 72h, 1 week, 4 weeks
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and 6 months post-administration. Figure 4.2 indicates that AuNPs-PAA-Ctxb accumulated
primarily in the liver and the spleen. The gold concentration (ug gold/g tissue) was highest in
the spleen, followed by the liver, lung and kidney. However, considering the different sizes
of the organs, the percentage of injected dose (%ID) was higher in the liver than in the spleen
(Table 4.2). In the liver, the gold concentration significantly increased over time, reaching a
maximum value after 72h (67.24 pg/g). A similar increasing trend in gold concentration was
observed in the spleen (maximum after 72h: 96.34 pg/g). In both liver and spleen, the
increase in gold concentration was followed by a significant decline after 6 months (32.11
ug/g liver and 41.76 ug/g spleen). In the lung, the maximum gold concentration was observed
after 6h (7.014 pg/g). This concentration then significantly decreased after 24h (2.749 ug/g).
Finally, the lowest gold concentrations were observed in the kidney (maximum after 24h:
0.765 pg/g), which significantly decreased after 1 week (0.446 ug/g).
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Figure 4.2 Biodistribution of AuUNPs-PAA-Ctxb. Mean gold concentration (ug/g) in liver, spleen, kidney
and lung at 6h, 24h, 72h, 1 week, 4 weeks and 6 months after a single IV injection (90 ug gold). Error
bars represent SE (n = 5-6). The statistical difference compared to 6h post-injection was calculated by
a One-way ANOVA and a Holm-Sidak post-hoc test (*p<0.05, **p<0.01, ***p<0.001 ****p<0.0001).
Abbreviations: AuNPs-PAA-Ctxb: Gold nanoparticles coated with poly-allylamine and conjugated to
Cetuximab; IV: intravenous; SE: standard error.
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Table 4.2 Biodistribution of AUNPs-PAA-Ctxb in liver, spleen, lung and kidney at 6h, 24h, 72h, 1 week, 4
weeks and 6 months after a single IV injection (90 ug gold) (n = 5-6). Results are expressed as mean
%ID + SE. Statistical difference as compared to 6h post-injection was calculated by a One-way ANOVA

and a Holm-Sidak post-hoc test (*p<0.05, **p<0.01, ***p<0.001 ****p<0.0001).

Theoretically calculated percentage of injected dose (%ID) (mean#SE)
Liver Spleen Lung Kidney Other
6h 5043 4.5+0.3 0.7210.07 0.124+0.005 45
24h 48+5 5.5£0.4 0.30£0.08**** 0.1440.02 46
72h 62+2* 5.5+£0.7 0.36+0.06**** 0.10640.009 32
1 week 52+1 3.9+0.3 0.15+0.02**** 0.08+0.01* 44
4 weeks 47+2 5.5+0.5 0.069+0.007**** 0.061+0.005** 47
6 months 4043 (p = 0.058) 2.4+0.2%* 0.045+0.008**** 0.033+0.002**** 58

Abbreviations: AuUNPs-PAA-Ctxb: gold nanoparticles coated with poly-allylamine and conjugated to
Cetuximab; IV: intravenous; %ID: percentage of the injected dose; SE: standard error.

4.3 Evaluation of liver toxicity

Our biodistribution results showed that a major proportion of the injected AuNPs-PAA-Ctxb
accumulated in the liver. Therefore, we evaluated the effect of AUNPs-PAA-Ctxb on the liver
by measuring the activity of serum ALT, ALP, AST and GGT. Since 97% of the AuNPs-PAA-Ctxb
were distributed to the tissues after 6h, we assessed acute responses at 6h and 24h post-
injection. AUNPs-PAA-Ctxb injection led to a small, but significant increase in ALT activity after
6h, as compared to the arabic gum control group (Figure 4.3A). Similarly, AST activity
significantly increased 6h after AUNPs-PAA-Ctxb injection, compared to the 0.9% NaCl control
group (Figure 4.3B). In both cases, the increase was transient and undetectable after 24h. In
terms of ALP activity, no significant differences were observed (Figure 4.3C). Finally, GGT
activity was undetectable in all serum samples.
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Figure 4.3 Liver functionality tests. Liver enzyme activity of (A) ALT, (B) AST and (C) ALP in mouse serum
at 6h and 24h after a single IV injection of AuNPs-PAA-Ctxb (90 ug Au), 0.9% NaCl or AG. Graphs show
individual data points and the mean activity (mU/ml) represented by columns. Error bars represent SE
(n=5-6). The statistical difference between the treated groups and the 0.9% NaCl control group or the
3% AG control group was calculated by a One-way ANOVA and a Holm-Sidak post-hoc test (¥*p<0.05).
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Abbreviations: AG: Arabic gum; ALP: alkaline phosphatase; ALT: the alanine transaminase; AST:
aspartate aminotransferase; AuNPs-PAA-Ctxb: gold nanoparticles coated with poly-allylamine and
conjugated to Cetuximab; IV: intravenous; SE: standard error.

4.4 Evaluation of immunotoxicity and vascular damage

The liver and spleen are important lymphoid organs with resident immune cells that can
mount a rapid immune response when they encounter antigenic particles. Furthermore, in
our previous research, we demonstrated that microvascular endothelial cells were the most
sensitive cells to AuNPs-PAA-Ctxb when compared to human kidney and liver cells 44,
Therefore, we measured the serum levels of several markers that are related to inflammatory
activity and vascular damage (RANTES, IFNy, IL-1B, IL-2, IL-4, IL-6, IL-10, TNFa, GDF-15, ICAM-
1, CCL2, CXCL-10, P-selectin, PCSK9, uPAR). Since the RES organs rapidly sequestrate the
injected AuUNPs-PAA-Ctxb, we assessed responses 6h and 24h post-injection. No significant
increases in serum levels of TNFa, CCL2, IL-1B, IL-2, IL-4, IL-6, IL-10, IFNy, CXCL-10, PCSK9 and
UPAR were observed after administration of AUNPs-PAA-Ctxb (Supplemental Figure 4.1). On
the contrary, serum levels of GDF-15 and P-selectin significantly increased 6h after AuNPs-
PAA-Ctxb injection, as compared to both the 0.9% NaCl and AG control groups. This response
was transient and no longer detectable after 24h (Figure 4.4A-B ). In addition, ICAM-1 levels
significantly increased 6h after AuNPs-PAA-Ctxb injection, as compared to the 0.9% NaCl
control group, and remained significantly elevated after 24h, as compared to both the 0.9%
NaCl and AG control groups. It should be noted that a near-significant increase in the ICAM-
1 level was also observed 6h after AG administration, compared to the 0.9% NaCl control
group (p = 0.051) (Figure 4.4C), which was not maintained after 24h. Finally, the serum level
of RANTES significantly increased 6h after AG administration compared to the 0.9% NaCl
control group, but was no longer detected after 24h (Figure 4.4D).
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Figure 4.4 Markers related to inflammatory activity and vascular damage. Serum levels of (A) GDF-15,
(B) P-selectin, (C) ICAM-1 and (D) RANTES in mouse serum at 6h and 24h after a single IV injection of
AuNPs-PAA-Ctxb (90 ug Au), 0.9% NaCl or AG. Graphs show individual data points and the mean
concentration (pg or ng/ml) represented by columns. Error bars represent SE (n = 5-6). The statistical
difference between the treated groups and the 0.9% NaCl control group or the 3% AG control group
was calculated by a One-way ANOVA and a Holm-Sidak post-hoc test (¥*p<0.05, **p<0.01, ***p<0.001).
Abbreviations: AG: Arabic gum; AuNPs-PAA-Ctxb: gold nanoparticles coated with poly-allylamine and
conjugated to Cetuximab; IV: intravenous; SE: standard error.

4.5 Histological examination

Our biodistribution studies showed that a major proportion of the AuNPs-PAA-Ctxb remained
in the liver and spleen 6 months post-injection. Therefore, potential morphological effects of
AuNPs-PAA-Ctxb in the organs due to long-term exposure should be considered. Hematoxylin
and eosin staining demonstrated normal morphology of the liver (hepatocytes), spleen,
kidney (glomeruli and tubules) and lungs (alveoli) 1 week and 4 weeks post-injection (

Figure 4.5). After 6 months, we observed a modest increase in the number of casts in the
collecting tubules of the kidneys (5 out of 6 mice). Furthermore, apoptotic lesions in B-cell
rich areas (germinal centers) in the white pulp of the spleen were more noticeable than in
the control group (5 out of 6 animals). Finally, some immune cell infiltrations were found in
the lungs (4 out of 6 animals). Although the liver accumulated a significant proportion of the
injected AuNPs-PAA-Ctxb, no major morphological changes were observed after 6 months.
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Figure 4.5 Histological examination. Mouse liver, kidney, spleen and lung at 1 week, 4 weeks and 6
months after a single IV administration of AuNPs-PAA-Ctxb (90 pg Au), compared to the age-related
control group, which did not receive AuUNPs-PAA-Ctxb. Sections were stained with hematoxylin and

eosin. Red arrows indicate immune cell infiltration in the lung, apoptotic cells in the spleen and cast in
the collecting tubules of the kidney.

Abbreviations: AUNPs-PAA-Ctxb: gold nanoparticles coated with poly-allylamine and conjugated to
Cetuximab; IV: intravenous.

5. Discussion

This study focused on the pharmacokinetics, biodistribution and toxicity of our unique in-
house produced AuNPs-PAA-Ctxb. The dose was fixed at a single IV injection of 90 ug of gold
(7.1 x 10 AuNPs-PAA-Ctxb). Based on a previous in vitro study, in theory, this dose would
be sufficient to radiosensitize a small tumor of 11 cm? (1.1 x 10° cells) when (1) the dose is
extrapolated to a person weighing 60 kg and (2) taking into account that 0.7% of the injected
dose would reach the tumor 201380410474552 " |n addition, this dose corresponds to the
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standard dose range used in most studies, which allows us to compare our results with
various in vivo studies #61. The pharmacokinetic data indicated that the AuNPs-PAA-Ctxb were
promptly eliminated from the blood stream with a short half-life of 2.3 minutes. This was
followed by a predominant accumulation in the liver and spleen, and only a minor uptake in
the kidneys and lungs. This observation is similar to the results of a recent study investigating
laser-ablated, dextran-coated AuNPs, which had a diameter of 21 nm and were negatively
charged. The authors demonstrated an initial blood half-life of 4.2 minutes and identified the
liver and spleen as preferential sites for gold accumulation #>2. The pharmacokinetic results
and biodistribution are partly related to the nanoparticle zeta potential and administration
mode. Intravenous administration of nanoparticles is typically characterized by the fast
adsorption of proteins to the nanoparticle surface, creating a biological identity that is
presented to the cells. Charged AuNPs have been shown to adsorb more and a wider variety
of proteins than neutral AuNPs. The formation of this protein corona strongly affects the
AuNP biodistribution and biological impacts. For instance, adsorption of opsonins, such as
complement factors, fibrinogen and IgG antibodies promotes the recognition of
nanoparticles by the RES 3. Since our AuNPs-PAA-Ctxb are negatively charged (-7.04 + 0.22
mV in cell culture medium including 10% fetal bovine serum), opsonization is likely to occur,
leading to the subsequent uptake by phagocytic cells that are in direct contact with the blood
and present in the liver and spleen. Nevertheless, IV delivery is a realistic exposure scenario
for AuNPs intended to be used in nanomedicine because it resists proteolytic degradation,
achieves maximum bioavailability of the drug and allows fast onset of action >>*. Other
administration routes investigated in literature are oral and intraperitoneal administration.
Oral administration of AuNPs is usually associated with low systemic absorption and high
gastro-intestinal elimination 33355557 whereas intraperitoneal administration is followed by
retention in the peritoneal cavity, delayed and reduced accumulation in the liver and spleen,
and uptake in the pancreas, lungs, lymph nodes and intestine 317321538559 Sybcutaneous
administration of AuNPs has been used to visualize sentinel lymph nodes 3¢

The rapid sequestration by the RES after IV administration could potentially be delayed by
modifying the surface of AuNPs with nonionic, sterically stabilizing hydrophilic polymers,
such as polyethylene glycol (PEG). This would neutralize the surface charges of AuNPs, shield
them from opsonization, and therefore prolong their blood circulation half-life
426,429,446,487,493,494,560-564 £ rthermore, predominant accumulation in the liver and spleen
increases as the particle size increases, whereas small AuNPs (1.4-10 nm) have a wider organ
distribution profile, with particles detected in the brain, heart, uterus, testis, thymus, kidneys
and lungs 426490492 1t is possible that the size of our AuNPs-PAA-Ctxb (26 nm), together with
a negative surface charge, favors their uptake by the liver and spleen after IV injection.

Interestingly, although 97% of the injected AuNPs-PAA-Ctxb were cleared from the blood
after 6h, an increasing trend in gold concentration was observed in the liver and spleen for
up to 72h post-injection. Comparable results were obtained with PEGylated AuNPs of
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different sizes (6.2 nm — 61.2 nm) or with different shapes (rods and triangles) reaching
maximum gold concentrations in the liver and spleen between 24h and 6 days post-injection
457,585 This increase could potentially be attributed to a gradual redistribution of AuUNPs-PAA-

451 Furthermore, with a diameter of

Ctxb from other tissues to the liver and spleen
approximately 26 nm and a negative surface charge, AuNPs-PAA-Ctxb are less likely to be
efficiently excreted by the negatively charged glomeruli, thus allowing redistribution to occur
11 This is consistent with our biodistribution data illustrating the lowest amount of gold in
the kidneys. In contrast to the liver and spleen, the gold concentration in the lungs and
kidneys did not initially increase, but instead progressively decreased after 24h and 1 week,

respectively.

After sequestration in the liver and spleen, AuNPs-PAA-Ctxb showed a long-term retention,
with their concentration significantly decreasing only after 6 months. This indicates a slow
elimination process, which has also been reported by several other long-term biodistribution
studies 4°346251L565566 | addition, it was reported that negatively charged particles were
retained for slightly longer in the liver and spleen, and were eliminated more slowly
compared to positively or neutrally charged particles #°*°'%, The phagocytic cells in the RES
system are responsible for recognizing and clearing AuNPs after IV administration #26.
Sadauskas et al (2009) investigated what happens to negatively charged 40 nm AuNPs in the
liver and revealed that they were clustered inside endosome-like vesicles in long-living
Kupffer cells, over a period of 6 months, and that damaged cells were cleared by new or
nearby Kupffer cells 62, The presence of PEGylated AuNPs in intracellular vesicles was also
confirmed in splenic macrophages 4% In addition, a recent study demonstrated that the
depletion of Kupffer cells greatly improved the elimination efficiency of PEGylated AuNPs.
Furthermore, ultra-small 4 nm AuNPs underwent a more efficient hepatobiliary elimination
than larger particles, because they were less efficiently captured by the Kupffer cells and had
a greater chance of moving from the liver endothelium to the hepatocytes 3%2. According to
our pharmacokinetic and biodistribution data and the above studies, we could assume that
the characteristics of our AuUNPs-PAA-Ctxb promote their rapid sequestration by the Kupffer
cells and splenic macrophages after IV administration. The clearance of the AuNPs-PAA-Ctxb
by these cells protects the organism from exposure to AuNPs-PAA-Ctxb and their related
metabolites. However, it also prevents efficient nanoparticle elimination from the body,
which explains their long-term retention. Although the elimination pathways are not
assessed in this research, significant reduction of the gold concentration in the liver after 6
months could potentially result from occasional lysosomal damage and macrophage cell
death, induced by the non-biodegradable AuNPs 2°°. Subsequently, the hepatocytes could
internalize some of the released AuNPs, thus leading to gradual and slow elimination via the
hepatobiliary pathway #2642 Renal elimination of AuNPs-PAA-Ctxb is less likely, due to their
size and negative surface charge, as mentioned earlier. The localization of a small amount of
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AuNPs-PAA-Ctxb in lungs and kidneys is less clear, but resident alveolar and kidney
macrophages could be involved.

