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Abstract

Glioblastoma (GB) is the most common and most aggressive type of primary brain tumor with an
average two-year survival rate of patients after consensus therapy consisting of surgical gross
resection, followed by adjuvant chemo- and radiotherapy. The reason for its occurrence, invasive
behavior to other healthy tissues and constant recurrence upon surgical resection can be attributed to
the existence of an aggressive subpopulation of tumor cells called GB stem cells (GSCs). GSCs,
characterized by the expression of neural stem cell markers and their capacity of self-renewal, possess
very efficient and augmented DNA repair and protection programs, translating to a clinically unwanted
therapy resistance of the tumor. Even though promising pharmacotherapies with great potential to
target GSCs have been identified, their desired bioavailability inside the target site is still limited due
to cellular defense mechanisms of GSCs. In this work, gold nanoparticles (Au NPs) were designed to
serve as drugs carriers able to penetrate GSCs and enhance the stability and solubility of therapeutics.
Due to their biocompatibility, straight-forward functionalization and unique optical properties, Au NPs

are suitable candidates to improve GB therapy.

In the initial part of this project, the optimal synthesis parameters and ligand composition of Au NPs
needed to achieve a high internalization degree into GSCs was investigated. Au NPs were synthesized
in a fast microwave-assisted reaction using the polymer polyethylenimine (PEI) as a reducing agent
for the Au(lll) precursor, a stabilizer against NP agglomeration and a platform for subsequent gene or
drug conjugation. In order to track the Au NPs inside the cells, the fluorescent marker fluorescein
isothiocyanate (FITC) was bound to the NP surface. The fluorescence emitted by the AUPEI-FITC NPs
allowed their quantification after incubation into the cells, as well as a differentiation between cell-
surface-bound and internalized NPs. In vitro experiments with GSCs indicated no apparent cytotoxicity
for AUPEI-FITC NPs. The maximal NP internalization was 61%, depending on the NP synthesis
method and the cell type tested.

Following these findings, the ability of Au NPs to load and deliver the promising clinical drug candidate
CB839 into GSCs was studied. First, five different Au NPs with polymeric and non-polymeric capping
ligands were synthesized and reacted with CB839 to form an Au-ligand-CB839 conjugate. The drug
loading efficiency (DLE) for each NP type was evaluated using high-performance liquid
chromatography, accompanied by qualitative microscopic and spectroscopic investigations. Despite
the chemical inertness and poor-water solubility of CB839, Au-polymer NPs reached a DLE of up to
12%. Assessments in GSC in vitro models showed an increased therapeutic potential of the nano-
delivered CB839, compared to CB839 alone. Optical assessment proved the successful high rate of
intracellular penetration of Au-CB839 NPs into GSCs.



Kurzzusammenfassung

Das Glioblastom (GB) ist einer der am haufigsten auftretenden und aggressivsten primaren
Hirntumore. Die aktuell eingesetzte Standardtherapie, bestehend aus chirurgischer Entfernung
gefolgt von adjuvanter Chemo-Strahlentherapie, flhrt nur zu unzureichenden klinischen Erfolgen mit
einer mittleren Uberlebenszeit der Patienten von weniger als 2 Jahren. Charakteristisch fiir diesen
Tumor ist seine starke Invasivitdt in umliegendes Gewebe, seine Chemoresistenz und eine hohe
Rezidivrate. Neuere Befundungen deuten darauf hin, dass Tumorzellen mit Stammzelleigenschaft,
sogenannte Glioblastom-Stammzellen (glioblastoma stem cells, GSCs) malgeblich an der
Entstehung der Erkrankung und der Vermittlung der beschriebenen Eigenschaften beteiligt sind.
Insbesondere die effektiven DNA-Reparatur und Schutzmechanismen von GSCs — die sich in der
Therapieresistenz des Tumors widerspiegeln — stellen ein entscheidendes, ungeldstes klinisches
Problem dar. Obwohl verheilRungsvolle Pharmakotherapien zur Zerstérung von GSCs identifiziert
wurden, stellt die limitierte Bioverfligbarkeit solcher neuen Substanzen in den GSCs, d.h. dem
gewulnschten Zielort, eine groRe Herausforderung in der nachhaltigen, translational-relevanten
Entwicklung solcher Therapien dar. In dieser Arbeit wurden Gold-Nanopartikel (Au-NPs) entwickelt,
die als Wirkstofftrager dienen und in der Lage sind, GSCs zu durchdringen und die Stabilitat und
Loslichkeit von Therapeutika zu verbessern. Aufgrund ihrer Biokompatibilitat, einfachen
Funktionalisierung und einzigartigen optischen Eigenschaften sind Au-NPs geeignete Kandidaten zur

Verbesserung der GB-Therapie.

Im ersten Teil dieser Arbeit wurden die Syntheseparameter und die Ligandenzusammensetzung von
Au-NPs hin zu einem maximalen Internalisierungsgrad in GSCs optimiert. Au-NPs wurden in einer
mikrowellen-unterstiitzten Reaktion synthetisiert, wobei das Polymer Polyethylenimin (PEIl) als
Reduktionsmittel fir den Au(lll)-Prakursor, als Stabilisator gegen NP-Agglomeration und als Plattform
fur die anschlieRende Gen- oder Wirkstoffkonjugation verwendet wurde. Um die Au-NPs innerhalb
von Zellen zu verfolgen, wurde der Fluoreszenzmarker Fluoresceinisothiocyanat (FITC) an die NP-
Oberflache gebunden. Die von den AuPEI-FITC NPs emittierte Fluoreszenz ermoglichte deren
Quantifizierung nach der Inkubation in Zellen sowie eine Differenzierung zwischen
oberflachengebundenen und internalisierten NPs. In vitro Experimente zeigten keine relevante
Zytotoxizitat von AuPEI-FITC NPs gegenliber GSCs. Die maximale NP-Internalisierung betrug 61%,
abhangig von der NP-Synthesemethode und dem getesteten Zelltyp.

Anschlielend wurde im zweiten Teil dieser Arbeit die Fahigkeit von Au-NPs als Transporter flir den
vielversprechenden Medikamentenkandidaten CB839 untersucht. Zundchst wurden finf

verschiedene Au-NPs mit polymeren und nicht-polymeren Oberflachenliganden synthetisiert und mit



CB839 zu einem Au-Ligand-CB839-Konjugat umgesetzt. Die Wirkstoffbeladungseffizienz (drug
loading efficiency, DLE) fur jeden NP-Typ wurde mittels Hochleistungsflissigkeitschromatographie
und qualitativen mikroskopischen und spektroskopischen Untersuchungen bewertet. Trotz der
chemischen Inertheit und schlechten Wasserloslichkeit von CB839 erreichten die Au-Polymer-NP eine
DLE von bis zu 12%. Untersuchungen in pathophysiologisch-relevanten Modellen von GSCs zeigten
ein erhdhtes therapeutische Potential des nano-verabreichten CB839 im Vergleich zu CB839 alleine.
Daruber hinaus konnte die erfolgreiche hohe Rate der intrazelluldren Internalisierung von Au-CB839

NPs in GSCs durch optische Methoden bestatigt werden.
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1. Introduction

1.1. Nanomaterials

The term “nano” comes from the greek word nanos for “dwarf” and is used as a prefix to describe
a size of 10°m = 1 nm." Nanomaterials are defined as structures with sizes between 1 and
100 nm in at least one spatial dimension and with unique chemical and physical properties.? A
length scale comparing the size of nanomaterials with common biological structures is shown in
Figure 1. The novelty of nanomaterials relies not only on their small size but on their large surface-
to-volume ratio, which provides a higher number of more reactive surface atoms with unsaturated
bonds and free coordination sites, compared to bulk materials.>® These allow for nanostructures
to exhibit different electronic, conductive, optical and magnetic behaviors than their bulk
counterparts, which have awaked significant interest across many scientific fields, such as
chemistry, biology, medicine, physics, material science and engineering.®'° Their size-, shape-
and composition-dependent properties are exploited for the fabrication of a variety of consumer
products like paints,'" textiles,' food,” cosmetics,’ pharmaceutics,’ etc. Due to their distinct
chemical reactivity, nanomaterials are also used in fuel cells,’ hydrogen storage devices,"’

sensors'® and in catalysis.™

O Erythrocytes

1nm ; 10 nm 100 nm 1 um 10 pm 100 pm

L j A
7 T /
i = f
/ Nanomaterials /
// Diameter of a hair

Antibody

Bacteria

Figure 1. Scale comparing the size of nanomaterials with biological agents, modified from ref. 1.



Nanomaterials are synthesized by either “top-down” or “bottom up” strategies (Figure 2).2°2' In
“top-down” methods, bulk materials are broken down into nanoparticles (NPs) through processes
such as grinding, mechanical attrition, laser ablation, etching or lithography.?? While there have
been significant improvements in the last decades, control over the size distribution and

morphology of nanomaterials synthesized by “top-down” methods is difficult to achieve.?®

In “bottom up” approaches, atoms and molecules are used as building blocks to synthesize
materials at the nanoscale.?* Common examples are precipitation,?® sol-gel?® and thermal-?" or
microwave-assisted decompositions reactions.?® Besides liquid phase methods and hydrothermal
treatments, high purity nanomaterials can also be produced in the gas phase using techniques
such as chemical vapor deposition and magnetron-sputtering.?®3° In “bottom up” methods, the
size and morphology of nanomaterials can be controlled by variation of temperature, time, pH and
other reaction parameters.®’ The choice of starting materials (“precursors”), reducing agents,

stabilizers and solvents also play a key role in the synthesis outcome.3?34

Bulk material
@ Top-down
Size reduction - -
Nanoparticles - --
» o
T A
M
Clusters **
o
ﬁ Bottom-up
Atoms and ®e .,
molecules *e ?'ﬁo

Figure 2. "Top-down" and "bottom-up" approach for the synthesis of nanomaterials.

While NPs of homogenous size and dispersity can be successfully synthesized by liquid-phase

methods, such “nanosuspensions” are only moderately stable. American chemist Victor LaMer



explained the formation and growth of monodisperse colloids through a kinetic model, where a
saturated concentration of precursor is reached before nuclei are formed.*® Once this critical
concentration is reached, spontaneous nucleation to nanoparticles occurs at such a high rate that
nuclei of the same size are formed throughout the entire solution. The supersaturation then drops
to stop nucleation and the remaining precursor diffuses into the formed particles, resulting in size
increase.®® While breaking bonds from the precursors and eliminating solvate shells is an
endothermic process, the growth process and agglomeration of nanoparticles to form
macroscopic systems with lower surface energy — known as Ostwald Ripening — is an exothermic
process and much more energetically favorable.®” Thus, agglomeration naturally occurs to relieve
the energetically unfeasible state of NPs by minimizing the surface area and by saturation of the
binding and coordination sites of its surface atoms.>® In order to avoid losing the special
physicochemical features of nanomaterials, NPs must be protected against agglomeration

through steric, electrostatic or electrosteric stabilization (Figure 3).3
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Figure 3. Schematic representation of electrostatic (a), steric (b) and electrosteric (c) stabilization of NPs.

Electrostatic stabilization is based on a theory by Derjaguin, Landau, Verwey and Overbeek
(DLVO), where the naturally occurring attractive van der Waals forces between NPs are
counterbalanced by stronger repulsive Coulomb forces.®*%° If NPs are combined with
electrostatically charged surfactants (e.g. carboxylates, sulphates) during or after synthesis, these
compounds are able to form a layer around the nanoparticle surface, which repels when particles
approach each other.*’ On the other hand, a steric stabilization consists of binding or adsorbing
sterically demanding additives onto the NP surface to avoid a decrease in interparticle distance.*?
Some examples are long-chain alkyl compounds, polysaccharides and polymers.'#® Lastly, an

electrosteric stabilization can be considered as a combination of both strategies.



1.2. Gold and Gold Nanoparticles

Gold (Au) has been the object of fascination of several civilizations in the past, even before the
existence of nanomaterials was known. The earliest findings of the shiny metal date back to the
9000s BCE (before the common era). Between 2000 and 325 BCE, the Egyptians and the Greeks
had mined gold across Egypt and Anatoly, while the Romans also pioneered a technique for its
separation, refining and alloying.** On the other side of the world, among the indigenous people
of Central and South America, gold was also used to make ornaments, tools, relics and
ceremonial objects (Figure 4).* In the Aztec, Mayan and Inca cultures, gold was related to the

gods and referred to as the "sweat of the sun".6

Figure 4. Gold objects from the Sican and Aztec civilization. Images from the open access collection of the Metropolitan
Museum of Art, New York City.

The first uses of gold in the form of nanoparticles are linked to the history of ruby-colored glass
starting in Roman times in the fourth century.*” The dichroic effect of the Lycurgus cup (Figure 5)
— which shows a green color when illuminated from the outside and a red color when light is
transmitted through it — is still a symbol of the peculiarity of Au NPs, as this effect can be attributed
to the presence of gold-silver NP alloys of 50-100 nm.*® Glass and porcelain staining with Au NPs
yields red, wine-red and purple tones as the color correlates with the NP size and shape* (see
chapter 1.3.2, optical properties of Au NPs).



Figure 5. Lycurgus cup illuminated from the outside (left) and illuminated from the inside (right), from the British
Museum free image service, © The Trustees of the British Museum.

In the modern field of nanotechnology, Au NPs are exploited in chemistry, biology, physics,
material science and medicine due to their unique properties.***° Gold is the most electronegative
metal on the Pauling scale and the most noble of all metals; it is chemically stable and possesses
high density and resistance to corrosion.®" Its softness and ductility can be attributed to its face-
centered cubic (fcc) crystal structure, which makes it an ideal starting material in the top-down

synthesis of NPs, compared to other metals.®?

Au NPs are typically produced in liquid media through reduction of chloroauric acid or alkali metal
tetrachloroaurates(ll1).%® One of the most notorious methods was described by Turkevich et al. in
1951, who synthesized monodisperse spherical Au NPs between 10 and 20 nm by reduction of
chloroauric acid with sodium citrate in water.>* Similarly, Au NPs can be formed in organic solvents
by using sodium borohydride as a reducing agent, as Brust and Schiffrin published in 1994.%
Other reducing agents used for HAuCl, are hydroquinones, acetylacetonates and even biological
agents such as the bacteria Bacillus licheniformis.®®-%® Since the 1980s, Au NPs have also been
synthesized by means of sonolysis, combining ultrasound and electrochemistry.>®" Other
techniques such as photochemistry (using UV light) and microwave-assisted decomposition have
also been widely popular.f2®® In so called “one-pot” synthesis routes, polymers such as
polyethylenimine (PEI) and polyvinyl pyrrolidone (PVP) are employed as both reductants and

surface capping ligands, directly forming Au NPs and protecting them against agglomeration.54°
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While Au nanoparticles in the form of spheres are the most common in numerous applications,
gold can form nanostructures of many different shapes (Figure 6). Morphologies such as
nanorods, nanoshells, nanocages, nanocubes and nanostars are some examples of the versatility

and tuneability of gold at the nanoscale.®®

e

T

100nm

Figure 6. TEM and SEM images of Au NPs (a), Au nanorods (b), Si(core)-Au(shell) NPs (c), Au nanobowls (d), Au
nanocages (e), nanostar (f), bipyramids (g) and octahedral particles. Reprinted with permission from ref. 66, copyright
(2010) Elsevier.

Besides studying the size and morphology of Au NPs through scanning and transmission electron
microscopy (as shown in Figure 6), several other techniques have been developed for NP
characterization. Other properties such as size distribution, hydrodynamic diameter, surface
charge, absorption, crystallinity and chemical composition can be further investigated using
atomic force microscopy (AFM),®” dynamic light scattering (DLS),*® zeta potential
measurements,’® UV-VIS spectroscopy,”® energy dispersive X-ray spectroscopy (EDX)
analysis,” powder X-ray diffraction (PXRD),”? selected area electron diffraction (SAED),” etc.
Additionally, methods such as X-ray photoelectron spectroscopy (XPS),’* Fourier transform
infrared (FTIR) spectroscopy’® and solid-state nuclear magnetic resonance spectroscopy

(SSNMR)’® can be used to gain information about the surface chemistry of Au NPs.



1.3. Physicochemical Properties of Au NPs

While Au NPs have characteristics such as lower melting points, catalytic activity and higher
chemical reactivity, which can be attributed to the large surface-to-volume ratio true for most NPs,’

this chapter will focus on some of the physicochemical properties specific to gold.

1.3.1. Binding Affinity with Other Molecules

Au NPs present an ideal platform to conjugate a variety of ligands on their surface. Au can be
easily functionalized with other molecules through covalent linkage or other non-covalent
interactions (e.g. physisorption, electrostatic effects).** Known examples of the covalent approach
is the reaction between Au and sulfur-containing compounds such as thiols, disulfides,
isothiocyanates and cysteine groups.’”” This strong Au-S bond is the root of the success of Au
NPs in sensing, catalysis and targeted drug delivery applications, since it allows the integration
of additional functionalities to the surface of the NPs, such as reactive ligands, antibodies and

drugs.’®

According to the “hard and soft acids and bases” (HSAB) principle, the soft character of gold and
sulfur™ allows the formation of a strong gold—thiolate bond, which, under mild conditions, does
not break when other competing substances approach the gold surface.®® Typically, end-
terminated organo- or alkanethiols are used to functionalize Au NPs during synthesis or as post-
synthetic ligand exchange treatment.®’ Besides thiols, amines and phosphines can also be used
to stabilize Au NPs.282 Even though their affinity for gold is not as strong, compounds such as
hexyl-, dodecyl- and octadecylamine have been known to protect Au NPs against agglomeration,

even in organic solvent media such as toluene and tetrahydrofurane.®':83

1.3.2. Optical Properties of Au NPs

Au NPs have a unique way to interact with light, which gives rise to their remarkable optical
properties. The most particular phenomenon occurring in gold nanostructures is known as
localized surface plasmon resonance (LSPR). Irradiation of Au NPs (and sometimes NPs of Ag,
Cu and Al) causes the conduction electrons of the metal to be polarized to one side of the surface

and to oscillate in resonance with the electromagnetic field of light.2485 At a defined frequency,



this oscillation reaches a maximum, which greatly depends on the size, shape, solvent, surface
ligand, core charge and temperature of the materials, as well as the proximity of other NPs .8 Light
of a specific wavelength is absorbed, resulting in a variety of colors in transmission (Figure 7).8°
Au NPs of 10-50 nm absorb blue and green light (wavelengths between 520 and 540 nm),

causing a wine-red colored suspension, the prevalent color of the remaining light.>2

Shell Diameter Wall Thickness
2451 1.7 nm 5.7 £ 0.6 nm
28+24nm 62 0.6 nm
32£4.5nm 58£0.7nm
41£3.7nm 6.8£0.5nm
4123 nm 6.3 0.65 nm
37 +2nm 5.6+ 0.6 nm
36+ 2nm 3.7+ 06nm
44 £ 6 nm 54 +0.7 nm
44 £5nm 3106 nm

P

Absorbance (A.U.)