Since the AuNPs-PAA-Ctxb were rapidly removed from the blood circulation and mainly
sequestrated by the liver, we were interested in the effects of AuNPs-PAA-Ctxb on the liver.
Therefore, we investigated the activity of the liver enzymes ALT, ALP, AST and GGT in serum
6h and 24h post-injection. GGT activity was undetectable in all serum samples, and ALP
activity was not significantly different from the control groups. This suggests that there was
no obstruction of the biliary tract. However, AST and ALT activities (characteristic for
hepatocellular injury) were significantly increased 6h after AuNPs-PAA-Ctxb injection,
compared to the 0.9% NaCl or AG control groups, respectively. These increases were no
longer detectable after 24h. Since the ALT and AST increases were minimal (1.5 and 2 times,
respectively) we should question whether the statistically significant differences were also
biologically and toxicologically relevant. In comparison, a toxic dose of acetaminophen, which
results in severe liver injury, can increase the serum ALT and AST activities to several
hundreds to thousands U/L in mice and rats, 4-12h after administration. These activities can
increase further after 24h 67558 Therefore, if the AST and ALT activity increases in our study
were indeed biologically relevant, then the AuNPs-PAA-Ctxb-induced stress to the liver was
only mild and transient. Several other studies observed no significantly elevated liver enzyme
activities up to 90 days after AuNPs administration compared to the controls #°1-455,511,563,563-
571 Injection of 3% AG did not significantly affect the enzyme activities compared to the 0.9%
NaCl controls, indicating that AG does not lead to hepatic injury.

In our previous in vitro study, microvascular endothelial cells were shown to be the most
sensitive cells to AUNPs-PAA-Ctxb, compared to human kidney and liver cells. Therefore, we
investigated the serum levels of specific cytokines related to vascular damage and
inflammatory activity. Out of all the cytokines that we investigated (RANTES, IFNy, IL-1B, IL-
2, 1L-4, IL-6, IL-10, TNFa, GDF-15, ICAM-1, CCL2, CXCL-10, P-selectin, PCSK9, uPAR), only the
serum levels of GDF-15, P-selectin and ICAM-1 significantly increased 6h after AUNPs-PAA-
Ctxb administration, when compared to the 0.9% NaCl and AG control groups. For GDF-15
and P-selectin, the increases were transient and no longer detectable after 24h. The serum
level of ICAM-1 remained elevated after 24h. It should be noted that ICAM-1 was also near-
significantly elevated 6h after AG injection, when compared to the 0.9% NaCl control group.
Unlike after AUNPs-PAA-Ctxb injection, ICAM-1 level was no longer increased 24h after AG
injection. Therefore, we could suggest that AG might transiently increase ICAM-1 expression,
which could be enhanced and prolonged by AuNPs-PAA-Ctxb. Finally, the chemokine RANTES
was significantly elevated 6h after AG administration, compared to the 0.9% NaCl control
group. However, this was not observed 6h after AuNPs-PAA-Ctxb administration, which
questions the biological relevance of the increase or indicates that AuNPs-PAA-Ctxb
eliminated the effect of AG on RANTES expression. GDF-15, P-selectin and ICAM-1 have been
identified as biomarkers that reflect acute inflammation, endothelial cell activation and the
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recruitment of leukocytes to the vessel wall >’2. However, the increases associated with these
markers in this study were slight and mostly transient. Furthermore, levels of none of the
other pro-inflammatory cytokines were significantly elevated. Based on these findings, we
could propose that the risk of vascular damage and any acute immune response elicited by
our AuNPs-PAA-Ctxb is limited. In the literature, different outcomes on immunoreactivity
after AuNPs administration were identified. For example, liver mRNA levels of several
adhesion molecules (ICAM-1, E-selectin and VCAM-1), chemokines (CCL-2, CCL-3, MIP-1f
and RANTES) and inflammatory cytokines (IL-1B, IL-6, IL-10, IL-12B and TNFa) were
transiently elevated 30 min to 24h after administration of AuNPs, which suggests the
presence of an acute immune response #4373, |n contrast, various other studies observed no
significant differences in hematological white blood cell indices and TNF-a, IL-1f, IL-6 and IL-
10 levels after AUNPs administration °1453:455,563,569-571.574 " nterestingly, a study focusing on
the effects of antibody-conjugated AuNPs on the vascular system found that IV injection of
AuNP-IgG even suppressed leukocyte adhesion to vessel walls. Furthermore, AuNPs-IgG
prevented the expression of adhesion molecule PECAM-1, chemotaxis and oxidative stress
activation on neutrophils after stimulation, which suggests an anti-inflammatory effect 7.

Finally, since the AuNPs-PAA-Ctxb had a slow excretion rate from the body, we performed
histological examinations at 1 week, 4 weeks and 6 months after injection. We did not
observe any signs of toxicity until 4 weeks post-injection. Consistent with our results, other
studies showed normal organ morphology without apoptosis, necrosis and fibrosis until 90
days after AuUNPs administration #°1-453435,511,563,565570 However, at 6 months post-injection,
we were able to observe a slightly increased presence of (1) immune cell infiltrations in the
lung, (2) apoptotic lesions in the germinal center and white pulp of the spleen, and (3) casts
in the collecting tubules of the kidney. Importantly, apoptotic lesions in the germinal center
of the spleen and casts in the kidney were also occasionally observed in the control group,
but from the qualitative images obtained, they seemed to be more noticeable 6 months after
AuNPs-PAA-Ctxb injection. Comparable histological observations of the spleen and kidneys
were reported previously. However, these results were obtained 1 week after injection %,
The origin of the kidney casts in our study are unclear. In the spleen, the apoptotic lesions
were mostly characterized by the presence of tangible body macrophages (TBMs), which are
responsible for the clearance of apoptotic lymphocytes and required to down-regulate the
germinal center reaction. This could suggest a potential activity of the adaptive immune
response >’ Interestingly, although a major proportion of the AuNPs-PAA-Ctxb accumulated
in the liver, no histological abnormalities were observed until 6 months post-injection, which
suggests organ-specific sensitivity to AuUNPs-PAA-Ctxb. This is not consistent with another
study, which shows increased apoptosis in the liver 1 week after IV injection of 4.26 mg/kg
13 nm PEG-coated AuNPs %4,

Overall, from our functional and morphological observations, and since all the mice survived,
showing normal behavior and appearance over the course of the experiment, we consider

144



In vivo pharmacokinetics, biodistribution and toxicity of antibody-conjugated gold nanoparticles

the toxicity of our AuNPs-PAA-Ctxb to be reasonably low. These results could be related to
the surface charge and administration mode, which can affect the toxicity profile of the
AuNPs. In fact, a study by Zhang et al demonstrated that intravenous injection of 13.5 nm
AuNPs showed the lowest toxicity compared to the intraperitoneal and oral administration
routes, which caused a significant decrease in body weight, spleen index and hematocrit >”7.
Furthermore, in general, positively charged AuNPs exhibit a higher cytotoxicity profile than
their negatively charged counterparts. Usually, this difference is associated with the
electrostatic attraction and adhesion of the positively charged AuNPs to the negatively
charged cell membrane, causing depolarization of the plasma membrane and disruption of
the membrane integrity 227°78. Wang, et al confirmed that the AuNP surface charge
influences the toxicity in healthy mice, with 3 mM of positively charged gold nanoclusters
(3.7 nm) inducing the most prominent effects on the peripheral blood system, compared to
neutral and negatively charged gold nanoclusters >, Similarly, in zebrafish embryos,
positively charged AuNPs (0.8-1.5-15 nm) were lethal at exposure concentrations higher than
400 ppb, whereas the negatively charged AuNPs induced sub-lethal toxic effects. Neutral
AuNPs caused no adverse biological response up to a concentration of 50 ppm °7°.
Nevertheless, we are not able to exclude long-term toxicity of AuNPs-PAA-Ctxb with
certainty. Therefore, we recommend future research, which focuses on in vivo AuNPs
toxicity, to consider long-term measurements beyond 6 months, including experiments
assessing kidney functionality, liver functionality and immunoreactivity. Furthermore, this
study was performed after a single IV injection. In a clinical setting, the use of AuNPs as
radiosensitizing agents may require multiple injections. In fact, multiple intravenous
injections resulted in a cumulative increase in AUNPs concentration at the tumor site in Swiss
nude mice >%°, It should be noted that multiple dosing did not cause adverse effects in normal
tissue, as demonstrated by several other studies 448°63,581,

In conclusion, this study describes the pharmacokinetics, biodistribution and toxicity of our
in-house produced AuNPs-PAA-Ctxb after a single IV injection. We demonstrated that the
acute toxicity of AUNPs-PAA-Ctxb on the liver and vasculature, tested as increased serum AST
and ALT activities, and elevated serum levels of GDF-15, P-selectin, ICAM-1 and RANTES, was
limited and transient. However, the rapid clearance of the AuNPs-PAA-Ctxb from the blood,
sequestration by the liver and spleen and long-term retention of the AuNPs-PAA-Ctxb in
these organs could be limiting factors for the use of AuNPs-PAA-Ctxb as radiosensitizing
agents in vivo. In order to evaluate the radiosensitizing potential of AuNPs-PAA-Ctxb, we
labeled the nanoparticles with Y”7Lu, which allows real-time assessment of the nanoparticle
distribution and elimination in tumor-bearing animals. Since splenic apoptosis, kidney casts
and immune cell infiltration in the lungs appeared to be more noticeable at 6 months post-
injection compared to the controls, we could not exclude long-term toxicity with certainty.
Therefore, we recommend that future in vivo studies consider long-term toxicity and the
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elimination of AuNPs after multiple dosing, in their preclinical validation as new targeted anti-
cancer therapies.

6. Supplemental information
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Supplemental Figure 4.1: Serum levels of (A) TNF-a, (B) CCL2, (C) IL-1B, (D) IL-2, (E) IL-4, (F) IL-6, (G) IL-
10, (H) IFNy, (1) CXCL10, (J) PCSK9, (K) uPAR in mouse serum at 6h and 24h after a single IV injection of
AuNPs-PAA-Ctxb (90 pug Au), 0.9% NaCl or 3% AG. Graphs show individual data points and the mean
concentration (pg or ng/ml) represented by columns. The error bars represent SE (n = 5-6).
Abbreviations: AG: Arabic gum; AuNPs-PAA-Ctxb: gold nanoparticles coated with poly-allylamine and
conjugated to Cetuximab; IV: intravenous; SE: standard error
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1. Abstract

Poly-allylamine coated gold nanoparticles conjugated to Cetuximab (AuNPs-PAA-Ctxb)
radiosensitize cancer cells to proton therapy and cause biological effects, such as
mitochondrial dysfunction and inhibition of the antioxidant defense system, both
systems play a role in cellular radiation response. Therefore, radiolabeled AuNPs-PAA-
Ctxb might act as radiosensitizers in targeted radionuclide therapy. In this study, we
radiolabeled  AuNPs-PAA-Ctxb  with  Y’Lu.  The  bifunctional  chelator,
diethylenetriaminepentaacetic acid (DTPA) was chosen because of the fast radiolabeling
reaction under mild conditions and the minimal impact on the Ctxb binding capacity.
After radiolabeling, a radiochemical stability of *”’Lu-DTPA-Ctxb and ’Lu-DTPA-Ctxb-
PAA-AUNPs of 86.1% and 79.5% was observed after 72 hours in serum. In addition, *"7Lu-
DTPA-Ctxb-PAA-AuNPs exhibited a larger internalization in cancer cells than /’Lu-DTPA-
Ctxb. Blocking EGFR-overexpressing cancer cells with an excess of non-radioactive Ctxb
reduced, but not abolished, the cell binding capacity of *’Lu-DTPA-Ctxb-PAA-AuNPs. On
the other hand, EGFR-negative cancer cells demonstrated only a minimal reduction in
77 u-DTPA-Ctxb-PAA-AUNPs binding after blocking. In conclusion, the capacity of Ctxb to
recognize EGFR is preserved after radiolabeling with *’Lu using DTPA and conjugation
with AuNPs-PAA. Future experiments will be conducted to investigate if 1”’Lu-DTPA-Ctxb-
PAA-AUNPs may enhance cancer cell killing on EGFR-overexpressing A431 cells compared
to Y”7Lu-DTPA-Ctxb. Furthermore, the biodistribution and elimination processes of *’Lu-
DTPA-Ctxb-PAA-AUNPs will be assessed in tumor-bearing mice.
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2. Introduction

Targeted radionuclide therapy (TRT) is based on the systemic administration of radionuclides
conjugated to carrier molecules. The carrier molecules specifically target cancer cells and
thus promote a favorable biodistribution of the radionuclide by increasing the tumor uptake
and improving the tumor-to-background ratio. Depending on the type of radionuclide, the
radiopharmaceutical can be used for molecular imaging, therapy or theranostic applications
306 Forinstance, Y’Lu has established a strong position as one of the best therapeutic agents
for TRT. It emits B~ particles, which have an average energy of 0.498 MeV and a maximal
tissue penetration range of approximately 2 mm, proficient to eradicate residual disease with
a minimized damage to the surrounding healthy tissue. Furthermore, the emission of low-
energy gamma photons (0.208 MeV) enables SPECT imaging, suitable for the assessment of
tumoral uptake, biodistribution and elimination of the ’Lu-based radiopharmaceutical.
Finally, the 6.65 days half-life of ”7Lu offers the time to perform sophisticated radiolabeling
and purification processes, and allows shipment of ’Lu or the processed
radiopharmaceutical to nuclear medicine centers. The physical half-life of Y”’Lu also matches
well with the biological half-life of antibodies, having a slow tissue distribution and long
elimination half-life *%°. An example of a successful *’Lu-based radiopharmaceutical is the
7L u-labeled somatostatin analog (*’/Lu-DOTA-octreotate), Lutathera®, approved In January
2018. It is used for the treatment of gastro-enteropancreatic neuroendocrine tumors,
reducing the risk on disease progression or death by 79% as compared to octreotate >2-5%4,
However, the conventional radiopharmaceuticals typically consist out of a single radionuclide
conjugated to one carrier molecule. This could potentially result in a limited delivery of
radioactivity to the tumor and a limited tumor response. In order to maximize the efficacy of
TRT, gold nanoparticles (AuNPs) could act as a platform to carry multiple targeting ligands,
each coupled to a radionuclide, and thus increasing the radionuclide cargo as well as the
multivalent avidity, promoting the binding to the cancer cells. In addition, AuNPs exhibit a
prolonged blood circulation half-life and accumulate in the tumor site by means of the
enhanced permeability and retention (EPR) effect 3'%3%4 As a result, multiple studies
demonstrated a higher uptake and retention of the targeted, radiolabeled AuNPs in tumors
and micro-metastatic lesions after intravenous injection in mice, as compared to the
monomeric, radiolabeled targeting ligands without AuNPs. This leads to enhanced

therapeutic effects and a higher tumor-to-background ratio 321,327,356,357,361,370