Figure 7. Size-dependent color change of hollow Au NPs. Above: UV-VIS absorption spectra of NPs with varying
diameters and wall thicknesses, below: color range of solutions. Reprinted with permission from ref. 86, copyright
(2006) American Chemical Society.

Apart from being responsible for a size- and shape-dependent color change in Au NPs, the LSPR
can significantly enhance the electric field of NPs within close distance, which shows great
potential for optimization of Raman and other spectroscopy techniques.®:8¢ Moreover, when Au
plasmons are excited by light, a great deal of energy is absorbed rather than scattered. The
surface plasmon oscillation decays by converting energy to heat and thus raising the NP
temperature.®® Additionally, compared to photosensitizer dyes — capable of transferring light
energy to other compounds — Au NPs can generate heat more effectively without
photobleaching.?® Along these lines, photothermal and photodynamic therapy (PDT) using Au

8



NPs is already being tested to eradicate malignant cells in a variety of tumors via oxidative

damage.®

Additionally, the light emitting properties of Au NPs have also been the subject of many scientific
studies.®”** For Au NPs with a size smaller than 2 nm, fluorescent effects analogue to those of
semi-conductor quantum dots were discovered.®® On the other hand, larger sized Au NPs also
have shown to quench fluorescence because of the overlap between the emission spectrum of
excited fluorophores and the LSPR, causing a fluorescence resonance energy transfer
(FRET).%6%" A more unusual feature of Au NPs is photoluminescence, which initially did not gain
much attention among scientists due to the relatively low quantum yield, compared to
conventional fluorophores.®® Nowadays, new generation Au NPs with luminescence at 560 nm
are capable of reaching quantum yields a million times higher than that of bulk gold metal,*®® as a

result of enhanced electron and hole interband recombination caused by LSPR.'®

1.4. Applications of Au NPs

Due to the properties explained in chapter 1.3 and many others, Au NPs are widely applied in the
fields of physics, chemistry, biology and medicine. In chapter 1.4, some applications relevant to

this work are described, mainly for biomedical purposes.

1.4.1. Sensing

Au NPs are widely used as chemical and biological sensors to efficiently detect metal ions, %!
toxic compounds, % proteins, ' DNA, % etc. The detection mode of these nanosensors can either
be colorimetric, fluorescence-based, electrical and electrochemical, LSPR-based or use a “bio-
barcode”. In colorimetric assays, the color change after aggregation of Au NPs is exploited, while
in fluorescence-based sensors, the fluorescence-quenching properties of Au NPs are utilized.
Thus, these types of assays can provide a rapid and simple detection by observation with the

naked eye or use of UV-VIS spectrometers and fluorometers.'%

Due to their high surface energy and good conductivity, Au NPs can also be used as

electrochemical biosensors, acting as an "electron wire" to amplify electrical signals that can be



later detected. ' An example of this is the measurement of the enzyme activity of glucose oxidase

using a Au NP electrode.”’

The dependence of the LSPR on a change in refractive index is the foundation of the use of Au
NPs for optical sensing, where a typical experiment involves monitoring a shift in LSPR
frequency.** This way, signals in surface-enhanced Raman scattering (SERS) can successfully
be enhanced by Au NPs to create efficient biosensors for the detection of oligonucleotides,'®
proteins,'® antibodies,'® viruses,'® etc.'" Au nanosensors have been incorporated in
microfluidics or paper-based flow assays for quick diagnosis, e. g. antibody-conjugated Au NPs
for pregnancy testing or the antigen-based assay using colloidal gold for the detection of the
SARS-CoV-2 corona virus."'>''3 |n “bio-barcode” assays, the easy modification of the surface
chemistry of gold colloids can be tailored to react with specific biological markers of a disease to
enhance their detection limits,"'* as is the case for the p24 antigen of the human

immunodeficiency virus (HIV).1%°

1.4.2. Imaging

In imaging applications, the straight-forward surface functionalization and exceptional optical
properties of Au NPs have been exploited to design efficient contrast agents and signal enhancers
in techniques such as computed tomography (CT) and photoacoustic imaging (PA).""® Due to its
high atomic number and electron density, Au can be used as a potent contrast agent for CT scans.
Since CTs are reconstructed from a variety of X-ray images from tissues taken at different angles,
the X-ray attenuation ability of Au NPs can facilitate acquiring high-quality images."'® Moreover,
contrary to conventional near-infrared (NIR) organic dyes, Au contrast agents present high
permeability, better detection sensitivity, more hydrophilicity and improved stability in biological
systems.'% For example, compared to the common CT contrast agent Idohexol, 13 nm Au NPs
have achieved a higher attenuation intensity of about 20%.""" In PA, laser energy produces
acoustic waves by thermal expansion, which can later be detected on tissues by ultrasound and
reconstructed as an image."'® Using Au NPs, this PA signal can be increased through plasmonic
effects, resulting in an image with higher resolution able to guide intratumoral treatment and

monitor its efficacy in vivo.'"®

Additionally, the light absorbing and scattering properties of Au NPs can enhance the contrast of
dark-field or dual-photon luminescence microscopy,'?%'2" as well as enhance the image resolution

in magnetic resonance imaging (MRI) or focused ultrasound (FUS).'?2'2 When targeting
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antibodies are attached to Au NPs, an easier detection of tumors or specific cell types is possible
in vitro and in vivo by methods such as noninvasive fluorescent imaging (Figure 8) or SERS

imaging.'2125

777.14

623.56

469.99

316.41

Figure 8. Noninvasive fluorescence imaging of mice after intravenous injection of Au nanoclusters (Au NCs) conjugated
with a brain-targeting peptide. The Au NCs can specifically penetrate and detect neural cells in vivo. Reprinted with
permission from ref. 124, copyright (2015) Dove Medical Press.

1.4.3. Drug and Gene Delivery

Based on the binding affinities with other compounds described in section 1.3.1, the surface of
Au NPs can be specifically tailored to bind and deliver various therapeutic agents like drugs,
proteins, nucleic acids and genes more effectively. This delivery can be either targeted or non-
targeted.'"® In a targeted approach, usually an antibody or a peptide ligand able to reach a specific
receptor is attached to the NP surface to release the attached drug only in target tissues.'®® On
the other hand, a non-targeted delivery will release the payload into any medium, /. e. to both
healthy and unhealthy cells. By choosing a targeted delivery, higher drug concentration can be
given without the risk of collateral damage or unwanted side-effects.’?” For these reasons, Au
NPs are currently being applied in genetic regulation and drug therapy of several diseases.*
Furthermore, Au NPs have also been employed to deliver antibiotic and antiviral agents, showing

great potential against several strains.?%

Drug and gene release from the Au NP surface to the area of interest can be achieved by either

internal stimuli (e.g. pH) or via external stimuli, such as heating or irradiation.”™® In 2011, Hribar
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et al. synthesized a doxorubicin-loaded nanorod able to release the drug after exposure to NIR
light."®! Similarly, pH-responsive Au NPs have been designed to allow drug release when exposed

to acidic conditions, like those found in tumors or damaged tissues. '3

1.4.3.1. Loading strategies

The strategies to effectively load drugs or genes to Au NPs greatly depend on the size, stability
and chemical nature of the compound. In general, these methods can be either be based on
physical adsorption, hydrophobicity, electrostatic interactions or hydrogen bonding (from here on
referred to as “non-covalent” loading) or rely on covalent bonding between drug and Au carrier. '
Antitumor substances such as doxorubicin, prospidin and B-lapachon have been successfully
attached to Au NPs through physical adsorption, while other such as paclitaxel, cisplatin and

tamoxifen relied on sulfur-containing linkers to covalently bind to Au NPs."3*

1.4.3.1.1. Covalent Loading

If thiols or free amines are present in their structure, drugs and genes can form Au-S or Au—-N
bonds of different strengths on the NP surface. This difference can even be exploited to control
the delivery rate of the loaded compound, since a strong Au—S bond will result in a more stable
probe with retarded release, e.g. for imaging purposes.’ It has been reported that RNA can be
easily modified with thiol groups for grafting onto Au NPs through covalent bonds.'® Moreover,
strong linking can also be formed between a ligand with sulfur at one side and a functional group
on the other side, where additional molecules can attach, as seen for thiol-polyethylene glycol
(PEG-SH) modified Au NPs with conjugated plasmids.'®

Besides directly attaching thiolates the NPs surface, covalent bonding can also be formed through
a linker ligand and the drug/gene of interest. Popular examples of the linker strategy are 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride/N-hydroxy succinimide (EDC/NHS)
chemistry and click reactions.’™-'*® Consequently, by using a pre-grafted ligand on the NP
surface, the free drug can react with the functional groups on the outside of the linker to form a

covalent conjugation.®’

While covalent loading might achieve higher drug loading efficiencies, using the capping ligand

as a linker might reduce the stability of the Au-drug complex and cause NP agglomeration.'4°
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Moreover, the chemical modification of the drug could compromise the known effect of the
compound, needing additional testing of the altered drug. For this reason, mainly non-covalent

approaches for drug delivery were chosen in this work.

1.4.3.1.2.  Non-covalent Loading

Non-covalent loading methods are broadly employed in delivery and sensing applications
because of their fast and sometimes reversible release behavior.®” This strategy is once again
based on the interactions between Au capping agents and drugs. These ligands can facilitate
bonding through physical adsorption on the surface using amphiphilic groups, electrostatic
charges, proton-donor or -acceptor moieties, etc. Non-covalent ligands can be formed with
surfactants like cetyltrimethylammonium bromide (CTAB), which can take up water-insoluble
molecules in its hydrophobic core;! or host-guest systems such as cyclodextrins, which can
capture them on their inside.’* These cyclic oligosaccharides are able to form inclusion
complexes with lipophilic molecules due to their amphiphilic structure with a hydrophobic core
and a hydrophilic outer shell. Cyclodextrins are often used in drug delivery, as they can increase
water solubility and reduce cell toxicity of the conjugate, while protecting drug degradation in their

cavity.'

A non-covalent bonding can also be formed using the so-called “layer-by-layer” approach, where
a positively charged molecule is attracted to a negatively charged surface ligand or vice versa.
Here, the opposite electrostatic interactions can be exploited numerous times, forming several
“layers” around the NP surface (Figure 9), each with a specific targeting, encapsulating or

stabilizing function.

Figure 9. Schematic representation of a layer-by-layer NP assembly, stabilized by opposite electrostatic charges.
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Polymers, which consist of several repeating units of the same molecule, are crucial ligands to
bind drugs through non-covalent interactions, as well. Through adsorption, polymers can easily
embed drugs and genes without the need for any chemical modification.'** They can be
modulated according to each delivery need to create multi-functional Au nanocarriers for
therapeutics. By combining multiple functional groups among its structure, a two-component
polymer (or copolymer) can hold both hydrophobic and hydrophilic sites, e.g. to load water-

insoluble drugs on a water-soluble Au NP.'45

Furthermore, these compounds can be modified to be pH-, thermo- or light sensitive to allow a
controlled drug release after exposure to external stimuli, like in the case of “smart polymers”
poly(propylacrylic acid), poly(N-isopropylacrylamide) and azobenzene-containing N-(2-
hydroxypropyl) methacrylamide.'#® Polymers also allow the encapsulation of drugs on the Au NP
surface by building a layer around the loaded compound to increase its solubility, stability,
biocompatibility, retention time and blood circulation.™’” In contrast to “free” drugs, entrapped
drugs on Au NPs have shown higher cellular uptake and pH-dependent drug-releasing

properties.’8

Polymeric ligands with a surface charge are likely to make a NP suspension more stable and are
common building blocks for loading methods via charge interactions (Figure 9)."*° In gene
therapy, the polymer polyethylenimine (PEI) has been repeatedly used to condensate nucleic
acids on the surface of Au NPs due to its superior cationic charge density. Au-PElI NPs have
demonstrated higher transfection efficiency and lower cytotoxicity than other standard

transfections agents like lipofectamine and unmodified PE|."4%1%0

Lastly, besides loading on the surface of a solid Au NPs, hollow nanostructures with internal
cavities can also be relevant in drug delivery applications. Examples are Au nanocages and Au

nanoshells.®"152

1.5. Au NPs in Cancer Theranostics

As mentioned in previous chapters, Au NPs can help in early diagnosis of diseases (chapter
1.4.2), surveillance of therapy success and transport therapeutic agents into target cells bearing
high drug loads (chapter 1.4.3). Currently, several Au NP candidates are in clinical trials for

treatment of a variety of diseases, such as head, neck, prostate and lung cancers, as well as
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atherosclerosis, diabetes, pulmonary hypertension, Parkinson’s disease and gastric lesions,%5:1%3

indicating the great potential associated to this technology.

Cancer is commonly treated by a combination of surgery, chemotherapy and radiation, which can
lead to grave systemic damage to healthy tissues in the whole body.'™ In cancer theranostics,
i.e. simultaneous therapy and diagnosis, Au NPs surge as interesting therapeutic platforms for
less invasive approaches not only because of their modifiable intrinsic functional properties but
also due to their particular interactions with tumors.'® It has been demonstrated that NPs present
an enhanced permeation and retention (EPR) effect in tumors, which allows them to effectively
transverse into the tumor stroma because of the disrupted vasculature.'®® This effect leads to an
increased lymphatic drainage and lastly to NP accumulation at the intended site.'®*'5” The EPR
effect combined with higher sensitivity, cost-effectiveness and targeting potential make Au NPs

extraordinary anticancer devices.

Another advantage of using Au NPs against cancer is the known chemical stability of gold, which
hinders oxidation under physiological conditions thus avoiding a leaching of toxic species.'®®
Moreover, as briefly stated in chapter 1.3.2, Au nanomaterials are powerful tools for targeted
hyperthermia therapy (e.g. photothermal, photodynamic, plasmonic photothermal therapy) in
cancer sites, including brain tumors, as they are able to heat and destroy tumorous cells after
exposure to a heat source without unwanted side effects to healthy tissues.'®®'% Therapy
parameters of this source such as wavelength, bandwidth and efficiency can be improved by
adjusting the size, shape and surface coating of Au NPs."'? Additionally, hyperthermia can also
boost membrane permeability, which can lead to delivery of higher drug concentrations through

improved drug diffusion into the tumor cells.™®’

Some of the many examples of successful application of Au NPs in cancer theranostics are the
prostate specific membrane antigen (PSMA)-conjugated Au NPs for prostate CT imaging,’®?
silica—Au nanoshells for solid tumor treatment by thermal ablation with a NIR source'® or

antibody-conjugated Au NPs for detection of cervical cancer cells.'®®

While Au NPs are promising tools in cancer applications, important aspects such as their cellular
uptake, toxicity and toxicity assessment must be examined more closely before they can be

applied in a clinical setting.
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1.5.1. Cellular Uptake

Au NPs can improve the transport of therapeutic agents into cells by adjustment of their size,
shape and surface ligand. Alongside their efficient direction/migration to the target site, the key
barrier of the durable effects of Au NPs is determined by sufficient transfection into the target
cells. The cellular uptake efficiency depends not only on the carrier, but also on the phenotypic
properties of the cells, such as membrane composition, cellular recognition and the protein
corona, which is built around the NP surface when it encounters proteins belonging to the
biological microenvironment.'®* According to various investigations, NPs can be internalized in
mammalian cells via passive transport across the membrane or by active processes such as
phagocytosis, macropinocytosis, receptor-mediated endocytosis and independent endocytosis
(Figure 10)."% For Au particles smaller than 100 nm, receptor mediated endocytosis is believed
to be the primary uptake mechanism, where specific targeting surface ligands on NPs can bind
to receptors on the cell. The cell membrane can then wrap around the NP and internalize it."®®
The uptake of NPs smaller than 40 nm does not produce enough energy to overcome the less
favorable deformation of the cell membrane, which is why these NPs most likely form clusters to
overcome the energy barrier before they can be internalized.'®” In RAW264.7 mouse macrophage
cells and Hep G2 human liver cells, Au NPs of sizes 20 nm and 5 nm showed lower uptake
efficiency, compared to 50 nm Au NPs."® Small NPs (<6 nm) have however been shown to enter
the nucleus of various cells,'7 which is crucial to induce cell apoptosis, e.g. in cancer

treatment.

active uptake (endocytosis) passive uptake
[extracellular fluid

pinocytosis

phagocytosis

cytoplasm

Figure 10. NP cellular internalization mechanisms, active receptor-mediated (left) or passive transport across the cell
membrane (right). Reprinted with permission from ref. 165, copyright (2014) Springer Nature.
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In addition, the internalization of NPs into cells is also dependent on the NP shape and its surface
charge. Compared to nanorods, it has been proven that spherical Au NPs exhibit greater cellular
uptake.'®® Similarly, positively charged NPs have a higher internalization degree, as they can
strongly interact with the negatively charged cell membrane.'®® Nonetheless, experimental factors
and the specific protein corona for each material can also alter this trend. In vivo, positively
charged NPs can be filtered from the bloodstream more rapidly than anionic or neutral NPs, as

they mostly accumulate in the spleen and liver, not in the arteries."”’

While there are countless publications about internalization of Au NPs into cells, comparing in
vitro results among them remains highly complex, due to the many parameters which dictate the

response and biodistribution to Au NPs in each specific cell type.

1.5.2. Nanotoxicity

Alongside their ideal chemical properties to function as drug carriers from a translational point of
view, special care must be taken regarding the possible toxicity of Au NPs for humans, animals
and the environment, given that they are solid, non-biodegradable materials. There are several
factors identified that can significantly influence this toxicity, as seen both in vitro and in vivo

(some examples are portrayed in Figure 11).
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Figure 11. Factors influencing Au NP toxicity.
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Regardless of the various studies stating to have found the ideal NP size for biological
applications, no generalization can be made about the toxicity of Au NPs of a certain size. Results
concerning citrate-covered Au NPs with sizes between 2 and 100 nm revealed that nanotoxicity
does not show any clear behavior tendencies in vivo. While Au-citrate NPs between 10 and 40 nm
caused acute toxicity after being injected to mice, NP of smaller and larger sizes did not show
toxic or deathly effects on the animals.'”? Several studies contradicting or confirming the toxicity
of small-sized Au NPs further prove this point.”® A comparison between the toxicity effect of
positively and negatively charged Au NPs is even more difficult, because it is impossible to have
NPs with the same size, surface chemistry and dispersity using capping ligands of opposite
charges.'” Similarly, studies comparing toxicity of Au NPs based on their shape are problematic
due to the different chemical approaches needed to synthesize each morphology.' In general,
it is advisable to use non-toxic capping ligand such as PEG, PVA and PVP polymers or natural
substances like dextran or chitosan to synthesize more biocompatible NPs.'® For targeted
delivery, the use of antibodies, peptides and proteins can further lower the cytotoxicity of Au NPs

while increasing their cell penetrating properties.'”®

In in vitro models, toxicity effects can vary depending on the subtype-specific susceptibilities of
each cell line tested. It is postulated that these differences originate from the individual protein
corona, which is formed on the surface after the NPs enter a biological medium, combined with
several other factors (see Figure 11). Frequently, the toxicity of a new nanomaterial is tested in
vitro using standard assays based on cell viability investigations, study of reactive oxygen
species, gene expression and cellular morphology.° While these traditional assays are widely
popular due to their simplicity and low cost, they have shown a number of contradictory results
when combined with Au NPs.'7® Reasons for this interference are the characteristic interactions
of Au NPs with light (see chapter 1.3.2), their high adsorption capacity, thermal conductivity and
catalytic activity.’””1"® Since the majority of assays are evaluated using optical detection methods
(light absorption, fluorescence, luminescence), Au NPs can easily alter assay readouts and lead
to false interpretations. Moreover, if Au NPs are agglomerated, the absorbance results are also
biased.'” Besides incorrect readouts, Au NPs can react with assay components or bind enzymes

and assay reagents on their surface, thus changing their affinities or emission properties. 8181