Another advantage of introducing AuNPs in TRT is the ability of AuNPs to act as
radiosensitizing agents. The rationale is based on the high Z number of Au, providing a higher
mass energy absorption coefficient compared to soft tissue. Consequently, when AuNPs are
internalized into tumors, they preferentially interact with the incoming radiation, releasing a
burst of secondary electrons and increasing the dose deposition ***. Indeed, in silico studies
demonstrated strong radio-enhancement effects when AuNPs are irradiated with kilovoltage
X-rays 4115516018810 Thjs is in contrast to the simulations considering AuNPs in combination
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with clinically relevant megavoltage X-rays, indicating little or no increase in dose deposition
134154157 ‘Eyrthermore, in the case of radiotherapy with charged particles, the hit probability
between AuNPs and the incoming radiation is low 2°%21° Nevertheless, multiple experimental
in vitro and in vivo studies observed a higher cancer cell killing efficiency and a prolonged
survival of tumor-bearing mice in the presence of AuNPs after irradiation with orthovoltage
photons, megavoltage photons and protons, showing a stronger radiosensitizing effect than
predicted 133134143,181,201,202.215 Thjs indicates that the radiosensitizing character of AuNPs
should not be attributed exclusively to the physical interaction mechanisms between AuNPs
and radiation. In fact, several studies suggested that AuNPs exert biological effects in cells.
For instance, previous in vitro studies of our research group demonstrated that AuNPs inhibit
the thiol-dependent antioxidant system, induce mitochondrial dysfunction and initiate
apoptosis in several cancer cell lines and normal human cells. Furthermore, the role of
oxidative stress was further highlighted by the protective effect of the anti-oxidant N-acetyl
L-cysteine (NAC) abolishing the AuNPs-induced biological effects ¥7°37544 Qur results are
supported by other in vitro studies revealing that mitochondrial dysfunction, antioxidant
inhibition and oxidative stress are related to AuNPs-induced apoptotic or necrotic cell death
233,244,246,251-253,528,542 These effects are suggested to contribute to the radiosensitizing effects
of AuNPs in cancer cells 177180537,

The use of AuNPs as radiosensitizing agents is frequently focused on externally applied
photon or proton radiotherapy. In case of targeted radionuclide therapy, radiolabeled AuNPs
are usually exploited as alternative brachytherapeutic agents in order to achieve a
homogenously dispersed delivery of radioactivity after intratumoral injection, which is less
invasive than the implantation of large seeds 37>3883%  Several studies attributed the
increased cancer cell death in the presence of the radiolabeled, targeted AuNPs to the high
radionuclide payload and increased tumor uptake and retention of the radiopharmaceutical
as compared to the monomeric targeting ligand 37938 However, no link was described
between the radiosensitizing effects of AuNPs and their biological effects on cells. In this
study, we describe the optimization of the radiolabeling process of Cetuximab-conjugated,
polyallylamine-coated AuNPs (AuNPs-PAA-Ctxb) with *”’Lu, using bifunctional chelators,
DTPA or DOTA. Furthermore, we assessed the binding and uptake of the radiolabeled *"’Lu-
DTPA-Ctxb-PAA-AuNPs in EGFR-overexpressing A431 epidermoid cancer cells, EGFR-positive
A549 lung cancer cells and EGFR-negative MCF-7 breast cancer cells. In our future
perspectives, we will test the hypothesis that the biological effects of AuNPs-PAA-Ctxb
contribute to the radiosensitization of cancer cells to the ’Lu radionuclide therapy. Finally,
we will assess the biodistribution of the Y”7Lu-DTPA-Ctxb-PAA-AUNPs in mice, each bearing
an EGFR-positive and an EGFR-negative tumor.
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3. Materials and methods

3.1. Chemicals

All cell lines were obtained from the American Type Culture Collection (Molsheim Cedex,
France). Fetal bovine serum (FBS), Dulbecco’s modified Eagle’s medium (DMEM), Minimal
Essential Medium (MEM), phosphate buffered saline (PBS) and penicillin-streptomycin were
purchased from Gibco (Aalst, Belgium). Cetuximab was kindly provided by the Sint-Dimpna
Hospital (Geel, Belgium). Vivaspin® centrifugal concentrators were obtained from Merck
(Overijse, Belgium). PD10 desalting columns were obtained from GE healthcare (Machelen,
Belgium). The bifunctional chelators S-2-(4-isothiocyanatobenzyl)-1,4,7,10-
tetraazacyclododecane tetraacetic acid (p-SCN—-Bn—-DOTA) and [(R)-2-amino-3-(4-
isothiocyanatophenyl)propyl]-trans-(S,S)-cyclohexane-1,2-diamine-pentaacetic acid (p-SCN-
Bn-CHX-A”-DTPA) were purchased from Macrocyclics (Dallas, TX). Y’Lu was provided by
Global Morpho Pharma (La Chapelle-sur-Erdre, France) or was purchased from Isotopen
Technologien Miinchen (Munchen, Germany). Acetic acid was ordered from Alfa Aesar
(Karlsruhe, Germany). Trace metal grade water was purchased from Honeywell (Charlotte,
NC). All other chemicals were purchased from Sigma Aldrich (Diegem, Belgium). All buffers
were prepared using trace-metal grade products and were treated with chelex to ensure a
metal-free environment.

3.2. Cell culture

The human EGFR-overexpressing, epidermoid cancer cell line A431 was cultured in DMEM
growth medium. The human EGFR-negative, breast cancer cell line MCF-7 and the human
EGFR-positive, lung cancer cell line A549 were grown in MEM. All media were supplemented
with 10% FBS and 100 U/ml of penicillin-streptomycin. All cells were grown in a humidified
atmosphere with 5% CO2 at 37°C. The EGFR expression of the different cell types is
determined by Western blot, relative to the A431 cells (Supplemental Figure 5.1).

3.3. DOTA and DTPA conjugation to Cetuximab

Cetuximab was purified in Class | water by filtration in a centrifugal filter unit with a molecular
cut-off of 10 kDa, followed by lyophilization (LABCONCO, Osterode, Germany). Next, freeze-
dried Ctxb was dissolved in 0.1 M sodium carbonate buffer (pH 8.5). The antibody
concentration was measured by means of UV spectrophotometry at 280 nm (Nanodrop
2000, Thermo Scientific, Gent, Belgium). The Lambert-Beer equation (Equation 5.1) was used
to correlate the absorbance with antibody concentration, in which A represent the
absorbance in absorbance units (AU), € represents the extinction coefficient in M cm™, ¢
represents the molar protein concentration and | represents the optical path length in cm.
To estimate the Ctxb concentration, the extinction coefficient was set at 210 000 M cm™.
An example of the Ctxb absorbance spectrum is given in Supplemental Figure 5.2.
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The bifunctional chelator, DTPA or DOTA (prepared as a 0.01 M stock solution in 0.1 M
sodium bicarbonate buffer), was added to Ctxb in a 20-, 40- or 80-fold molar excess in a
reaction volume of 1 ml. The mixture was incubated at 37°C, while shaking at 550 rpm for
1.5 hours. Next, purification of the conjugates and buffer exchange to 0.01 M PBS or 0.15 M
ammonium acetate buffer (pH 5.5) was performed using a PD10 column. The extincition
coefficient of DTPA and DOTA was estimated by measuring the A280 absorbance of DTPA
and DOTA solutions ranging from 1.25 mM to 10 mM in 0.01 M PBS. Purified fractions were
pooled and the concentration of the conjugate was measured by UV spectrophotometry
(Nanodrop 2000, Thermo Scientific, Gent, Belgium) at 280 nm as described before by
adjusting the molecular weight and extinction coefficient accordingly (Table 5.1). The number
of bifunctional chelators conjugated to Ctxb was analyzed by GIGA Proteomics using MALDI-
ToF-MS (Liege, Belgium). Finally, the conjugates were aliquoted and freezed at -20°C until
further use.

A = ecl (Equation 5.1)

Table 5.1: The molecular weight and extinction coefficient of Cetuximab and Cetuximab conjugated to
DTPA or DOTA.

Conjugate Molecular weight  Extinction Coefficient
Cetuximab 152 kDa 210000 M1 cmt
Cetuximab + 20 molar excess DTPA 154 kDa 225000 M1 cm1
Cetuximab + 40 molar excess DTPA 155 kDa 260 000 M1 cm1
Cetuximab + 80 molar excess DTPA 156 kDa 295 000 M1 cmt
Cetuximab + 20 molar excess DOTA 154 kDa 226 000 M1 cm1
Cetuximab + 40 molar excess DOTA 155 kDa 263 000 M1 cm1
Cetuximab + 80 molar excess DOTA 156 kDa 299 000 M1 cmt

3.4. Conjugation of Ctxb-DTPA to AuNPs-PAA

AuNPs-PAA production by means of plasma vapor deposition and the subsequent
conjugation to Ctxb-DTPA was performed using the same method as previously described
201,471,544 - After purification of AUNPs-PAA-Ctxb-DTPA, the amount of Ctxb-DTPA conjugated
to AuNPs-PAA was determined using a protein quantification assay (Pierce 660 nm protein
assay, Thermo Scientific, Gent, Belgium). A defined amount of Au (7.5 ug Au/well) of AuNPs-
PAA and AuNPs-PAA-Ctxb-DTPA was added to the wells, followed by the absorbance
measurement before and after addition of 150 pl of the colorimetric reagent at 660 nm using
a spectrophotometer (Nanodrop 2000, Therm Scientific, Gent, Belgium). The Ctxb content in
the unknown samples was quantified by plotting a calibration curve using known
concentrations of Ctxb-DTPA, and after subtraction of the AuNPs-PAA absorbance at 660 nm.
Aliguots of the AuNPs-PAA-Ctxb-DTPA nanoconjugates containing 100 pg of Ctxb-DTPA were
freeze-dried containing 3% arabic gum and stored at 4°C until radiolabeling.
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3.5. ELISA

The target binding capacity of Ctxb-DTPA, Ctxb-DOTA and AuNPs-PAA-Ctxb-DTPA was
evaluated using enzyme linked immunosorbent assay (ELISA). A431 cells were seeded in a 96
well plate (10 000 cells/well) and were incubated overnight in a humidified incubator at 37°C
and 5% COaz. Cells were rinsed twice with PBS and fixed with 4% paraformaldehyde. After
rinsing twice with PBS, cells were blocked with 5% non-fat dry milk in PBS for 1 hour at room
temperature. Next, cells were rinsed twice with PBS and once with 1% bovine serum albumin
in PBS followed by incubation with Ctxb, Ctxb-DTPA, Ctxb-DOTA or AuNPs-PAA-Ctxb-DTPA at
various concentrations. After rinsing three times with 1% BSA-PBS, cells were incubated with
a mouse monoclonal anti-human IgG-biotin antibody for 1 hour at room temperature. Next,
cells were rinsed twice with 1% BSA-PBS and once with PBS followed by incubation with
streptavidin alkaline phosphatase for 30 min at room temperature. After rinsing twice with
1% BSA-PBS and once with PBS, alkaline phosphatase activity was revealed by incubation of
the cells with 1 mg/ml p-nitrophenylphosphate and 1.5 mM tetramisole hydrochloride in 0.1
M diethanolamine for 45 minutes at 37°C. The reaction was stopped with 100 pl of 2 N NaOH
and the optical density was measured at 405 nm using a plate reader (Nanodrop 2000,
Thermo Scientific, Gent, Belgium).

The binding affinity of the Ctxb and the Ctxb conjugates to EGFR is measured and reported
by the dissociation constant (Kd), which represents the concentration of the antibody that
results in 50% of maximal EGFR binding. Therefore, the Kq value is inversely proportional to
the affinity of the antibody for the receptor, meaning that the higher the Kq value, the lower
the affinity of the antibody. The Kq values were estimated by GraphPad Prism 7 using
Equation 5.2. In Equation 5.2, Bmax represents the number of binding sites in the assay and Kq

represents the dissociation constant. The dissociation reaction is represented in Equation 5.3
585

Bmax x X .
Y= “Kdix (Equation 5.2)
Kd
[Cetuximab] + [EGFR] & [Cetuximab — EGFR complex] (Equation 5.3)

3.6. ¥’Lu labeling kinetics and stability of Ctxb-DOTA, Ctxb-DTPA

and AuNPs-PAA-Ctxb-DTPA

For the radiolabeling, the aliquoted, freeze-dried AuNPs-PAA-Ctxb-DTPA were suspended in
0.15 M ammonium acetate buffer (pH 5.5). Next, 74-370 MBq of ¥”’Lu was added to 100 pg
of Ctxb-DTPA (conjugated or not to AuNPs-PAA) or Ctxb-DOTA in 300 pl of 0.15 M ammonium
acetate buffer (pH 5.5). The reactions with Ctxb-DTPA, AuNPs-PAA-Ctxb-DTPA or Ctxb-DOTA
conjugates were conducted while shaking on 550 rpm at room temperature or at 50°C,
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respectively. The extent of complexation was analyzed by instant thin layer chromatography
(iTLC) at 5, 10, 20, 30, 45, 60, 90 and 120 minutes after initiation of the reaction, with an
extra time point at 180 min for the Ctxb-DOTA conjugate. iTLC was performed on silica gel
impregnated thin layer sheets (iTLC-SG, Agilent Technologies) using a 0.1 M sodium citrate
solution (pH 5) as mobile phase. After migration of the free ’’Lu, the thin layer sheets were
cut in half and the activity on each piece was measured using an automated gamma counter
(Wizard 2 gamma counter, PerkinElmer, Groningen, The Netherlands). After the completion
of the reaction, Y7Lu-DTPA-Ctxb-PAA-AuNPs were purified from free Lu by centrifuging the
nanoconjugates at 2700 rcf for 9 minutes. The nanoparticle pellet was resuspended in 300
ul 0.15 M ammonium acetate buffer. After purification, the radiochemical purity, which is
the ratio of the DTPA-bound "’Lu to the total ¥’Lu in the final solution, of the reaction was
again analyzed by iTLC. The radiochemical stability was evaluated by adding 50 pl of 77Lu-
DTPA-Ctxb-PAA-AuNPs or 7Lu-DTPA-Ctxb conjugates to 100 ul PBS or 100 pl serum
incubated at 25°C and 37°C, respectively, during 72h. Aliquots were taken at 24h, 48h and
72h and were analyzed with iTLC.

3.7. Saturation binding of ’’Lu-DTPA-Ctxb and *”/Lu-DTPA-Ctxb-

PAA-AuNPs

The target binding of the Y7Lu-DTPA-Ctxb-PAA-AUNPs and ”’Lu-DTPA-Ctxb conjugates was
evaluated on A431 cells. A431 cells were seeded in a 24 well plate (60 000 cells/well). The
next day, cells were incubated with 500 pl of complete cell medium containing different
concentrations of Y7Lu-DTPA-Ctxb or ¥7Lu-DTPA-Ctxb-PAA-AuNPs during 1 hour at 37°C. In
total, 8 different concentrations of *”’Lu-DTPA-Ctxb (0.02 - 0.03 - 0.06 - 0.13 - 0.25 - 0.50 -
1.00 - 10.00 pg/ml Ctxb) or Y7Lu-DTPA-Ctxb-PAA-AuNPs (0.08 - 0.16 -0.31 - 0.63 - 1.25 - 2.50
- 5.00 - 20.00 pg/ml Ctxb) were tested. In addition, a 200-fold excess of unlabeled Ctxb was
added to half of the wells to assess non-specific binding. After incubation, the unbound
fraction was removed by rinsing the cells twice with 1 ml of complete cell medium. Next, the
cells were lysed by addition of 500 pul of 1 M NaOH during 30 min. The lysates were collected
by two additional rinses and were counted for radioactivity in an automated y-counter
(Wizard 2 gamma counter, PerkinElmer, Groningen, The Netherlands). The Kg¢ value
represents of the radiolabeled conjugates was calculated with GraphPad Prism 7 using
Equation 5.2.