Interference of Au NPs with tests such as the colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay and lactate dehydrogenase (LDH) assay, the
fluorescence-based Annexin-A5 assay and the luminescent Cell-Titer-Glo assay have been

reported, given that these tests were originally intended for soluble compounds, not
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nanomaterials.'®-'82 |In the MTT assay, the MTT salt is reduced to a purple-colored formazan
product by mitochondrial reductase enzymes of viable cells.'®® Besides hindering the photometric
quantification of formazan if gold is still present in the test medium, NPs can obstruct the
intracellular trafficking of the dye and change cell activities due to redox reactions occurring in
response to NPs.'® Despite several time-consuming efforts to correct such interferences, e.g. by
trying to quantify the absorbance attributed to NPs in cell-free media via UV-VIS measurements,
an accurate measurement of cell viabilities after NP treatment using these assays continues to

be challenging.'”®

As a response to these shortcomings, Ponti et al. suggested using the Colony Forming Efficiency
(CFE) assay for early nanotoxicity screening, after reproducible results were generated when
testing different NPs in 12 independent laboratories worldwide.'® In the CFE assay, cytotoxicity
is assessed by counting colonies formed by viable cells after treatment with NPs and comparing
them with untreated cells (Figure 12). Because the CFE assay is label-free and does not use
absorbance or fluorescence, Au NPs cannot quench or enhance detection signals. Besides, this
essay can distinguish between cytotoxic and cytostatic effects by comparing colony numbers and
areas.'® Moreover, CFE is a direct functional assay and - as a cellular readout and in terms of
biological meaningfulness- outperforms simple marker-based assessments scoring cellular

survival, cell cycle progression or proliferation, such as performed with Annexin-5 or Ki67 staining.

Figure 12. CFE assay showing colonies formed by U87 cells after treatment with Au NPs.
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Even though in vitro assays provide initial information about toxicity, animal-based models should
be encouraged for a more precise evaluation of Au NP toxicity. In in vivo models, most
researchers have not found significant toxic effects of Au NPs in various animals, such as
zebrafish, fruit flies, mice, rats, rabbits and pig models."*%'"® However, individual toxicities may
be influenced by other factors such as the sex of the animals or the way NPs are administered. It
has been noted that investigations about the uptake, biodistribution and bioaccumulation of NPs
might be more valuable than toxicity results because NPs remain in the body for extended periods
of time."”® Consequently, NPs which are cleared quickly tend to reduce toxicity risks because their
exposure time is reduced. Yu et al. suggested that the clearance pathway for NPs is most likely
size-dependent, with NP smaller than 6 nm being eliminated via renal excretion (urine) and larger
NPs through hepatobiliary excretion (bile to feces).'®® Besides size, NP elimination is also charge

and surface ligand-dependent.'®’

In short, the toxicity of Au NPs must be assessed taking all these factors into consideration in
order to obtain a general approximation of the biological effect of these materials in all organisms.
Even though cell line- and patient-derived 3D spheroids are useful, cost-effective systems to study
cell physiology and metabolism, their metabolic alterations compared to in vivo subjects are not
entirely clear. Nonetheless, they are still highly practical to study therapy effects prior to
investigations in preclinical tumor models and humans. In the context of oncology, non-cancer
control models such as stem cells or terminally differentiated tissue cells shall be included in in
vitro testing sequences. Results achieved on control models shall be brought in association to the
results achieved with cancer in vitro systems, which will indicate any therapeutic index of a given
intervention towards transformed cells. Moreover, modern synthetic tumor cell platform
technologies, derived from a single-cell of origin and stepwise equipped with oncogenic
elements,®18 allow biological assessments in cellular and genetic tightly controlled conditions
and will surely impact the future drug development sector to complement ordinary assays based

on patient-derived cell models only.

1.6. Glioblastoma

Tumors originating from glial (non-neuronal) cells of the central nervous system (CNS) are known
as gliomas. Glioma is the most common type of tumor affecting the CNS and accounts for
approximately 80% of all malignant tumors occurring in the brain.'%'®" In 2016, the World Health

Organization (WHO) introduced a system to categorize gliomas into four groups to facilitate
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choosing a course of treatment for patients.®? According to this classification, grade | tumors have
low proliferation and can be cured by surgical intervention, while grade Il tumors are invasive and
can often recur. Additionally, grade Ill tumors are usually malignant, showing anaplasia and fast
cell division through mitosis; and grade IV represent the most malignant and advanced form of all
gliomas.'® Tumors in the grade IV classification — the most common subtype being glioblastoma
(GB) — have the poorest prognosis with a high resistance and low survival rate. Around 48% of
all malignant CNS and brain tumors can be attributed to GB.'®® With the rapid technological
advancements of molecular biology in recent decades, additional stratification of brain tumors
including subgrouping of GB have emerged. These latest OMICS-based classifications are
centered on gene expression profiles,'® proteomics'®® and DNA methylation,'®® to mention the
most prominent. Molecular markers for GB characterization have entered the clinical routine
diagnostics, such as promoter methylation status of the metabolic enzyme MGMT, DNA mutation
status of the metabolic gene IDH1 or chromosome abnormality 1p/19q deletion. The field of
molecular neurooncology diagnostics is developing rapidly and it is impossible to
comprehensively summarize all ongoing exciting investigations in the context of this thesis.
Further reading to dedicated literature is advised in case of deeper interest. In contrast, adequate
advancements on molecular associated therapy options are far lagging behind, challenging the
sustainability of highly specialized diagnostics, if they cannot translate to clinical benefits in the

near future.

As introduced earlier, a subpopulation of GB cells showing prominent stem properties (GSCs) is
thought to be responsible for the high cellular invasion potential of GB, as well as its therapy
resistance.'”” These GSCs present an attractive therapeutic target to develop durable
improvements in the management of this disease. However, the unequivocal identification of
GSCs is challenging due to enormous inter- and intratumoral heterogeneity of GB, also affecting
the dynamics of GSCs."%8'%° Single cell analysis proposed certain developmental lineages to
overarchingly define the stem cell pool of the tumor, but further research have to validate this
recent new concept.?”® Some studies propose that the formation of these GSCs is linked to a
process called epithelial-mesenchymal transition (EMT), which is known in embryonic
development, tissue regeneration and wound healing. In the case of cancer cells, EMT is not
complete and cells with mixed epithelial and mesenchymal genes can transition between several
EMT states.?®' These hybrid cells with disrupted cell—cell adhesion and cellular polarity can move
collectively as clusters for faster migration and invasiveness.?? With this dynamic behavior and
their infinite self-renewing properties, GSCs can continuously form new tumor foci, and thus

contribute to tumor recurrence.?® Additionally, GSCs are enriched with regions of severe oxygen

21



deprivation (hypoxia), which significantly hinder the effects of radiation, as this therapy is based
on the formation of reactive oxygen species (ROS).2% In recent years, these cell subtypes have
shown to be promising targets for GB therapy, e.g. through their identification and isolation using
specific stem cell markers like CD133 (prominin-1), CD44, SOX2, NANOG or SSEA-1.20520

1.6.1. Diagnosis and therapy

GB diagnosis normally starts with magnetic resonance imaging (MRI) to visualize the tumor
structure.?'® Additionally, MRI scans can be enhanced with contrast agents and accompanied by
other techniques like positron emission tomography (PET) and single-photon emission computed

tomography (SPECT) to track therapy responses in active tumors (Figure 13).2"

RT planning 10 weeks post RT 22 weeks post RT

CE-T1 and
FET PET
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Figure 13. MR and PET images used for GB diagnosis and therapy monitoring. The tumor in the left frontal lobe
remaining after resection and chemoradiation with temozolomide shows complete metabolic response after subsequent
radiotherapy treatment. RT: radiotherapy, MR: magnetic resonance, CE-T1: contrast-enhanced T1-weighted MR, FET:
O-(2-["®F]fluoroethyl)-L-tyrosine tracer, PET: positron-emission-tomography. Reprinted with permission from ref. 211,
copyright (2017) Elsevier.

In addition to the infiltrative nature towards adjacent tissues and the cell heterogeneity of GB, the
treatment of this disease is significantly hindered by the blood-brain-barrier (BBB), a protective

membrane responsible for brain homeostasis and for blocking the entrance of foreign substances
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in the blood.?'> While this barrier protects the CNS against pathogens or toxins, it can be a major
obstacle for the delivery of anticancer drugs. It has been demonstrated that most antibodies,
proteins, polypeptides and small molecule drugs are unable to cross the BBB in pathological

conditions.?'3

The current treatment of GB is based on surgical resection combined with the Stupp protocol,
which consists of radiotherapy and chemotherapy using temozolomide, a DNA-damaging
cytotoxic agent.?'* With a life expectancy of less than two years, research concerning further
therapeutic approaches for GB is justified by ethical and scientific reasons. Recently, new
strategies such as PDT and argon-helium cryotherapy have been used to treat brain tumors.2'5216
Other approaches with high potential to combat GB are pharmacotherapy with doxorubicin and
taxanes, molecular-targeted blockers of growth factor receptors, immuno- and antimitotic
therapies, microRNAs and enzymatic inhibition?'%217218 to mention only a few attempts, further
reflecting the desperate situation of clinicians to handle this unmet need. On note, a revolutionary
new concept of treating GB using physical modulators has shown clinical success that led to its
market approval in Germany and the US.?"® This method represents the first alternative qualified

therapy after over two decades without any changes in GB treatment.

1.6.2. Glutaminase Inhibition

Recently, metabolic dependency-targeting of fast-growing tumors such as GB has manifested
itself as an attractive path to develop effective new anti-cancer treatment approaches.??° As such,
interfering in the increased glucose and glutamine uptake to maintain tumor metabolism has
shown promising outcomes for the treatment of GB.?2'?22 The high glucose consumption of tumors
is already the basis of several clinically applied imaging diagnostics such as the use of a
radioactively labelled "®F-fluorodeoxyglucose which gathers within the tumor and can be detected
by PET.??® Metabolic imaging is generally used in addition to classical anatomical imaging (CT)
or perfusion imaging (MRI), and certainly enables an improved imaging of the bioactive tissue,
which is particularly beneficial in the context of surveilling the effect of current standard
diagnostics. Yet, despite the knowledge of this glucose and glutamine addiction of tumors, a
clinical treatment targeting the enzymes responsible for both metabolisms in a synergistic

approach is still inexistent.??3
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Unlike healthy cells, which convert glucose to pyruvate to feed mitochondria during oxidative
phosphorylation for adenosine triphosphate (ATP) production, cancer cells additionally turn to
glutamine for nucleotide and ATP synthesis.??* Glutamine is an abundant amino acid from which
energy can be produced after its conversion to glutamate, aspartate, pyruvate, CO,, lactate and
citrate via a process called glutaminolysis. Even though glutaminolysis takes place when healthy
cells are deprived of oxygen, tumor cells have been known to follow this path even under aerobic
conditions. This phenomenon is called “the Warburg effect”, after the pioneer discovery of Otto
Warbung in 1956.22° The hydrolysis of glutamine to glutamate and ammonia is catalyzed by the
mitochondrial enzyme glutaminase1 (GLS1).226 Thus, by inhibiting this enzyme, tumor cells can
be deprived of important intermediates for the citrate cycle and grow more slowly or die through
apoptosis.??® Recently, GLS1 was identified in GSCs as a downstream target of the stem cell
pathway Notch and a direct targeting of GLS by pharmacological means somewhat phenocopied
the effect observed with Notch blockers.??” Latter is considered a promising strategy to fight stem
cells in many cancers, but its clinical translation is challenging due to off-target effects on normal
stem cells.??” Still, GLS1 offers a druggable anti-GSC target possibly presenting less off-target
risk to other cells, as GLS is particularly active in tumor cells, especially at the invasive margin of

gliomas.??®

Among several tested glutaminase inhibitors, the compound N-[5-[4-[6-[[2-[3-(trifluoromethoxy)
phenyl]-acetyllamino]-3-pyridazinyl]butyl]-1,3,4-thiadiazol-2-yl]-2-pyridine-acetamide (CB839,

brand marked under the name Telaglenastat and produced by Calithera Biosciences) shows
utmost potential and is already being investigated in various clinical trials.?2%23' CB839 is derived
from the previous bis-2-(5-phenylacetamido-1,3,4-thia-diazol-2-yl)ethyl sulfide (BPTES) inhibitor;
it possesses good oral bioavailability and an effect about 13 times higher than its predecessor,
independent from the glutamine concentration.?*> CB839 does not compete with glutamine for the
binding active site in the GLS1 enzyme but instead binds to its allosteric site, causing
conformational changes and a decrease in the activity of the enzyme, i.e. an allosteric inhibition.3
Even though the inhibition mechanism of CB839 is not yet completely clear, it is believed that the
pyridazine ring plays a role in its dose and time dependency, unlike in BPTES.?* Contrary to GLS
inhibitors 6-diazo-5-oxo-L-norleucine (DON), azaserine and acivicin, the structures of BPTES and
CB839 do not resemble glutamine (Figure 14). This structural dissimilarity avoids unwanted
reactions with other enzymes similar to glutaminase, as well as with other transporters or

receptors,232234
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Figure 14. Molecular structures of glutamine and glutaminase inhibitors DON, azaserine, acivicin, CB839 and BPTES.

CB839 is further promoted as powerful anti-GSC candidate due to its superior target specificity
and due to limited effects on non-cancer neural stem cells.??® However, in vivo studies have shown
that its accumulation and bioavailability in the brain is significantly lower than in other tissues,
most likely due to the hurdle of passing the BBB.?*> Moreover, the antigrowth effect of CB839
seems to be subtype-specific, showing different sensitivities depending on the GB cell line tested.
However, CB839 succeeded in eradicating GSCs by hampering processes necessary for cell
maintenance and cycle progression.??® Therefore, new technologies to ensure a higher efficacy

and penetration of this promising drug candidate into GB tumors are imperative.

1.6.3. Glioblastoma treatment with Au NPs

In GB therapy, the singular optical qualities, straight-forward functionalization and interaction with
tumor tissues and the BBB of Au NPs (chapters 1.3.1, 1.3.2 and 1.5) can be exploited to
synthesize new generation theranostic probes. In an ideal combination therapy, Au NPs could
serve as imaging contrast agents in diagnosis and efficiently deliver water-insoluble therapeutic
drugs to specific tumor targets. Moreover, Au NPs could complement curative approaches by
using additional physical methods such as hyperthermia and radiation to enhance anticancer
effects, as is currently being tested in clinical treatments of cerebral tumors with PDT.?* By

actively targeting GSCs, e.g. using CD133 ligand-receptor docking, Au NPs could be engineered
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to release drugs at the tumor site in a controlled manner, thus causing less systemic side effects

to other cells.?%
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Figure 15. Targeted Au NPs carrying TAT peptide, doxorubicin (Dox) and Gd3* contrast agents for glioma therapy and
diagnosis. Left: Dox is conjugated via a pH-sensitive linker. Right: NPs accumulate in the tumor via the EPR effect.
Reprinted with permission from ref. 239, copyright (2014) John Wiley and Sons.

Since NPs are able to pass the BBB because of their small size, they are promising delivery
systems for GB therapeutics, which could be administered at lower concentrations compared to
typical doses of free drugs.?*” Additionally, antibodies, growth factors and low-density lipoproteins
can be attached to NPs to enhance their BBB crossing capability.?*® In a 2014 study, Au NPs
combined with transmembrane peptides (TAT) delivered the anticancer drug doxorubicin into
gliomas, showing a tumor killing effect up to 14 times higher than the pristine drug (Figure 15).2°
Similarly, the EPR effect of Au NPs was exploited to deliver the same chemotherapy across the
BBB by a pH-sensitive process.?*° Dual functionality Au NPs targeting both the tumor and the
BBB problematic have even higher infiltrative power into gliomas, due to synergistic internalization

mechanisms of the ligands on a single delivery vector.?*'

In the treatment of malignant gliomas, Au NPs have been used in resection surgery to enhance
MR and SERS signals and obtain a more accurate outline of the tumor.?*2244 Au NPs have also
improved CT imaging resolution in vivo by accumulating in brain gliomas. When radiotherapy was
accompanied by these Au NPs, radiosensitization triggered an improved effect in mice than
radiation without NPs.?*> Besides spheric NPs, Au nanorods functionalized with cancer markers
have also gained attention in GB treatment due to their prolonged circulation and specific binding

to the GB cell surface.?*® In GB gene therapy, Au NPs have not caused inflammation,
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immunogenicity or mutagenesis, compared to other common viral, lipid or polymeric delivery
vectors. Moreover, their tunability elevated the internalization of active agents and prolonged their

release.?47-249

In conclusion, multifunctional Au nanocarriers for combined targeted GB therapy grant access to
an unprecedented new field with infinite possibilities and the ability to develop a tuneable, more

personalized treatment approach with subtype-specific responses.

27



2. Motivation and Objectives

In recent years, great progress has been made towards the development of nano-vehicles for the
delivery of drugs and genes to target sites. However, some complex diseases such as GB still
remain uncurable with insufficient therapy options due to its heterogeneous nature. The tunability
and unique properties of Au NPs raise hope for establishing a novel more effective theranostic
tool for tumor treatment, able to enhance standard chemo-, radio- and phototherapy approaches

already established in clinical settings.

This work should focus on Au NPs with suitable ligands able to conjugate drugs on their surface
and later release them inside GSCs. Gold is specifically chosen due to its biocompatibility, size-
and shape-dependent optical characteristics, as well as its high affinity for sulfur, which allows
the stable bonding of drug-carrying or cell targeting moieties. After optimization of synthesis
parameters, an extensive characterization of Au NPs with various microscopic and spectroscopic

methods should follow to examine their size, dispersity in solution and surface functionalization.