3.8. Specificity of /Lu-DTPA-Ctxb and *’’Lu-DTPA-Ctxb-PAA-

AuNPs

A431 cells, MCF-7 cells and A549 cells were seeded in a 24 well plate (60 000 cells/well). The
next day, cells were incubated with 500 pl of complete cell medium containing 0.17 pg/ml
177Lu-DTPA-Ctxb or 0.31 pg/ml Y7Lu-DTPA-Ctxb-PAA-AUNPs during 1 hour at 37°C. In
addition, a 200-fold excess of unlabeled Ctxb was added to half of the wells to assess non-
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specific binding. After incubation, the unbound fraction was removed by rinsing the cells
twice with 1 ml of complete cell medium. Next, the membrane-bound fraction was collected
by incubating the cells with 500 pl of 200 mM sodium acetate/500 mM NaCl (pH 2.5) for 10
min, followed by two well rinses. Then, the internalized fraction was collected by lysing the
cells with 500 pL of 1 M NaOH during 30 minutes, followed by two well rinses. The collected
acid washes and lysates were counted for radioactivity in an automated y-counter (Wizard 2
gamma counter, PerkinElmer, Groningen, The Netherlands).

4. Results
4.1. Immunoreactivity of Ctxb-DOTA and Ctxb-DTPA

Coupling multiple bifunctional chelators to each antibody is aimed to increase the
radionuclide cargo and thus the therapeutic capacity of nano-radiopharmaceutical agents. In
order to choose the best chelator for radiolabeling Ctxb, DTPA or DOTA was added to Ctxb in
a 20-, 40- and 80-fold molar excess. According to the MALDI-ToF-MS analysis, this resulted
in the conjugation of approximately two, four and six bifunctional chelators per antibody,
respectively (Supplemental Table 5.1). However, a large number of chelator molecules
conjugated to an antibody may impair its immunoreactivity. Therefore, we tested the
capacity for binding of the Ctxb-DOTA and Ctxb-DTPA to the EGFR-overexpressing A431 cells
by means of ELISA. According to the type of chelator attached to Ctxb, the immunoreactivity
of Ctxb is different. Figure 5.1 demonstrates that the addition of an 80-fold molar excess of
DOTA or DTPA to Ctxb significantly reduced the immunoreactivity of Ctxb to EGFR. This effect
was more pronounced with DOTA compared to DTPA. Moreover, a significantly reduced
immunoreactivity was observed after addition of a 40-fold molar excess of DOTA, while a 20-
fold molar excess of DOTA significantly reduced the immunoreactivity of Ctxb only at low
antibody concentrations. On the other hand, a 20- and 40-fold molar excess of DTPA did not
affect the binding capacity of Ctxb. Therefore, we chose a 20-fold excess of DTPA or DOTA
for the following work. An illustration of the radiolabeled nanoconjugate is presented in
Figure 5.2.
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Figure 5.1 ELISA analysis of (A) Ctxb-DOTA and (B) Ctxb-DTPA produced by the addition of a 20-, 40- or
80-fold excess of the bifunctional chelators to Ctxb. Data were obtained from 4-6 independent
experiments with 2-3 replicates per concentration. Error bars represent SE. A non-linear fit was
performed using GraphPad Prism 7. Statistical difference compared to free Ctxb was calculated by a
two-way ANOVA and a Dunnett post-hoc test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 5.2 lllustration of the 77Lu-radiolabeled AuNPs-PAA-Ctxb, including approximately two
antibodies per AuNP and two chelators per Cetuximab molecule.

4.2.Y"Lu-radiolabeling kinetics and stability

Radiolabeling of Ctxb-DTPA with 7’Lu was performed at room temperature. It achieved a
complexation of >95% after 5 min (Figure 5.3A). On the other hand, radiolabeling of Ctxb-
DOTA with ¥’Lu required an incubation temperature of 50°C during three hours before
achieving a complexation >95% (Figure 5.3B). Such high temperatures could potentially affect
the antibody tertiary structure as well as the chemical bonds between AuNPs-PAA, Ctxb and
the bifunctional chelator. Furthermore, as presented in Figure 5.1, conjugation of Ctxb to
DTPA affected the antibody immunoreactivity to a lesser extent than the conjugation to
DOTA. Therefore, radiolabeling and other experiments in this research were further limited
to Ctxb-DTPA and AuNPs-PAA-Ctxb-DTPA. The radiolabeling of AuNPs-PAA-Ctxb-DTPA
reached a maximal complexation of 90% at room temperature after 20 minutes of incubation

158



The radiolabeling of antibody-conjugated gold nanoparticles with 77Lu

(Figure 5.3C). After the purification step, iTLC analysis demonstrated a radiochemical purity
of >92%.
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Figure 5.3 The radiolabeling kinetics of (A) Ctxb-DTPA (n = 1) at RT, (B) Ctxb-DOTA (n = 1) at 50°C and
(C) AuNPs-PAA-Ctxb-DTPA (n = 3) at RT. Error bars represent SD.

The radiochemical stability of 7Lu-DTPA-Ctxb and 7’Lu-DTPA-Ctxb-PAA-AuNPs was
assessed in labeling buffer and PBS at room temperature, and in serum at 37°C. A high
stability was observed for both conjugates. Indeed, after 72h, the radiochemical purity of
177Lu-DTPA-Ctxb slightly decreased from 89.2% to 83.3%, 77.9% and 86.1% in labeling buffer,
PBS and serum, respectively (Figure 5.4A). In addition, after 72h, the radiochemical purity of
177Lu-DTPA-Ctxb-PAA-AuNPs decreased from 92.8% to 89.9% and 79.5% in PBS and serum,
respectively. No decrease in the radiochemical purity of ’Lu-DTPA-Ctxb-PAA-AuNPs was
observed when suspended in labeling buffer after 72h, indicating a high radiochemical
stability (Figure 5.4B).
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Figure 5.4 The radiochemical stability of (A) 77Lu-DTPA-Ctxb and (B) *7Lu-DTPA-Ctxb-PAA-AuNPs in
labeling buffer and PBS at 25°C, and in serum at 37°C for 72h.
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4.3. Saturation binding of (}’/Lu-)DTPA-Ctxb and (*’’Lu-)DTPA-

Ctxb-PAA-AuUNPs

In order to assess the affinity of the Ctxb-DTPA, AuNPs-PAA-Ctxb-DTPA and their radiolabeled
analogs, saturation binding assays on the EGFR-expressing A431 cells were performed by
means of ELISA and radioactivity measurements, respectively (Figure 5.5). Radioactivity
measurements allow the estimation of the non-specific binding by saturating the EGFR
binding sites on the A431 cells with a 200-fold excess of cold Ctxb. Consequently, the specific
binding could be calculated by subtracting the non-specific binding (after blocking) from the
total binding (without blocking). An overview of the Kq values determined from the binding
curves in Figure 5.5 are represented in Table 5.2. The Kq value of *’’Lu-DTPA-Ctxb and *’’Lu-
DTPA-Ctxb-PAA-AUNPs was determined from the specific saturation binding curves (green
curves in Figure 5.5A-C) and had a value of 0.17 pg/ml and 1.09 pg/ml, respectively.
Consistently, similar Kq values for non-radiolabeled Ctxb-DTPA (Kqa: 0.09 ug/ml) and AuNPs-
PAA-Ctxb-DTPA (K¢: 1.25 pg/ml) were calculated from the ELISA binding curve (Figure 5.5D).
Importantly, the conjugation of DTPA to Ctxb (Kd: cto 0.06 Vs Kg: ctxo-otea 0.09) or to AUNPs-
PAA-Ctxb (Kd: aunps-paa-cexb 1.36 Vs Ka: aunps-paa-cexb-otea 1.25) did not affect the affinity of Ctxb.
However, the higher Kq values of the nanoconjugates compared to free (¥7Lu-)DTPA-Ctxb
reveals that the introduction of AuNP-PAA to (’Lu-)DTPA-Ctxb reduced the Ctxb antibody
affinity towards EGFR. Furthermore, in contrast to Y7Lu-DTPA-Ctxb, which exhibits a high
specificity for EGFR (Figure 5.5A), the total binding of ¥7Lu-DTPA-Ctxb-PAA-AUNPs (black
curve) to A431 cells is much higher than the specific binding of /’Lu-DTPA-Ctxb-PAA-AuNPs
(green curve) as the nanoconjugate concentration increased, indicating non-specific binding
(Figure 5.5B). On the other hand, the ELISA analysis of AuNPs-PAA-Ctxb-DTPA, performed on
fixed cells that were pre-blocked with 5% of non-fat dry milk, did not show an absorbance
signal that reaches above the saturation plateau phase (Figure 5.5D).
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Figure 5.5 Radioactivity analysis of the total binding (black), the non-specific binding after blocking EGFR
(red curve) and the specific binding (green curve) of (A) 177Lu-DTPA-Ctxb, (B) 177Lu-DTPA-Ctxb-PAA-
AuNPs and (C) a magnification of the specific binding of 77Lu-DTPA-Ctxb-PAA-AUNPs (green curve from
B). Data were obtained from one experiment with three replicates per concentration. Error bars
represent SD. (D) ELISA analysis of the binding of Ctxb-DTPA and AuNPs-PAA-Ctxb-DTPA. Data were
obtained from 5-6 independent experiments with 2-3 replicates per concentration. Error bars
represent SE. Non-linear fits and the calculations of the Kq values were performed using GraphPad
Prism 7.

Table 5.2 Overview of K4 values for antibody conjugates and nanoconjugates

Antibody conjugate Ka value (ug/ml)
Ctxb (Figure 5.5D) 0.06
Ctxb-DTPA (Figure 5.5D) 0.09
177 u-DTPA-Ctxb (Figure 5.5A) 0.17
Nanoconjugate Kavalue (ug/ml)
AuNPs-PAA-Ctxb (Figure 5.5D) 1.36
AuNPs-PAA-Ctxb-DTPA (Figure 5.5D) 1.25
177Lu-DTPA-Ctxb -PAA-AuNPs (Figure 5.5C) 1.09

161



Chapter V

4.4, Specificity of ’/Lu-DTPA-Ctxb and ¥’/Lu-DTPA-Ctxb-PAA-

AUNPs

The specific binding of Y7Lu-DTPA-Ctxb (0.13 pg/ml Ctxb, Kq value) and *”7Lu-DTPA-Ctxb-PAA-
AuUNPs (0.31 pg/ml Ctxb, 80% specific binding) towards EGFR-overexpressing A431 cells is
presented in Figure 5.6 as the total binding versus the binding after blocking EGFR with a 200-
fold excess of cold Ctxb. Blocking EGFR fully abolished the binding of ’Lu-DTPA-Ctxb.
Furthermore, the binding of ¥’Lu-DTPA-Ctxb-PAA-AuNPs was considerably reduced.

1.5x104, H Total binding
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15104
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Figure 5.6 Total binding, specific binding and non-specific binding to A431 cells after blocking with a
200-fold excess of cold Ctxb for (A) 177Lu-DTPA-Ctxb and (B) 77Lu-DTPA-Ctxb-PAA-AuNPs. Data were
obtained from one experiment with three replicates per condition. Error bars represent SD.

Counts per minute

In addition, we compared the membrane-bound and internalized fractions of ’Lu-DTPA-
Ctxb (0.17 pg/ml Ctxb, Kq value) and *7Lu-DTPA-Ctxb-PAA-AUNPs (0.31 pg/ml Ctxb, 80%
specific binding) in EGFR-overexpressing A431 cells, EGFR-positive A549 cells and EGFR-
negative MCF-7 cells after 1 hour of incubation at 37°C (Figure 5.7).
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Figure 5.7 The membrane-bound and internalized fractions of 77Lu-DTPA-Ctxb and '77Lu-DTPA-Ctxb-
PAA-AUNPs in (A-B) EGFR-overexpressing A431 cells, (C-D) EGFR-positive A549 cells and (E-F) EGFR-
negative MCF-7 cells. Data were obtained from one experiment with three replicates per condition.
Error bars represent SD.

From the studied cell lines, ’Lu-DTPA-Ctxb showed the highest binding affinity to A431 cells,
with reasonable proportion of ¥7Lu-DTPA-Ctxb internalized (23.0%). On the other hand, the
binding of 7Lu-DTPA-Ctxb to A549 cells and MCF-7 was low, with a negligible uptake in A549
cells (10.1%) and no uptake in MCF-7 cells. Blocking EGFR fully abolished the binding of *"7Lu-
DTPA-Ctxb to all cell lines. Different results were obtained for Y7Lu-DTPA-Ctxb-PAA-AuNPs.
In fact, all cell lines internalized ’Lu-DTPA-Ctxb-PAA-AuUNPs more extensively than *’’Lu-
DTPA-Ctxb (55.6%, 61.1%, 52.6% for A431 cells, A549 cells and MCF-7 cells, respectively).
Nevertheless, the bound and internalized fractions of ”’Lu-DTPA-Ctxb-PAA-AuNPs were
higher for the EGFR-overexpressing A431 cells than for the EGFR-negative MCF-7 cells. There
is little difference in the total binding and internalization of ”/Lu-DTPA-Ctxb-PAA-AUNPs
between A431 cells and A549 cells. Nevertheless, after blocking, the *”7Lu-DTPA-Ctxb-PAA-
AuNPs binding and uptake was reduced most in A431 cells, followed by A549 and MCF-7
cells.
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5. Discussion

The goal of TRT is to provide a protracted and cytotoxic radiation exposure specifically to
tumor cells, with a minimal exposure to non-targeted healthy tissues after systemic delivery.
Radio-immunotherapy (RIT) is a form of TRT involving the use of antibodies as carriers of
radionuclides, and is a strongly developing field in nuclear medicine . However, it is not
uncommon that radiolabeled antibodies show limited success in the treatment of solid
tumors, despite promising pre-clinical evaluations °%’. Several reasons could explain these
results, such as low tumor penetration and low uptake of the antibodies, a higher radio-
resistance of solid tumors compared to hematological cancers, and the delivery of radiation
doses, which are too low to promote tumor cell killing >3%°%° Thanks to their high area-to-
volume ratio and the EPR effect, AuNPs are able to carry multiple radiolabeled antibodies
and exhibit an increased accumulation at the tumor site compared to free antibodies. As a
result, targeted, radiolabeled AuNPs have the potential to deliver a high radionuclide cargo
to the tumor cells, increasing the efficacy of TRT 311314,

Acyclic and macrocyclic bifunctional chelators are suitable for the radiolabeling of
biomolecules with 77Lu >°, In this study, we optimized the radiolabeling of Ctxb and AuNPs-
PAA-Ctxb with 7’Lu using DOTA and DTPA as linkers. Importantly, the conjugation of multiple
bifunctional chelators to a cancer-targeting ligand can affect its in vitro and in vivo behavior.
In fact, the results of the ELISA immunoreactivity assay and the MALDI-ToF MS analysis
suggest that the conjugation of more than two bifunctional chelators to each Ctxb reduced
the antibody immunoreactivity to EGFR. Comparable results were obtained by other studies,
in which antibody:bifunctional chelator molar ratios of 1:5, 1:10 and 1:50 achieved the
conjugation of 1.62, 6.42 and 11.01 p-NCS-Bz-DOTA molecules per Rituximab antibody and
diminished the antibody immunoreactivity by 28.8%, 46.95% and 80.63%, respectively >,
On the other hand, Forrer, et al found that the immunoreactivity of Rituximab was still
retained after conjugation of four p-NCS-Bz-DOTA chelators and diminished by 50% after
conjugation of 8 chelator molecules **2. In our study, the reduced Ctxb immunoreactivity was
strongly pronounced when using DOTA as chelator. Another disadvantage of using DOTA as
bifunctional chelator is the elevated temperature (up to 50°C) and the long duration of the
reaction that are required for the radiolabeling reaction in order to achieve an adequate
radiolabeling efficiency. Such high temperatures could be detrimental for the integrity of the
antibody and the nanoconjugate. Therefore, we preferred to use the acyclic DTPA as
bifunctional chelator, since it enabled a rapid and efficient radiolabeling of AUNPs-PAA-Ctxb
under mild conditions, without affecting the antibody immunoreactivity.

Essential for TRT applications is the development of a radiochemically stable nanoconjugate,
with limited release of free radionuclide when administered in vivo. Importantly, for the
stability evaluation in Figure 5.4, a higher activity of ’’Lu (370 MBq) was added to Ctxb-DTPA
and AuNPs-PAA-Ctxb-DTPA when compared to the activity that was added to the conjugates
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to measure the radiolabeling kinetics, radiolabeling efficiency and radiochemical purity after
centrifugation in Figure 5.3 (147 MBq). This could be a possible reason that the initial
radiochemical purity of ’Lu-DTPA-Ctxb (89.2%) and *"7Lu-DTPA-Ctxb-PAA-AuNPs (92.8%)
for the stability evaluation in Figure 5.4 is lower than the radiochemical purity of 1/Lu-DTPA-
Ctxb in Figure 5.3 (>95%) and of Y’Lu-DTPA-Ctxb-PAA-AuNPs after centrifugation (>92%).
Nevertheless, we observed a high radiochemical stability for both 7Lu-DTPA-Ctxb and *"’Lu-
DTPA-Ctxb-PAA-AuNPs in labeling buffer, with less than 5% release of free ¥’Lu after 72h
post-radiolabeling. In contrast, ¥’Lu was slightly dissociated from ’Lu-DTPA-Ctxb-PAA-
AuNPs and from '7Lu-DTPA-Ctxb after 72h by 13.3% in serum and by 11.3% in PBS,
respectively. Nevertheless, this is still in line with the reported radiochemical purity of
radiolabeled AuNPs, ranging from 80% to >95% after 24-72h in serum 34317-319,321-326
Furthermore, since the majority of the AuNPs-PAA-Ctxb are cleared from the blood
circulation, 6h after intravenous injection, as demonstrated by our previous in vivo study,
177Lu release in the blood might be limited %3,

The binding saturation assays of Ctxb-DTPA (ELISA) and *"’Lu-DTPA-Ctxb (gamma detection)
indicated that conjugation of DTPA to Ctxb and the radiolabeling with *’Lu did not alter the
binding affinity of Ctxb towards EGFR. In contrast, the conjugation of AuNPs-PAA to (*"’Lu-
)DTPA-Ctxb increased the Kq¢ value. This higher Kq value of (*7Lu-)DTPA-Ctxb-PAA-AuNPs
compared to (Y’Lu-)DTPA-Ctxb could be related to the multivalency of the Ctxb-
functionalized AuNPs, where some antibodies on the AuNPs-PAA may not have the suitable
orientation to interact with the EGFRs on the 2D cell monolayer 4. Another consequence
related to the conjugation of AuNPs-PAA to (}”/Lu-)DTPA-Ctxb is the higher uptake of *"’Lu-
DTPA-Ctxb-PAA-AUNPs in cancer cells compared to *”’Lu-DTPA-Ctxb. This could be explained
by the internalization of AuNPs in cells via uptake mechanisms that are independent from
the EGFR expression, such as macropinocytosis or receptor-independent endocytosis.
Indeed, TEM images from our previous in vitro study (Figure 3.2) demonstrated the presence
of AuNPs-PAA-Ctxb in intracellular vesicles in the perinuclear region of MDA-MB-453 cells,
despite their low EGFR expression profile >4, This considerable cellular uptake could partly
explain the non-specific, cell-associated radioactivity behind the EGFR saturation level when
the concentration of ”’Lu-DTPA-Ctxb-PAA-AUNPs increased. Indeed, the total binding of
177Lu-DTPA-Ctxb-PAA-AUNPs to A431 cells is higher than the specific binding of *”’Lu-DTPA-
Ctxb-PAA-AuUNPs. This was not observed in the ELISA assays using cells that were fixed and
thus unable to internalize AuNPs-PAA-Ctxb. On the other hand, the suspension of '7’Lu-
DTPA-Ctxb-PAA-AuNPs in complete cell growth medium containing FBS could result in the
formation of a protein corona, which might promote the non-specific interaction with cells.

Despite the non-specific cellular interaction of 7’Lu-DTPA-Ctxb-PAA-AuUNPs, it is important
to note that the binding and the uptake of /7Lu-DTPA-Ctxb-PAA-AuNPs were higher in the
EGFR-overexpressing A431 cells than in the EGFR-negative MCF-7 cells. Furthermore,
blocking the EGFR with an excess of cold Ctxb reduced the binding and uptake of the *"7Lu-
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DTPA-Ctxb-PAA-AuNPs in A431 much more than in A549 cells, which have a low EGFR
expression, and in EGFR-negative MCF-7 cells (Supplemental Figure 5.1). These results
indicate that Ctxb enhanced the binding and uptake of ”’Lu-DTPA-Ctxb-PAA-AuNPs in EGFR-
overexpressing cancer cells. The presence of radioactive Y’Lu-DTPA-Ctxb-PAA-AuNPs inside
the cell is likely to generate more damage than membrane-bound *”’Lu-DTPA-Ctxb.
Furthermore, as shown previously, the AuNPs-PAA-Ctxb inhibit the cellular antioxidant
defense system and induce mitochondrial dysfunction 77180537544 'Ag 3 result, 277Lu-DTPA-
Ctxb-PAA-AuUNPs are expected to increase the efficacy of TRT.

6. Future perspectives

Further research on the potential of *”’Lu-DTPA-Ctxb-PAA-AuNPs to enhance TRT efficacy is
required. We aim to investigate whether 17’Lu-DTPA-Ctxb-PAA-AuNPs enhance inhibition of
the clonogenic potential and induce more cancer cell death than '’Lu-DTPA-Ctxb.
Furthermore, we hypothesize that the mechanism of action of ¥’Lu-DTPA-Ctxb-PAA-AuNPs
to sensitize the cancer cells to the radioactive Y’Lu is the inhibition of the antioxidant
thioredoxin reductase (TrxR) >**. In order to investigate this, we will include three different
cancer cell lines. A431 cells overexpress EGFR, but exhibit a low TrxR activity. A549 cells have
a low EGFR expression and have a high TrxR activity. Finally, MCF-7 cells are EGFR-negative
and exhibit a low TrxR activity (Supplemental Figure 5.1). Due to the TrxR inhibition by 77Lu-
DTPA-Ctxb-PAA-AUNPs, it is expected that the treatment of A549 cells with //Lu-DTPA-Ctxb-
PAA-AUNPs will induce a stronger cell inhibitory effect than the Y”7Lu-DTPA-Ctxb treatment.
On the other hand, the radiosensitizing effect in A431 and MCF-7 cells might be less
pronounced. Nevertheless, the cell inhibitory effect will also depend on the internalization
of 77Lu-DTPA-Ctxb-PAA-AUNPs in the different cancer cell types, which was shown to be
higher in A431 cells than in MCF-7 cells. Furthermore, pre-exposure of A549 cells to N-acetyl
L-cysteine (NAC) is expected to abolish the radiosensitizing effects of *77Lu-DTPA-Ctxb-PAA-
AuNPs.

In addition, the in vivo specificity of the 7Lu-DTPA-Ctxb-PAA-AuNPs after intravenous
injection will be assessed in mice, bearing EGFR-negative MCF-7 and EGFR-positive A431
tumor xenografts. SPECT-CT imaging, autoradiography and gamma-detection will be used to
assess the biodistribution and elimination of *’’Lu-DTPA-Ctxb-PAA-AuNPs compared to *7’Lu-
DTPA-Ctxb.

7. Supplemental information

MALDI-ToF-MS analysis: The number of DTPA or DOTA chelators attached to Ctxb was
assessed by MALDI-ToF-MS analysis. The number of bifunctional chelators per antibody was
calculated by subtracting the weight of free Ctxb from the weight of the conjugate, divided
by the estimated weight of the bifunctional chelator (Supplemental Table 5.1).
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Supplemental Table 5.1: MALDI-ToF-MS analysis indicating the weight of the conjugates and the
calculated number of bifunctional chelators per antibody.

Molar Conjugate Weight (kDa) Chelator/Antibody
excess
N.A. DTPA 594.62 N.A
N.A. DOTA 551.61 N.A.
N.A. Ctxb 152516 N.A.
20 Ctxb-DOTA 153966 2.629
Ctxb-DTPA 153773 2.114
40 Ctxb-DOTA 154713 3.983
Ctxb-DTPA 154858 3.939
80 Ctxb-DOTA 155695 5.763
Ctxb-DTPA 156294 6.354

Western blot analysis and Thioredoxin Reductase Activity measurement: The Western blot

analysis and the thioredoxin reductase activity measurement were performed as previously

described >**.
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Supplemental Figure 5.1: (A) EGFR expression assessed with Western blot and (B) TrxR activity in A549,
A431 and MCF-7 cells. EGFR expression data were obtained from one experiment with three replicates.
Error bars represent SD. TrxR activity data were obtained from 2-3 independent experiments with three

replicates. Error bars represent SE.
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Supplemental Figure 5.2: The absorbance spectrum of Cetuximab with a concentration A280 of 29.5
and an extinction coefficient of 210 000 M-1 cm-1, which results in an estimated concentration of 21.5
mg/ml.
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Chapter VI

1. Study relevance

In the last few decades, gold nanoparticles (AuNPs) have rapidly emerged as promising tools
in nanomedicine to improve the efficacy of cancer diagnosis, monitoring and treatment. In
fact, the number of publications available on PubMed under the search queries ‘gold
nanoparticles” and ‘cancer’ strongly increased over the years since 2005 (Figure 6.1), with
almost 800 hits in 2019. In this large body of literature, AUNPs were shown to be useful in
targeted drug delivery, radiosensitization, photo-thermal therapy, medical imaging and
nuclear medicine, enabling the development of complex multimodal, theranostic platforms
16 As a result, the variety in AuNPs design regarding their size, shape, coating, charge,
functionalization, etc. grew tremendously. Since these properties strongly influence the in
vitro and in vivo effects and behavior of the AuNPs, it is useful to evaluate unique AuNPs for
their diagnostic or therapeutic potentials, mode of action and/or toxicity.

10001

800

600
4001
200 I|‘
r -l Il ' l

0
2000 2005 2010 2015 2020

Year

Count

Figure 6.1 The number of articles published each year from 2000-2020, available on PubMed under the
search query ‘gold nanoparticles’ and ‘cancer’.

In this thesis, we used 5 nm-sized, poly-allylamine (PAA)-coated AuNPs, which were produced
at the University of Namur®. In order to target cancer cells, the AuNPs-PAA were additionally
conjugated to the antibody Cetuximab (Ctxb) that targets the epidermal growth factor
receptor (EGFR). The conjugation leads to an increase in the size of the nanoparticles to 26
nm. In order to improve long-term storage and colloid stability, the AuNPs-PAA and AuNPs-
PAA-Ctxb were freeze-dried before use. To prevent aggregation of the AuNPs-PAA(+Ctxb)
during the freeze-drying process, arabic gum, a natural polysaccharide, was added as a
stabilizer and cryoprotectant. Arabic gum might contribute to the observed negative surface
charge (-30 mV in water) of the AuNPs-PAA(+Ctxb) by adsorbing onto the nanoparticle
surface.

4 AUNPs-PAA produced at I’Unité de Recherche Laboratoire d’Analyse par Reaction Nucléaire (LARN),
University of Namur.

172



General discussion and conclusions

Previous research demonstrated that the AuNPs-PAA-Ctxb are able to selectively target
EGFR-overexpressing A431 cancer cells in vitro and in vivo, and could prevent the
phosphorylation of EGFR 369474 Furthermore, AuNPs-PAA-Ctxb enhance the efficacy of
proton therapy in A431 cancer cells (SER of 1.22). This effect is associated with an increased
ROS production 29%. These in vitro and in vivo results highlight the promising application of
AuNPs-PAA-Ctxb as radiosensitizing agents. As thoroughly described in Chapter 1, the
observed experimental radiosensitization effects of AUNPs are usually higher than predicted
from the physical dose enhancement in Monte Carlo simulations. This strongly suggests that
the physical interaction between AuNPs and ionizing radiation is not the only mechanism
responsible for the radiosensitization properties of AuNPs 33134 For instance, there is
emerging evidence that AuNPs can chemically catalyze the generation of ROS and can affect
various cellular biological mechanisms involved in radiation responses, predisposing cells to
cell death after irradiation 23437, However, despite the effective targeting of AuNPs to the
tumor site, it is inevitable that also normal cells and tissues are exposed to AuNPs after
administration in vivo. Since the majority of the studies are focused on the imaging and
therapeutic potentials of the AuNPs in cancer cells, there is little research conducted on the

effects of AUNPs in normal cells 61,145,167,251,259,528,542,594-596

Therefore, the first objective of this thesis was to assess the toxicity profile of AuNPs-PAA
and AuNPs-PAA-Ctxb in several normal human cell types and to gain more insight into
putative cytotoxicity mechanisms (Chapter 3). Since in Chapter 3, we showed that AuNPs-
PAA and AuNPs-PAA-Ctxb cause various biological effects in normal human cells, such as
antioxidant enzyme inhibition, mitochondrial dysfunction and induction of apoptosis, the
second objective of this thesis was to investigate the in vivo pharmacokinetics,
biodistribution and toxicity of AuNPs-PAA-Ctxb in healthy mice (Chapter 4). Finally, since
antioxidant enzyme inhibition and mitochondrial dysfunction were previously identified as
potential AuNPs-mediated radiosensitizing mechanisms, a third objective of this thesis was
to radiolabel AuNPs-PAA-Ctxb with *77Lu to assess the potential of *’7Lu-Ctxb-PAA-AuNPs to

sensitize cancer cells to targeted radionuclide therapy (TRT) (Chapter 5) 177237,

2. The mechanism underlying the cytotoxicity of AuNPs-PAA-
Ctxb

After intravenous administration, endothelial cells are the first cells to encounter the AuNPs,
while the kidneys and liver are part of the renal and hepatobiliary excretion routes,
respectively. Therefore, in chapter 3, human microvascular endothelial (TIME) cells, human
proximal tubular kidney (HK-2) cells and human liver (THLE-2) cells were chosen as suitable
cell models to estimate vascular toxicity, nephrotoxicity and hepatotoxicity, respectively.
Although the cells are immortalized, they originated from primary human cells and retained
their phenotypic and functional characteristics °°->°°. Besides these normal cells, we also
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included the EGFR-overexpressing A431 cancer cell line and the EGFR-negative MDA-MB-453
cell line.