The issue of transversing the cell membrane barrier of GSCs should be addressed using
fluorescent Au NPs and following their accumulation inside GSCs in vitro. In addition, the
feasibility of using Au NPs as drug delivery systems to administer poorly water-soluble anticancer

compounds into GSCs should be investigated.

The compound CB839, already in clinical trials for the treatment of tumors, is a promising drug
candidate against GB and should be chosen for nanodelivery into GSCs. Using mostly polymeric
surface ligands, CB839 should be embedded onto the Au NPs through electrostatic interactions
and physical adsorption, avoiding the need for a modification of its chemical structure and thus
compromising its known effect. The efficiency of this CB839 loading in different Au NPs should
be assessed through qualitative and quantitative analysis. Furthermore, studies should be
included about the Au NP toxicity and its therapeutic effect on GSC neurospheres to evaluate

their potential application in GB therapy.
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3. Cumulative Part

This section summarizes the results of the dissertation, which have been published as scientific
papers in international journals. Chapters 3.1 and 3.2 show the publications as first author,
followed by additional contributions as co-author (chapter 3.3). A short summary of the
publication, as well as the author's own contributions is given in each chapter. Each publication

has its own bibliography and enumeration of pages, chapters, figures, tables and schemes.
3.1. Influence of Synthesis Methods on the Internalization of
Fluorescent Gold Nanoparticles into Glioblastoma Stem-like Cells

Beatriz Giesen, Ann-Christin Nickel, Alba Garzén Manjon, Andrés Vargas Toscano, Christina
Scheu, UIf Dietrich Kahlert, Christoph Janiak,

Journal of Inorganic Biochemistry 2020, 203, 110952.

DOI: 10.1016/j.jinorgbio.2019.110952, reprinted from reference 250, published by Elsevier.
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Figure 16. Graphical abstract from ref. 250. A “one-pot” synthesis produces monodisperse fluorescent gold
nanoparticles in 2 minutes! A higher percentage of nanoparticles synthesized this way were internalized by glioblastoma
stem-like cells compared to other samples synthesized in standard two- or three-step protocols.
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Summary:

Au NPs were synthesized to serve as drug and gene delivery systems for a potential treatment of
the highly aggressive GB brain tumor. In order to track the nanocarriers in vivo and in vitro, the
surface of the Au NPs was functionalized with the fluorescent marker fluorescein isothiocyanate
(FITC). Synthesis of the NPs was conducted in aqueous solutions using the polymer
polyethylenimine (PEI) as a stabilizer against agglomeration and a reducing agent for the KAuCl,
starting material. Several microwave-assisted reactions provided AuPEI-FITC NPs with core sizes
between 3 and 6 nm, which were characterized using microscopic and spectrometric techniques.
A thorough optimization of the parameters for synthesizing AuPEIl and AuPEI-FITC NPs was
conducted, given that these factors showed a significant effect on the final size, morphology and
ligand composition of the product, even when using the same components. The ability of AuPEI-
FITC NPs to penetrate GB patient-derived stem cells was tested in vitro and quantified with
fluorescence-activated cell sorting (FACS) analysis, showing no apparent toxicity and an
internalization in cells of up to 61%. Therefore, AUPEI-FITC NPs show great potential as vehicles

to transport nucleic acids or drugs into GSCs.

Contributions to the work:

¢ Idea and design of synthesis methods for Au NPs using biocompatible materials.

¢ Synthesis and optimization of AUPEI and AuPEI-FITC NPs.

¢ Investigations regarding suitable purification methods for AUPEI and AuPEI-FITC NPs.

e Determination of the pH stability, stability of FITC attachment to Au and time-dependent
size increase of AUPEI-FITC NPs.

e Sample preparation and characterization of NPs.

e Acquirement and analysis of TEM images, EDX spectra and SAED results.

e Further characterization with DLS, UV-VIS, IR and fluorescence spectroscopy studies.

¢ Evaluation and compilation of AAS and TGA results.

e Incubation of GSCs with Au NPs in vitro and performance of cell viability assays with the
help of Dr. Ann-Christin Nickel.

e Quantification of NP uptake by GSCs through FACS measurements.

e Calculation of the percentage of fluorescent NPs with FACS and mathematical estimation

of the number of NPs taken up per cell.
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Distinction between adsorbed and internalized NPs using the Trypan Blue quenching
method.

Image acquirement and assessment of cells incubated with NPs using bright field and
fluorescence microscopy, with the help of Andrés Vargas Toscano.

Analysis and compilation of all experimental results in form of a scientific publication after
interpretation and extensive literature research. Continuous corrections and
improvements of the manuscript throughout the peer-review process. Execution of further
required experiments and preparation of the revision document.

Coordination of experiments done by external cooperation partners, as well as
communication regarding the final manuscript.

Support with high resolution TEM and STEM measurements and access to the facilities
was provided by Dr. Alba Garzén Manjon and Prof. Dr. Christina Scheu from the Max-
Planck-Institut fir Eisenforschung, Dusseldorf.

Corrections and additions to the manuscript were done by Dr. Ann-Christin Nickel, Dr.
Alba Garzéon Manjon and Prof. Dr. Christina Scheu. Comprehensive expert review by PD
Dr. UIf Kahlert and Prof. Dr. Christoph Janiak.

Submission to the “Journal of Inorganic Biochemistry” and final approval of the manuscript

was made with Prof. Dr. Christoph Janiak.
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ARTICLE INFO ABSTRACT

Glioblastoma (GBM) is an aggressive disease with currently no satisfying treatment option available. GBM cells
with stem cell properties are thought to be responsible for the initiation and propagation of the disease, as well
as main contributors to the emergence of therapy resistance. In this work, we developed a novel method to
synthesize fluorescent gold nanoparticles as potential drug and gene delivery systems for GBM therapy, able to
penetrate three-dimensional stem cell selected patient-derived GBM neurosphere systems in vitro. By using
polyethylene imine (PEI) as a stabilizer and reducing agent, as well as fluorescein isothiocyanate (FITC) as a
fluorescent marker, our fully in-house developed fluorescent gold nanoparticles (AuPEI-FITC NPs) with core sizes
between 3 and 6 nm were obtained via a fast microwave-assisted reaction. Cytotoxicity, adsorption and inter-
nalization of AuPEI-FITC NPs into the cell lines JHH520, 407 and GBM1 were investigated using the cellular
growth assay and fluorescence-activated cell sorting (FACS) analysis. AuPEI-FITC NPs showed no apparent cy-
totoxicity and an uptake in cells of up to ~80%. A differentiation between surface-bound and internalized
AuPEI-FITC NPs was possible by quenching extracellular signals. This resulted in a maximal internalization
degree of 61%, which depends highly on the synthesis method of the nanoparticles and the cell type tested. The
best internalization was found for AuPEI-FITC1 which was prepared in a one pot reaction from KAuCly, PEI and
FITC. Thus, appropriately synthesized AuPEI-FITC NPs show great potential as vehicles to transport DNA or
drugs in GBM cells.

Keywords:

Fluorescent gold nanoparticles
Precision medicine

Rapid synthesis

Glioblastoma stem cells
Internalization

1. Introduction

Glioblastoma (GBM), the most common type of brain-born neo-
plasm, is a lethal and ultra-aggressive type of cancer with a remaining
life expectancy of under two years [1]. Current therapy consists of
surgical resection, administration of temozolomide and radiotherapy
but fails to give a positive outcome due to the invasive and hetero-
geneous nature of the tumor [2]. A population of cells with stem cell
properties (=brain cancer stem-like cells, BCSCs) are thought to be the
reason for GBM's high cellular invasion capacity and formation of
tumor foci [3]. Delivery of therapeutics to the anticipated BCSCs target
site is significantly hindered by the blood-brain barrier (BBB), a major
obstacle in GBM treatment [4]. Thus, novel anti-BCSC treatments with
clinical applicability are of highest clinical and economical interest.

Recent studies have placed nanomaterials in the focus as the future

* Corresponding author's.

technology for the delivery of drugs, molecules or genes to treat GBM,
specifically by targeting BCSCs [5,6]. Gold nanoparticles (Au-NPs) in
particular have been widely used for medicinal purposes due to their
biocompatibility and unique optical properties. Due to the high per-
meability and enhanced permeation and retention (EPR) in solid tu-
mors, Au-NPs can pass the BBB, accumulate in the damaged tissue and
deliver inhibiting or target specific cell surface molecules like proteins
or antibodies, which limit tumor cell proliferation and boost the an-
ticancer effect of standard drugs [6-9]. In combination with radio-
therapy, Au-NPs increase the DNA damage to GBM cells inflicted by
ionization radiation [10]. This radiosensitization enhances the effec-
tivity of irradiation therapy and also improves the uptake of medica-
tions in GBM cells [11,12]. Besides their therapeutic benefits, Au-NPs
are also widely used for imaging and sensing applications, showing a
longer blood circulation time than common contrast agents [13]. They
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Scheme 1. Representation of the synthesis protocol for optimized AuPEI-FITC
NPs for the internalization into glioblastoma GBM cells.

have allowed the accurate display of tumors for its surgical removal due
to their surface enhanced resonance Raman scattering (SERRS) signals
in combination with magnetic resonance imaging (MRI), as well as
being introduced as precise probes for computer tomography (CT) and
photoacoustic visualization of tumors [14-16]. In summary, Au-NPs are
promising theranostic systems combining therapeutic anticancer effects
with diagnostic features for tracking the biodistribution of GBM tumors
in vivo.