An overview of the EGFR expression, the TEM imaging, the ICP-MS data, the MTS viability,
the thioredoxin reductase (TrxR) inhibition and the mitochondrial membrane depolarisation
in the different cell types after exposure to AuNPs-PAA(+Ctxb) is presented in Table 3.2 of
Chapter 3. TEM images demonstrated that AuNPs-PAA-Ctxb were internalized by all cell
types and were present in intracellular vesicles indicating uptake via endocytosis. From the
MTS viability assay data, we calculated the ECso values, which represented the nanoparticle
concentration resulting in a 50% decrease of the cells’” metabolic activity. Comparing these
values demonstrated that the A431 cells and HK-2 cells were the least sensitive to the effects
of AUNPs-PAA(+Ctxb), despite their high EGFR expression and their considerable interaction
with AuNPs-PAA-Ctxb according to quantitative ICP-MS data. On the contrary, TIME cells and
THLE-2 cells, showing a low EGFR expression and an overall lower interaction with the AuNPs-
PAA(+Ctxb) according to ICP-MS data, were identified as the two most sensitive cell lines.
However, although ICP-MS data suggest a low interaction between the TIME cells and the
AuNPs-PAA-Ctxb, the TEM images show the uptake of remarkably large clusters of AuNPs-
PAA-Ctxb, which could be related to a high rate of endocytosis in endothelial cells 6.

Based on these in vitro observations, we hypothesize that the cytotoxicity of AuNPs-PAA and
AuNPs-PAA-Ctxb strongly depends on the intrinsic properties of the specific cell line, rather
than the antigen expression status of the cell and the extent of cellular-AuNPs interaction. In
this view, we examined the mitochondrial function and the activity of the antioxidant enzyme
TrxR, which both have been suggested as potential targets of AUNPs in order to radiosensitize
cancer cells 177189337 |n |ine with the MTS data, the mitochondrial membrane depolarization
caused by a non-lethal concentration of AUNPs-PAA(+Ctxb) was most profound in TIME cells,
followed by THLE-2 cells and HK-2 cells. As discussed in the introduction in Chapter 1,
mitochondria are major endogenous sources of ROS generation and are important key
regulators of autophagy and apoptosis 2%°. Therefore, it is reasonable that the mitochondrial
depolarization after exposure to a non-lethal concentration of AuNPs-PAA(+Ctxb) activated
an autophagic response in the cells. Autophagy can generate sufficient energy to cope with
cellular stress and to restore the cellular homeostasis, which could explain why the
mitochondrial membrane depolarization was observed as a transient response. In case of
exposure to higher AuNPs-PAA(+Ctxb) concentrations, excessive membrane depolarization
might lead to mitochondrial membrane permeabilization, which is a hallmark of apoptosis
initiation. Apoptosis was evidenced in the cell lines. Indeed, an increase in the apoptotic
markers, cleaved caspase 3/7 and annexin V was observed.

In addition to mitochondrial depolarization, we also observed a significant inhibition of the
activity of thioredoxin reductase (TrxR) in HK-2 cells, THLE-2 cells and TIME cells. Importantly,
the basal TrxR activity in the TIME cells was remarkably higher and decreased more
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extensively than in the THLE-2 cells and HK-2 cells. The Trx/TrxR system plays an important
role in the cellular redox homeostasis and modulates a number of transcriptional pathways
involved in inflammation, cell survival and angiogenesis >34, The modulatory effect of the
thioredoxin (Trx)/TrxR system on angiogenesis and thus vascular homeostasis is a potential
reason for the high TrxR activity in TIME cells %2, In various mammalian cells, reduced Trx
indirectly prevents the degradation of hypoxia inducible factor-1a (HIF-1a) and increases the
DNA binding of the transcription factors activator protein-1 (AP-1) and nuclear factor-k (NF-
kB) on the promoter or enhancer regions of various target genes, including the VEGF gene
538,602,603 This effect induces vascular endothelial growth factor (VEGF) expression, which in
turn, activates several intracellular signaling pathways promoting cell survival, proliferation,
migration and vascular permeability. In addition, reduced Trx interacts with the apoptosis
signaling kinase-1 (ASK-1) and the growth suppressor phosphatase and tensin homolog
(PTEN), preventing their pro-apoptotic and anti-proliferative functions, respectively 38602,
Hence, inhibition of the TrxR activity, as we observed in the normal cells, diminishes the
availability of reduced Trx, which may result in a pro-apoptotic status and a reduced cell
proliferation and survival.

Glutathione reductase (GR) is closely related to TrxR and has a similar tertiary structure. GR
maintains the supply of reduced glutathione, the most abundant thiol-containing compound
in the cell 8% The glutathione (GSH) and Trx antioxidant systems are the two major thiol-
dependent pathways maintaining the redox balance in the cell. Importantly, the GSH and Trx
systems have partially overlapping functions and can serve as a back-up for one another via
cross-talk between both systems 058 The activity of GR was significantly suppressed by
AuNPs-PAA(xCtxb) in all three cell lines, but to a lesser extent compared to the inhibition of
the TrxR activity. The reason for this difference is the faster and preferential reaction of gold
with the selenocysteine residue in TrxR, as compared to the cysteine residue in GR 243
Besides three thioredoxin reductases (TrxR1-3), the human selenoproteome (Annex Table 3)
also includes five glutathione peroxidases (GPx1-4, 6) and one methionine sulfoxide
reductase (MSRB1) providing efficient antioxidant defense. In addition, there are three
iodothyronine deiodinases, which control the thyroid hormone metabolism, while
selenoprotein P (SelP) and selenophosphate synthetase (SPS2) are involved in the transport
of selenium and the synthesis of selenoproteins, respectively 69613 |n contrast, little is known
about 11 other selenoproteins (SelF, SelH, Sell, SelK, SelM, SelN, SelO, Sels, SelT, SelV, Selw).
Based on their structure, one can hypothesize that the function of a major part of the
selenoproteins is involved in maintaining the redox homeostasis. In addition, some
selenoproteins present in the ER are proposed to be involved in protein folding or in the
degradation process of misfolded proteins 4. It might be of interest to investigate if TrxR is
the only selenoprotein that is affected by AuNPs or if AUNPs are also able to interact with the
selenocysteine residues of the other selenoproteins. Since many selenoproteins are
proposed to play a role in the cellular redox homeostasis, inhibition of these proteins by
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AuNPs might contribute to the oxidative stress and potentially result in an accumulation of
misfolded proteins causing ER stress. For instance, several studies have reported the ability
of auranofin and other gold-based compounds to form a stable complex with the
selenocysteine residue in GPx1, blocking the active site of the enzyme %1>61¢ Indeed, gold
nanoclusters conjugated to negatively charged peptides inhibited the GPx activity in A549
cells in a dose-dependent manner, leading to an increased ROS level in the cells and to
apoptosis 527, Nevertheless, high concentrations of auranofin in the micro-molar range are
needed to inhibit GPx activity, while TrxR activity was strongly suppressed at concentration
in the nano-molar range. The difference in enzyme inhibition has been related to the position
of the selenocysteine residue being more accessible in TrxR than in GPx. 8861 Based on our
in vitro results and the studies referred to above, we suggest that AuNPs-PAA(+Ctxb)
preferentially inhibit TrxR. However, TrxR is most likely not the only antioxidant target
enzyme affected by AuNPs-PAA(+Ctxb) as evidenced by the decreased GR activity.

The suppression of endogenous TrxR and GR antioxidant systems could significantly reduce
the capacity of the normal cells to cope with ROS that can originate from the chemical
enhancement and the biological enhancement of AuNPs (including mitochondrial
dysfunction). In our study, the role of oxidative stress and the disturbance of the thiol-redox
balance have been indirectly confirmed by the protective effect of N-acetyl L-cysteine, a
thiol-containing antioxidant. Indeed, N-acetyl L-cysteine (NAC) prevents mitochondrial
dysfunction and reduces apoptosis during exposure to AuNPs-PAA(+Ctxb). The hypothesized
cytotoxicity mechanism described above is illustrated in Figure 6.2.
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Figure 6.2 The proposed cytotoxicity mechanism of AuNPs-PAA and AuNPs-PAA-Ctxb in normal cells
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based on the findings of our in vitro study. AuUNPs-PAA(+Ctxb) are internalized in the cells in intracellular
vesicles. The uptake is followed by the inhibition of the antioxidant enzyme activities of GR and TrxR,
which are both present in the cytosolic and mitochondrial compartments. As a result, glutathione
disulfide and oxidized thioredoxin are not effectively reduced and thus are not able to detoxify
hydrogen peroxide into water. The accumulation of hydrogen peroxide promotes the pro-oxidant
status of the cell, leading to oxidative stress. Furthermore, the oxidation of thioredoxin results in the
dissociation of its binding partner, ASK-1, which is activated by phosphorylation and activates the
apoptosis signaling cascade. In addition, AuNPs-PAA(+Ctxb) exposure causes depolarization of the
mitochondrial membrane potential, either directly or indirectly via oxidative stress, which can initiate
autophagy or apoptosis. Importantly, co-exposure of the cells with the antioxidant, N-acetyl L-cysteine,
prevented the mitochondrial membrane depolarization and the induction of apoptosis.
Abbreviations: ASK-1: apoptosis signal-regulating kinase 1; AuNPs: gold nanoparticles; GR: glutathione
reductase; GSSG: glutathione disulfide; GSH: glutathione; GPx: glutathione peroxidase; Trx ox: oxidized
thioredoxin; Trx red: reduced thioredoxin; TrxR: thioredoxin reductase; Trx-Px: thioredoxin peroxidase;
P: phosphate; AW: mitochondrial membrane potential.

Importantly, this cytotoxicity mechanism strongly resembles the radiosensitization
mechanism of PEGylated AuNPs described by Penninckx, et al. These researchers evidenced
a good correlation between the TrxR inhibition and the radiosensitization effect of PEGylated

177537 Furthermore,

AuNPs combined with proton therapy in five different cancer cell types
several studies demonstrated mitochondrial dysfunction in cancer cells after exposure to
AuNPs, which has been suggested to contribute to biological radiosensitization
180,251,252,528,620 Similarly, in our study, the basal TrxR activity, the extent of TrxR inhibition and

the mitochondrial dysfunction were strongly correlated with the sensitivity of the normal
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cells to AuNPs-PAA(+Ctxb). It should be noted that the correlation was based on a limited
data set of only three normal cell types and thus care should be taken to extrapolate these
findings to other normal cell types. Nonetheless, our results clearly indicate that AUNPs-PAA-
Ctxb strongly affect the biological systems in cells and thus have the potential to sensitize the
cancer cells to ionizing radiation. The radiosensitizing effects of AuNPs are usually
investigated considering radiation delivered by an external beam 621, However, there are only
a limited number of studies investigating the use of AuNPs as biological radiosensitizing
agents in TRT (Table 1.3 in Chapter 1). Therefore, in Chapter 5, we radiolabeled the AuNPs-
PAA-Ctxb to *"’Lu in order to assess the radiosensitizing potential of the ’Lu-DTPA-Ctxb-
PAA-AuUNPs in TRT, which is discussed in detail in, in this section, paragraph 4.

In normal cells, the TrxR and Trx mainly serve as antioxidants and redox regulators, while in
aggressive and invasive cancers TrxR and Trx are commonly overexpressed to promote the
tumor progression by providing a high proliferation capacity, a high metastatic potential and
a low apoptosis rate. In fact, the overexpression of the TXNRD1 gene in tumors is even
correlated with treatment resistance and poor patient outcomes >¥’. Therefore, TrxR is a
promising target for anti-cancer therapy %22, Indeed, inhibition of TrxR by auranofin and other
gold-based complexes has been linked with increased cancer cell apoptosis in vitro and
reduced tumor growth in vivo #2325 However, the similarity between the results of our study
in normal cells and the results in literature conducted in cancer cells indicate that the use of
AuNPs-PAA-Ctxb as radiosensitizing agents might cause side effects after administration in
vivo, related to the inhibition of TrxR and GR in normal cells.

In fact, certain side effects caused by chemotherapeutic drugs have been related to the
inhibition of the TrxR and GR system in healthy tissues. For instance, nephrotoxicity is a
common side effect of anti-cancer platinum-containing drugs and ifosfamide. Among the
platinum-containing drugs, cisplatin (0.05 mM) was the most effective inhibitor of kidney
TrxR1 activity in mice (60%), causing the severest increase in serum creatinine, blood urea
nitrogen and renal injury 2. Similarly, ifosfamide (350 mg/kg) specifically decreased the TrxR
activity in the bladder and kidney by 74% and 37%, respectively 627628 Furthermore,
increased blood urea nitrogen levels and renal injury were observed in the treated mice in a
dose-dependent manner 28, Next to nephrotoxicity, heart failure is a serious complication of
high-dose cyclophosphamide. Cyclophosphamide (250 mg/kg) specifically diminished heart
TrxR1 activity by 62% in treated mice, but only caused significant cardiac toxicity when the
GSH content in the cells was compromised ©?°. Consistently, depletion of the GSH content
strongly exacerbated the ifosfamide-induced nephrotoxicity %8, These observations confirm
the cross-talk between the GR and TrxR antioxidant systems and the back-up ability of the
GSH antioxidant system if the TrxR antioxidant system is compromised. Thus, bearing in mind
that AuNPs-PAA(+Ctxb) inhibit both TrxR and GR, it might be possible that administration of
AuNPs-PAA-Ctxb could induce vascular dysfunction, nephrotoxicity or hepatotoxicity.
Nevertheless, the potential of AuNPs-PAA-Ctxb to cause serious side effects strongly
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depends on their in vivo pharmacokinetics and biodistribution. The aim of Chapter 4 was to
assess these two parameters in healthy mice.

Another major finding of our in vitro study is the lower cytotoxicity of AuNPs-PAA-Ctxb
compared to AuNPs-PAA without Ctxb, despite the trend of a higher uptake of AuNPs-PAA-
Ctxb in the cells. Since conjugated Ctxb in AuNPs-PAA-Ctxb is able to target the EGFR in vitro
and in vivo, the reduced cytotoxicity related to AuNPs-PAA-Ctxb exposure indicates that the
inhibition of the EGFR pathway by the AuNPs-PAA-Ctxb, on its own, does not cause cytotoxic
effects in an in vitro environment #7448 Nevertheless, in vivo, when AuNPs-PAA-Ctxb target
the tumor site, the Fc region of Ctxb could attract immune effector cells, such as natural killer
cells and cytotoxic T cells to eliminate the tumor cells. This process is known as antibody-
dependent cell-mediated cytotoxicity, which is involved in the treatment of metastatic
colorectal cancer %,

Notably, AUNPs-PAA-Ctxb appeared to inhibit TrxR and GR to a similar extent than AuNPs-
PAA. However, AuNPs-PAA-Ctxb caused no mitochondrial dysfunction in HK-2 cells. In TIME
cells, the mitochondrial dysfunction caused by AuNPs-PAA-Ctxb was significantly less severe
than that induced by AuNPs-PAA. Thus, it might be possible that Ctxb shields the gold core
from the surroundings, slightly reducing its biological and potentially also its chemical
cytotoxicity. In addition, despite the suppression of the TrxR and GR antioxidant systems in
all cell types after exposure to AuNPs-PAA-Ctxb, the HK-2 cells were the least sensitive cells.
Thus, it might be possible that mitochondrial dysfunction and suppression of the antioxidant
defense mechanism is a combined action that is required to induce sufficient oxidative stress
and to initiate apoptotic signaling in the cells.

3. The fate and behavior of AuNPs-PAA-Ctxb in vivo

The second objective of this thesis was to investigate the pharmacokinetics, biodistribution
and toxicity of intravenously injected AuNPs-PAA-Ctxb in healthy mice. The results
demonstrated that, after a single intravenous administration, the AuNPs-PAA-Ctxb are
rapidly cleared from the blood circulation, followed by their accumulation and long-term
retention (> 6 months) in the liver and the spleen. Due to the size of the AuNPs-PAA-Ctxb
and their negative surface charge, rapid renal elimination of AuNPs-PAA-Ctxb via the
negatively charged glomerular filter is probably limited. Instead, the AuNPs are eliminated at
a very slow pace, potentially via the hepatobiliary pathway. Although we observed significant
cytotoxicity of the AuNPs-PAA-Ctxb in liver cells and endothelial cells in vitro, we found just
aminimal and transient increase in a limited number of serum markers characteristic for liver
toxicity and vascular damage. Furthermore, since AuNPs-PAA-Ctxb show a high sequestration
by the reticuloendothelial system (RES), which is part of the immune system, we assessed
the serum level of various cytokines that are related to the immune response ®!. We did not
observe a significant change in the inflammatory serum markers. Furthermore, no signs of
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altered liver, kidney, lung and spleen morphology were found on tissue slices up to 4 weeks
post-injection. After 6 months, occasional kidney casts and splenic apoptosis appeared to be
more prevalent in treated mice than in the control mice. However, it should be noted that,
in our study, the hematoxylin/eosin staining was used as a qualitative assessment rather than
a (semi)-quantitative method. Therefore, we are not able to exclude long-term toxicity of
AUNPs-PAA-Ctxb.

The low toxicity profile of AuNPs-PAA-Ctxb in vivo can be explained by the rapid clearance of
the AuNPs-PAA-Ctxb by the RES. Due to their negative surface charge, it is likely that AuNPs-
PAA-Ctxb adsorb plasma proteins onto their surface when entering into the blood circulation,
including opsonins, such as complement components and immunoglobulins, forming the
biocorona 411425426 The phagocytic cells of the RES may effectively recognize and rapidly
internalize the opsonized AuNPs-PAA-Ctxb in order to protect the organism against the
potential harmful effects of the AuNPs %62, Indeed, the blood circulation half-life of the
AuUNPs-PAA-Ctxb is very short (2.3 minutes), which minimizes the exposure concentration
and time of healthy cells and tissues to AuNPs-PAA-Ctxb in vivo. However, in order to increase
the probability for the AuNPs-PAA-Ctxb to encounter and accumulate into the tumor and
thus increase their therapeutic potential, a long blood circulation time is desirable.
Furthermore, their long-term retention in the liver and spleen could be a concern regarding
the safety and approval of the nanomedicine.

How could we adapt the AuNPs-PAA-Ctxb to improve the pharmacokinetics and
biodistribution, while minimizing toxicity in normal tissues?

First, rapid sequestration of the AuNPs-PAA-Ctxb by phagocytic cells should be prevented in
order to prolong the blood circulation time and to prevent their long-term retention in liver
and spleen. There are several factors that could affect the uptake of AuUNPs-PAA-Ctxb by the
RES. For instance, it has been reported that nanoparticles with sizes larger than 40 nm show
a high uptake by the phagocytic cells, which prevents them to be eliminated via the
hepatobiliary excretion pathway %3263 The AuNPs-PAA-Ctxb are generally stable in cell
culture medium containing 10% FBS. However, whole blood has a complex composition
containing cells and certain factors that are absent in serum. Therefore, the biocorona
formation and the interactions between certain components and AuNPs-PAA-Ctxb in whole
blood are most likely different than in cell culture media containing 10% FBS. This could
potentially reduce the colloid stability, resulting in nanoparticle aggregation and enhancing
the uptake by the RES. The colloid stability strongly depends on the coating of the AuNPs.
Poly-allylamine is a weak polyelectrolyte, providing a hydrophilic nature and a strong charge
to AuNPs, which supports the electrosteric stabilization of the colloid suspension 2>634,
However, the charged polymer coating might also promote adsorption of arabic gum and
proteins onto the AuNPs-PAA-Ctxb surface. Furthermore, due to the electrical double layer
formed around the charged particle, the stability of the AuNPs-PAA-Ctxb colloid depends on
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the pH and ionic strength of the incubation medium. This was observed by the considerable
reduction of the zeta potential magnitude of the AuNPs-PAA-Ctxb when suspended in cell
medium compared to water (from -30 mV in water to -7.59 mV and -7.04 mV, in cell medium
without 10% FBS and in medium containing 10% FBS, respectively). In order to minimize
potential aggregation of the AuNPs-PAA-Ctxb after administration into the blood stream, it
might be of interest to increase the thickness of the poly-allylamine coating to investigate
the steric stabilization. However, increasing the coating thickness could reduce the dose
enhancement efficiency after irradiation due to energy deposition of the secondary electrons
inside the coating. Another option to improve colloid stability and reduce protein adsorption
after administration into the blood stream would be to replace the charged poly-allylamine
coating of the AuNPs-PAA-Ctxb by a hydrophilic, neutral polymer coating, such as PEG. As
described in the introduction Chapter 1, PEGylation of AuNPs is frequently used to increase
the colloid stability, to decrease the extent of protein adsorption and to prolong the
circulation half-life in vivo by reducing the RES uptake. The prolonged circulation half-life
could increase the probability for the AuNPs to accumulate at the tumor site. Furthermore,
PEG is a biocompatible polymer minimizing the toxicity to normal cells.

Second, in order to facilitate the AuNPs-PAA-Ctxb accumulation and retention in the tumor,
active targeting of AuUNPs-PAA-Ctxb is mediated by the antibody Ctxb. The main advantage
of using Ctxb as a targeting molecule is its availability and its high affinity and specificity
toward EGFR. However, using a full-length antibody as targeting molecule has certain
disadvantages. For instance, the conjugation of Ctxb to AuUNPs-PAA is based on a commonly
used, but unspecific reaction method, which covalently links the amino groups of the PAA
coating to the surface-exposed carboxyl groups of Ctxb. Since an antibody may contain
multiple carboxylic acid side chains along its structure, this chemical reaction might lead to a
suboptimal orientation of the antibody onto the nanoparticle surface 35637, Nevertheless,
the conjugated Ctxb in AuNPs-PAA-Ctxb is able to specifically target EGFR-overexpressing
A431 cells in vitro and in vivo, indicating that the antigen recognizing regions of Ctxb are
accessible to bind EGFR 323474 In addition, Fc receptors on the surface of macrophages in the
liver and the spleen might recognize the Fc portion of the full-length antibody, resulting in Fc
receptor-mediated clearance and thus a reduced blood circulation time. Finally, the large
size of a full-length antibody limits the number of antibody molecules that can be
accommodated onto the AuNPs surface and considerably increases the total size of the
nanoparticle 3463 According to thermogravimetric analyses, the AuNPs-PAA-Ctxb used in
this thesis are loaded with, on average, two to three Ctxb molecules per nanoparticle. This
loading increases the total particle size from 5 nm to 26 nm %,

The total size of the nanoparticle has a considerable impact on its biodistribution and
elimination profile. Since AuNPs-PAA-Ctxb are not biodegradable, researchers prefer their
elimination from the body. In fact, degradation or elimination of nanomedicine from the
body after its intended medical use is an important requirement to obtain approval of

181



Chapter VI

regulatory agencies such as the European Medicine Agency (EMA) and the United States
Food and Drug Administration (FDA) 362506639640 Dye to the molecular size of Ctxb, the
AuNPs-PAA-Ctxb are too large (> 5.5 nm) to be filtered and eliminated by the kidneys.
Therefore, phagocytic uptake of AuNPs-PAA-Ctxb by the RES should be prevented in order
for the AuNPs-PAA-Ctxb to be cleared via the hepatobiliary pathway. The size of the liver
sinusoidal endothelial cell fenestrae allows passage of AuNPs smaller than 200 nm. The
hepatobiliary excretion efficiency exponentially increases as the size of the AuNPs decreases
362491 For instance, Poon, et al demonstrated that next to renal elimination, 4 nm PEGylated
AuNPs exhibited a cumulative elimination of 6.1% of the injected dose over a period of 14
days, while 15 nm PEGylated AuNPs showed a cumulative elimination of 1.7 % of the injected
dose or lower. Gold nanoparticles with a total size smaller than 10-15 nm can easily penetrate
through the various physiological structures of the liver, having a greater opportunity to
interact with the hepatocytes, while macrophages are less effective in removing these small
AuUNPs from the liver sinusoidal circulation 362491, Other studies showed similar results 641643,
Generally, as the total size of AuNPs increases further, then the excretion via the
hepatobiliary pathway becomes considerably slower, ranging from multiple months to even
more than one year 495462 Besides a more efficient renal and hepatobiliary elimination, small
sized AuNPs of 2 nm-6 nm show a longer blood circulation time and an increased tumor
uptake as compared to 15 nm AuNPs. Furthermore, their small size enables them to freely
diffuse into the tumor tissue, promoting a homogenous intratumoral distribution 493644,
However, small AuNPs are also able to exit the tumor tissue, exhibiting a shorter tumor
retention. Moreover, small AuNPs show a more widespread distribution within the normal
tissues, increasing the probability of normal tissue toxicity. In contrast, large AuUNPs remain
around the blood vessels at the periphery of the tumor, which limits their tumor
accumulation, but promotes a longer tumor retention. In addition, AuNPs with a large size

are predominantly accumulated in the liver and spleen #91493:553,

Thus, in order to benefit from the small size of the AuNPs-PAA and to prevent a considerable
increase in the total size after conjugation of full-length Ctxb, it might be of interest to
consider the use of small antibody fragments as targeting ligands. Small antibody fragments
maintain a high antigen specificity and affinity, could allow a higher loading density on the
AuNPs surface, which increases the multivalence effect, and could reduce the

34845 For instance, Cheng, et al

immunogenicity due to the removal of the Fc region
demonstrated that liposomes targeted with full-length antibodies targeting B-cell antigen
CD19 had a shorter blood circulation half-life and an increased uptake in liver and spleen
compared to the liposomes targeted with the antibody Fab’ fragment. Furthermore, the
Fab’-antibody fragment conjugated liposomes were slightly more effective in prolonging the
survival time of mice with CD19-positive lymphoma compared to the liposomes conjugated
with the full-length antibody 4. In this view, the use of small antibody fragments as targeting

molecules instead of full-length antibodies might change the biodistribution profile of the
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AuNPs-PAA with a longer blood circulation time and a more efficient elimination from the
body.

Taken all together, it is important to bear in mind that the fate of AuNPs after administration
in vivo will be determined by multiple factors related to the AuNPs properties, including the
total size, the coating, the charge, the targeting molecules, and the shape. Tuning the
properties of the AuNPs is a required process to obtain the most favorable balance in the
pharmacokinetics, biodistribution, normal tissue toxicity and efficiency of the intended
applications.

4. The feasibility of radiolabeled ”’Lu-DTPA-Ctxb-PAA-AuNPs
as therapeutic agent

A third objective of this thesis was to radiolabel the AuNPs-PAA-Ctxb with the radionuclide
7 uin order to investigate if the biological effects caused by AuNPs-PAA-Ctxb can sensitize
cancer cells to the radiation effects of ’Lu, compared to *”’Lu-DTPA-Ctxb without AuNPs.
The rationale for this objective was derived from results indicating that AuNPs-PAA-Ctxb can

sensitize cancer cells to proton radiotherapy 2°%.

Furthermore, in Chapter 3, we
demonstrated that AuNPs-PAA-Ctxb caused biological effects in cells, such as mitochondrial
dysfunction and inhibition of GR and TrxR. Mitochondria and the antioxidant enzymes play
an important role in the regulation of apoptotic and autophagic pathways, and the defense
against oxidative stress, respectively, which are important mechanisms involved in the
cellular radiation response ®’. Furthermore, TrxR inhibition was identified by Penninckx, et
al. as considerable factor contributing to the radiosensitizing mechanism of PEGylated AuNPs
177537544 Therefore, we hypothesize that the biological effects caused by AuNPs-PAA-Ctxb
can also sensitize cells to other types of radiation therapy, such as internal targeted

radiotherapy (TRT).

In Chapter 5, we optimized the radiolabeling strategy of AuNPs-PAA-Ctxb using bifunctional
chelators conjugated to Ctxb, and investigated the binding and internalization of the
radiolabeled *”’Lu-DTPA-Ctxb-PAA-AUNPs in EGFR-overexpressing A431 epidermoid cancer
cells, EGFR-positive A549 lung cancer cells and EGFR-negative MCF-7 breast cancer cells. In
short, according to MALDI-ToF MS and ELISA, approximately two DTPA molecules can be
coupled to Ctxb without affecting the antibody binding capacity to EGFR. Furthermore, fast
radiolabeling of AuNPs-PAA-Ctxb-DTPA was achieved under mild conditions. We
demonstrated that Ctxb of the 7Lu-DTPA-Ctxb-PAA-AuNPs conjugate recognized EGFR on
A431 cancer cells. However, the amount of non-specific binding gradually increased as the
concentration of Y”7Lu-DTPA-Ctxb-PAA-AuNPs added to the cells increased. This could partly
be explained by ’Lu-DTPA-Ctxb-PAA-AUNPs activating endocytosis mechanisms, which are
independent from EGFR expression (e.g. macropinocytosis or receptor-independent
endocytosis) 221, Indeed, there was a considerable internalization of *”/Lu-DTPA-Ctxb-PAA-
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AuNPs in EGFR-negative MCF-7 cells, which could not be blocked with an excess of cold Ctxb,
and which was not observed after exposure to free ”’Lu-DTPA-Ctxb. In addition, TEM images
also demonstrated uptake of AuUNPs-PAA-Ctxb in EGFR-negative MDA-MB-453 cells (Figure
3.2, Chapter 3)>**. Another potential reason could be the formation of a biocorona when
177Lu-DTPA-Ctxb-PAA-AUNPs are suspended in cell culture medium containing 10% FBS,
which could promote non-specific binding of the nanoparticles to the cell surface.

What is the rational to study *’Lu-DTPA-Ctxb-PAA-AUNPs as potential cancer drugs for TRT?
Clinically, radio-immunotherapy is used to treat the most radiosensitive tumors, such as
leukemia and lymphoma. Extending the successful use of radio-immunotherapy to treat solid
tumors has proven to be more difficult. Solid tumors are in general more radioresistant than
hematopoietic cancers and need a 10 times higher radiation dose deposition to obtain a
meaningful tumor response %64 Since Y’Lu is a low-energy B~ emitting radionuclide, a high
number of 7’Lu atoms needs to be delivered to the tumor. However, antibodies are usually
conjugated to a single radionuclide. Furthermore, the low tumor uptake of antibodies
restricts the deposited radiation dose in tumors and thus the effectiveness of radio-
immunotherapy 3% In this regard, ¥7Lu-DTPA-Ctxb-PAA-AUNPs could exhibit an improved
therapeutic potential compared to ’Lu-DTPA-Ctxb. First, multiple Ctxb molecules are
coupled to "7Lu-DTPA-Ctxb-PAA-AuNPs, which could offer a multivalent targeting avidity.
Furthermore, the Fc region of the Ctxb molecules could cause antibody-dependent cell-
mediated cytotoxicity, as explained before. Second, !"7Lu-DTPA-Ctxb-PAA-AUNPs can
biologically radiosensitize the cancer cells. Third, *”’Lu-DTPA-Ctxb-PAA-AUNPs show an
enhanced internalization in cancer cells compared to ’Lu-DTPA-Ctxb and delivers multiple
177Lu atoms per nanoparticle to the perinuclear region of the cells.

In theory, one AuNP-PAA-Ctxb-DTPA nanoconjugate contains approximately two antibodies
and each antibody is coupled to two DTPA molecules. As a result, each AUNP-PAA-Ctxb-DTPA
can carry four ”’Lu atoms (Figure 5.2, Chapter 5). Since our in vitro results demonstrate that
EGFR-overexpressing A431 cells internalize approximately 1 pg of gold per cell, then a tumor
with a radius of 0.5 cm containing 5.24x107 cells is expected to take up approximately 52.4
ug of Au, which equals 4.2 x 10'3 AuNPs-PAA-Ctxb and thus 1.67 x 10** ’Lu atoms. The
absorbed dose delivered to the 0.5 cm-radius tumor is estimated to be in the range of 22-45
Gy, assuming that the ¥7Lu-DTPA-Ctxb-PAA-AUNPs have a tumor half-life of 2-6 days, are
internalized in the tumor instantaneously and exhibit a uniform intratumoral distribution.
The tumor half-life of the Y7Lu-DTPA-Ctxb-PAA-AuNPs is based on previous in vivo studies
demonstrating that '*-Ctxb-PAA-AuNPs and #Zr-Ctxb-PAA-AuNPs activity in the tumor
reduced by half after approximately two days or was still present after 6 days, respectively
323478 The absorbed dose calculations were based on a publication of Lucas, et al, who
simulated the potential of nanoparticles to fully eradicate a solid lung tumor with a 0.5 cm
or 1 cm radius when containing several B-emitters 311 They demonstrated that the number
of radionuclides per nanoparticle required for a 100% tumor control probability (TCP)
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depends on the type of radionuclide and its physical properties, the tumor size, the biological
half-life of the nanoparticle and the spatial distribution of the nanoparticles in the tumor
tissue. A considerable larger number of radionuclides is required to maintain the treatment
efficacy when considering a realistic nanoparticle distribution at which the nanoparticle
concentration decreases exponentially from the surface of the tumor towards the center,
compared to a uniform distribution or a linear decrease in concentration. In case of an
exponential distribution, a nanoparticle should contain 188 and 996 *’’Lu atoms to achieve
100% TCP of a tumor with a 0.5 cm and 1 cm radius, respectively, assuming a tumor half-life
of 6 days, an instantaneous uptake and a covering fraction of 10°nanoparticles/cm?. The
reason for this high number is the low energy and the short penetration range of the -
particles. The inclusion of such a high number of radionuclides per nanoparticle also
dramatically increases the dose deposition in healthy lung tissue. Therefore, the authors
concluded that the high-energy B~ emitters °°Y and ®Re, rather than '’’Lu, were suitable
candidates to obtain 100% TCP of a small tumor, because of the limited number of
radionuclides required per nanoparticle (between 3-21), while a larger tumor was best
treated with 2*l-nanoparticles to limit the healthy tissue toxicity 3!*. In this view, although
771y might not be the best suitable radionuclide regarding radio-immunotherapy according
to the Monte Carlo simulation, assessment of the radiosensitizing potential of /’Lu-DTPA-
Ctxb-PAA-AUNPs in TRT is still relevant. Indeed, the mitochondrial dysfunction and
antioxidant inhibition caused by AuNPs-PAA-Ctxb could sensitize the cancer cells to the
radionuclides, an effect which is not taken into account in the Monte Carlo simulation, and
thus might reduce the number of radionuclides required per nanoparticle to obtain a
meaningful tumor response. This would reduce the probability on healthy tissue toxicity and
might increase the opportunity to use other radionuclides.

In order to investigate the radiosensitizing properties of ”’Lu-DTPA-Ctxb-PAA-AuUNPs, future
experiments will be conducted, including assessment of the clonogenic potential and viability
of various cancer cell types after exposure to 7’Lu-DTPA-Ctxb-PAA-AuNPs or *”7Lu-DTPA-
Ctxb. The various cancer cell types will exhibit different expression levels of EGFR and activity
levels of TrxR. Importantly, the binding and uptake of the *”’Lu-DTPA-Ctxb-PAA-AuNPs and
177Lu-DTPA-Ctxb to each cancer cell type will have to be taken into account during the
interpretation of the results. In addition, the protective effect of NAC will be investigated to
potentially abolish the radiosensitization effect of *”/Lu-DTPA-Ctxb-PAA-AUNPs. Finally, the
biodistribution, the tumor uptake and the elimination of 7’Lu-DTPA-Ctxb-PAA-AuNPs and
177 y-DTPA-Ctxb in mice bearing an EGFR-negative and EGFR-positive tumor xenograft will
be compared.

5. General conclusions and future perspectives

In conclusion, in this thesis, we provided insight into the cytotoxicity mechanism of AuNPs-
PAA and AuNPs-PAA-Ctxb in normal cells. AuNPs-PAA and AuNPs-PAA-Ctxb induced
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biological effects, with mitochondrial dysfunction, oxidative stress and inhibition of the thiol-
dependent antioxidant system, playing an important role. These effects resemble the
biological radiosensitization mechanism previously established for PEGylated AuNPs in 5
different cancer cell types 77°%. As a result, AuNPs-PAA-Ctxb have the potential to act as a
radiosensitizing agent and help to reduce the radiation dose needed to treat a tumor,
without compromising the treatment efficacy. Conversely, the biological radiosensitizing
properties of AuNPs-PAA-Ctxb could improve the tumor response of radioresistant tumors
at the conventional radiation doses. However, due to the similarity with the biological
radiosensitizing mechanism of AuNPs in cancer cells, AuNPs-PAA-Ctxb could potentially cause
side effects in vivo when used as radiosensitizing agents if they reside in normal tissues.
Nevertheless, AUNPs-PAA-Ctxb showed a fast blood clearance by the RES, without causing
major toxicity to the liver, spleen, lungs and kidneys. Furthermore, AuNPs-PAA-Ctxb did not
increase in serum cytokine levels related to the immune response. On the other hand, the
short blood circulation time and the long-term retention of AuNPs-PAA-Ctxb in liver and
spleen might restrict the therapeutic potential and approval of AuNPs-PAA-Ctxb as
nanomedicine. Fine-tuning the characteristics of AuNPs-PAA-Ctxb, such as the surface
coating, surface charge, targeting molecule and total size, might be set as a future goal to
optimize their pharmacokinetics and biodistribution profile. In addition, there are still many
aspects linked to the toxicity of AuNPs-PAA-Ctxb that are useful to investigate, such as
repeated-dose  toxicity, genotoxicity, carcinotoxicity, reproductive toxicity and
developmental toxicity. These are topics, which are recommended by the EMA to include in
nonclinical safety studies to support the proceeding of pharmaceuticals to human clinical
trials and marketing authorization. Furthermore, it would be of interest to investigate if other
transition metal NPs next to AuNPs could also selectively inhibit the thioredoxin reductase
enzyme and show similar biological radiosensitizing effects as AuNPs.

Finally, we successfully radiolabeled AuNPs-PAA-Ctxb with 7Lu using the bifunctional
chelator DTPA. The obtained conjugate *”’Lu-DTPA-Ctxb-PAA-AUNPs was still capable to bind
EGFR and showed an enhanced uptake in cancer cells. Therefore, it would be of interest to
perform additional studies on the potential of '7’Lu-DTPA-Ctxb-PAA-AuNPs to sensitize
cancer cells to the delivered ¥’Lu compared to '’Lu-DTPA-Ctxb, such as the in vitro
assessment of cancer cell viability and clonogenic potential, and the in vivo assessment of
the biodistribution and elimination in tumor-bearing mice after exposure. The radiolabeling
of AuNPs-PAA-Ctxb with ’Lu and future experiments will help to pave the way to the
development of new, promising radiopharmaceuticals at SCK CEN.
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Annex Table 1: List of useful radioisotopes for diagnosis and treatment of cancer-related diseases.

Isotop  Decay Daughter ~ Half- Max Particle  Photon  Clinical indication

e nuclide life tissue  Energy energy
depth  (MeV) MeV (%)
(mm)
9mTc Y %Ru 6h / / 0.141 Used for common
(98.6%) diagnostic procedures
123| EC 123Te 13.2h |/ / 0.159 Scintigraphy of thyroid
(83.3%)
1AL a 207Bj 7.2h <0.01 5.87 / Under investigation for
EC (unstable) (41.8%) targeted alpha therapy
lepo
(unstable)
223Ra a 219Rn 11.4d <0.01 5.78 0.267 Treatment of bone
(unstable) (13.7%) metastasis
S0y B 90Zr 64.1h 12 2.28 / Microspheres for SIRT of
(100%) liver cancer
166H0o B- 166F 1.12d 8 1.85 0.081
(51%) (6.6%)
131) B- B31Xe 8.02d 2.4 0.607 0.365 Treatment of

(89.6%) (81.5%) hyperthyroidism, thyroid
carcinoma and NETs

7L B 7Hf 6.73d 1.7 0.498 0.208 Treatment of prostate
(79%) (11%) cancer and NETs
89Sy B 89y 50.5d 7.5 1.46 / Treatment of bone
(100%) metastasis associated
153Sm B 153Ey 46.5h 3.1 0.704 0.103 pain
(49.4%) | (29.8%)
186Re B- 18605 3.72d 3.6 1.07 0.137
EC 186\y (71%) (9.2%)
183Re B- 18305 17.0h 11 2.12 0.155
(71%) (15%)
192)p B- 192pt 73.8d No 0.672 0.468 High-dose rate
EC 19205 data (47.9%) (47.8%) brachytherapy
1987y B 198Hg 2.69d 3.66 0.960 0.412 Brachytherapy
(99%) (96%)
125) EC 125Te 59.5d |/ / 0.035 Low-dose rate
(7%) brachytherapy
1 EC 11cd 2.8d / / 0.245 Scintigraphy of NETs
(94%)
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897r B* 8y 3.27d 3.8 0.897 0.909 Under investigation for
(23%) (99.9%) PET imaging
58Ga B* 687Zn 1.13h 8.9 1.899 / PET-CT imaging of
EC (89%) neuroendocrine tumours
18F B* 180 1.83h 2.4 0.634 / Routinely used in the
EC (97%) form of 8F-FDG as PET-CT
imaging in cardiology,
neurology and oncology
64Cu B*/EC 64N 12.7h 2.5 0.653p+ 1.346 Under investigation for
B 647n (17.5%) (0.47%) PET imaging
0.579%.
(38.5%)
124) B+ 124Te 4.2d No 2.137 0.603 PET/CT in thyroid
data (23%) (63%) cancer

Abbreviations: CT: computed tomography; EC: electron conversion; FDG: fluorodeoxyglucose; NET:
neuroendocrine tumor; PET: positron emission tomography; SIRT: selective internal radiation therapy;

SPECT: single-photon emission tomography
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Annex Table 3: An overview of the human selenoproteome (adapted from €09-613)

Selenoprotein Abbrev.  Localization Function
Cytosolic glutathione GPx1 Cytosol Reduction of cellular H,0,
peroxidase
Gastrointestinal glutathione | GPx2 Cytosol Reduction of peroxide in gut
peroxidase
Plasma glutathione GPx3 Plasma Reduction of peroxide in blood
peroxidase
Phospholipid hydroperoxide | GPx4 Cytosol, Reduction of phospholipid peroxide
glutathione peroxidase mitochondria,
nucleus
Olfactory glutathione GPx6 Cytosol Reduction of cellular H,0; in the olfactory
peroxidase epithelium
Thioredoxin reductase 1 TrxR1 Cytosol Reduction of the oxidized form of cytosolic
thioredoxin
Thioredoxin reductase 2 TrxR2 Mitochondria Reduction of the oxidized form of
mitochondrial thioredoxin
Thioredoxin reductase 3 TrxR3 Cytosol Reduction of the oxidized form of thioredoxin
in the testes
lodothyronine deiodinase 1 | DIO1 Plasma Activation of the thyroid pro-hormone T, to T3
membrane
lodothyronine deiodinase 2 | DIO2 ER Activation of the thyroid pro-hormone T, to T3
lodothyronine deiodinase 3 | DIO3 Plasma Inactivation of the thyroid pro-hormone T4 to
membrane reverse T3
Methionine sulfoxide MSRB1, Cytosol Reduces methionine-R-sulfoxide residues in
reductase B1 SelR proteins to methionine
Selenophosphate SPS2 Cytosol Synthesis of selenophosphate (selenium donor
synthetase for the selenocysteine in selenoproteins)
Selenoprotein P SelP Plasma Se transport from plasma to peripheral tissues
and antioxidant function
Selenoprotein F SelF, ER Trx-like fold, thiol-disulfide oxidoreductase,
Sep 15 possibly involved in protein folding
Selenoprotein H SelH Nucleus Trx-like fold, redox homeostasis, mitochondrial
biogenesis; de novo GSH synthesis,
inflammation, tumor suppression
Selenoprotein | Sell Plasma Phospholipid biosynthesis
membrane
Selenoprotein K SelK ER membrane | Redox homeostasis in cardiomyocytes, member

of the ERAD?, required for Ca2* flux in immune

5 Responsible for targeting misfolded proteins in the ER for cytosolic degradation.
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cells and immune cell activation, proliferation
and migration.

Selenoprotein M

SelM

ER

Trx-like fold, highly expressed in brain,
neuroprotective function, intracellular Ca2*
hemeostasis, redox homeostasis, regulation of
body weight and energy metabolism

Selenoprotein N

SelN

ER membrane

Redox homeostasis, regulation of redox-related
calcium homeostasis (ryanodine receptor
activity), plays a role skeletal muscle
regeneration (deficiency leads to myopathy)

Selenoprotein O

SelO

Mitochondria

Unknown function

Selenoprotein S

SelS

ER membrane

Member of the ERAD, redox homeostasis,
regulation of inflammation, glucose
homeostasis

Selenoprotein T

SelT

ER, golgi

Trx-like fold, redox homeostasis, glucose
homeostasis, cell adhesion, Ca2* homeostasis,
neuroendocrine secretion.

Selenoprotein V

SelV

Cytosol

Trx-like fold, unknown function, testes specific

Selenoprotein W

SelwW

Cytosol

Trx-like fold, unknown function, expressed in
skeletal muscle and other tissues

Abbreviations: ER: endoplasmatic reticulum; ERAD: Endoplasmic Reticulum Associated Protein
Degradation; GSH: glutathione; H,0,: hydrogen peroxide; Ts: triiodothyronine; T4: thyroxine; Trx:

thioredoxin.
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