The aqueous synthesis of Au-NPs is straight-forward, cost effective
and non-toxic. Moreover, the highly stable colloids formed are mod-
ifiable in size and shape through variation of their synthesis parameters.
Their surface can be functionalized with various capping ligands and
shells to facilitate the loading of therapeutic agents according to spe-
cific cell or drug needs [17]. In gene therapy, polyethylene imine (PEI)
(Scheme 1) constitutes a suitable capping ligand for Au-NPs because of
its high cationic charge density and ability to condensate nucleic acids
to the nanoparticle (NP) surface [18]. In the chemical reaction with
gold, PEI acts as a three-in-one reagent: it can reduce gold(IIl) salts to
metallic gold, it protects the formed Au-NPs from agglomeration and it
can bind DNA through electrostatic interactions [19].

In nanodelivery applications, fluorescein isothiocyanate (FITC)
(Scheme 1), a near-infrared organic dye, can serve as a powerful
tracking device to locate NPs inside the cells after incubation due to its
high extinction coefficient and great quantum yield. Due to the strong
affinity of gold for sulfur, FITC can be effectively coupled to Au-NPs
though electronically stable covalent bonds with its isothiocyanate
group [20]. This Au-FITC combination holds a stronger fluorescent
imaging effect of tumor regions compared to FITC alone, which would
rapidly be metabolized and removed by cells [10]. When obtained from
commercial sources, little information is given about the capping ligand
of fluorescent Au-NPs, the amount of fluorophore used and, in some
cases, the overall hydrodynamic size of the gold-ligand-FITC system,
which is crucial for cell uptake. If the nanodelivery technology is going
to become standard, there needs to be easy, reliable and fast methods to
produce fluorescent nanocarriers without the need to resort to ex-
pensive outsourcing or intricate synthesis routes.

In this work, we describe a Au-NP assembly functionalized with PEI
and FITC (AuPEI-FITC) able to penetrate GBM cells. AuPEI-FITC NPs
were synthesized in a straight-forward manner from cheap and acces-
sible starting materials (Scheme 1). We describe the importance of the
synthesis parameters on the final size, morphology and ligand
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composition of the nanomaterials even when using the same compo-
nents. Our GBM functional assessments are performed with three-di-
mensional neurospheres, selected for high percentage of stemness due
to neural stem cell growth conditions [21]. The in vitro AuPEI-FITC NPs
transfection and level of internalization in three BCSC lines are hereby
tested for a potential application as a gene or drug carrier in the
treatment of GBM.

2. Results and discussion
2.1. Synthesis of gold nanoparticles

Regardless of the various works stating to have found the ideal
nanoparticle size and shape for a successful internalization into cells
[22-24], the actual impact of these parameters still remains highly
dependent on the cell type. In this study, we opted for the synthesis of
small gold nanospheres up to 10 nm diameter. By starting with a small
core size, multiple functionalization steps on the nanoparticle surface
are possible through a layer-by-layer construct, which allows flexibility
to customize and increase the size of the carrier if needed. Furthermore,
round-shaped Au-NPs were selected due to their curvature, which
makes them more likely to be internalized into cells compared to
asymmetrical shaped NPs [25].

The synthesis of gold nanoparticles smaller than 20 nm has been
documented by adding a tetrachloroaurate precursor into an aqueous
PEI solution under diverse reaction conditions [19,26,27]. Size control
is not always easy since a stoichiometric variation of reaction pre-
cursors also changes the size distribution and polydispersity of the so-
lution. In order to find the necessary gold to PEI ratio for an optimal
stabilization of our delivery system, the amount of KAuCl, precursor
added to a solution of branched PEI was continuously increased as both
components were reacted under microwave irradiation (see Supp. info.
for synthesis details). Variation of the nga,ci4/npg; molar ratio between
1 and 10 (samples AuPEI1-10 accordingly) resulted in different sizes
and polydispersity values, as seen from dynamic light scattering (DLS)
results (Fig. 1). In our experiments, hydrodynamic diameters corre-
sponding to the gold core and the PEI capping ligand remained between
24 and 67 nm. In some cases, various species of different sizes were
detected even after post-synthesis purification. This phenomenon can
be attributed to the formation of higher bridged PEI networks con-
taining several Au cores [7].

However, there seems be an optimal ratio of PEI to Au, resulting in
small AuPEI NPs with low polydispersity, as in the case of AuPEI5 and

Il size
—m— Polydispersity

100 4 / r 40

Size (nm)
Polydispersity (nm)
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Fig. 1. Size and polydispersity of PEI-capped gold nanoparticles (Au-PEI NPs)
with ngaucia/npgr = 1-10.
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Fig. 2. Characterization of AuPEI6 NPs. a, TEM image of several NPs, b: selected area diffraction showing hkl values for fcc gold, c: DLS curve showing the size
distribution by intensity of three measurements, d: HR-TEM image of an individual NP.

AuPEI6 with ngaucla/npgr = 5 or 6, respectively. With a hydrodynamic
diameter of 24 nm and a narrow size distribution, AuPEI6 presented the
most homogeneous sample. The small size of AuPEI6 NPs was further
confirmed via high-resolution transmission electron microscopy (HR-
TEM) measurements, which revealed a gold core of about 4 + 1 nm
(Fig. 2). The sample also displayed high crystallinity and the expected
face-centered cubic (fcc) phase.

In the reaction of KAuCl, and PEI, Au-NPs are formed due to a redox
reaction between the amine groups of PEI and the tetrachloridoaurate
(1II) anion AuCl, ™. While the Au™ salt is reduced to Au®, oxidation at
the alpha carbon to the amine groups of the PEI polymer chain results
in the conversion of the amine into an amide [27]. This assumption was
confirmed by infrared (IR) spectroscopy (Fig. S1 in SI).

Given that PEI itself has also been used as a vehicle for DNA
transfection [28], it is crucial to eliminate the free unbound PEI from
the gold solution in order to test the true ability of AuPEI NPs as a DNA
or drug carrier. For this purpose, a thorough dialysis process was per-
formed against water for 24 h (see Supp. info. for details, Fig. S2). When
dialyzing the sample AuPEI6 for a longer time, a significant color
change from dark red to purple was observed, signaling a size increase
of AuPEI NPs due to a possible agglomeration. DLS results showed an
increase in hydrodynamic diameter from 24 nm after 24 h to 68 nm
after 48 h and ultimately 77 nm after 72 h. On the other hand, when the
sample was left to dialyze for only 6 or 12 h, agglomerates of “free” PEI
as large as 91 nm were still found in the sample. Thus, determination of
the correct dialysis time is relevant to remove both polymer accumu-
lations in the solution or unstable NP agglomerates which lack stabili-
zation.

TEM images and ultraviolet-visible (UV-VIS) spectra of AuPEI6
before and after 24 h of dialysis (Fig. 3) show the importance of pur-
ification for obtaining a more homogeneous Au-NP solution. After
dialysis, it was possible to remove larger agglomerates from the initial

sample (Fig. 3a, b) and a narrowing of the plasmonic band at 525 nm
was observed (Fig. 3c). The resulting AuPEI NPs had a size of
4 = 1 nm. NPs of this size have successfully loaded drug molecules
onto their surface and would be able to exit the body by renal excretion
after drug release [29].

Subsequently, the FITC fluorophore was introduced into the AuPEI
system as a NP tracking tool in the cells. Several synthesis and pur-
ification approaches were tested in order to find a suitable NP species
by varying the FITC concentration, the reaction media and ligand in-
corporation method (Table S1). As a preliminary verification, the cell
viability of human embryonic kidney cells (HEK) was monitored after 1
and 3 h of incubation with AuPEI-FITC1-10 NPs at a gold concentration
between 0 and 50 mg/L (Fig. S4). Using low toxicity and a good con-
centration dependence as relevant criteria, samples AuPEI-FITC 1-4
were chosen for further testing in GBM cells. In these four different
synthesis approaches, the reaction starting components (gold precursor,
PEI and FITC) were introduced at the same ratios but in different order
(Fig. 4). Reduction of the gold precursor was always achieved in a
hydrothermal microwave reaction, using only PEI as the reducing
agent. UV-VIS results of the four samples revealed the characteristic
plasmonic peak of Au-NPs at 500 nm (Fig. S5). Solution colors ranged
from light orange-red to brownish-red (Fig. S6). Size and size dis-
tribution results determined by DLS and TEM for all four synthesis
routes are shown in Table S2 and Fig. S7. The morphology of the
samples AuPEI-FITC1-4 is displayed in Fig. 5.

Our novel preparation of AuPEI-FITC1 through a so-called “one-pot”
synthesis, resulted in the formation of small nanospheres with an
average gold core of 3 = 1 nm. Preformed AuPEI NPs were prepared
with the AuPEI6 protocol (see above). When these preformed AuPEIL
NPs were reacted with the same amount of FITC used for AuPEI-FITC1,
similar sized NPs were obtained (AuPEI-FITC2). In the last two ex-
periments, FITC was first linked to the polymer as a PEI-FITC conjugate
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Fig. 3. Effect of purification via dialysis of AuPEI6. TEM micrographs of Au-NPs a: before and b: after dialysis. c: Absorbance data. The histograms and DLS
measurements for the AuPEI6 NPs before and after dialysis are shown in Fig. S3, Supp. info.

and then either mixed with the preformed AuPEI NPs (for AuPEI-FITC4)
or combined with an aqueous solution of KAuCl, followed by the re-
duction of the gold(IIl) precursor (for AuPEI-FITC3). For all cases, a
microwave reaction at 100 °C using FITC is possible since the thio-
cyanate compound shows a decomposition temperature of 260 °C, ac-
cording to thermogravimetric analysis results (Fig. S8).

In the case of AuPEI-FITC3, previously linking FITC to PEI resulted
in the formation of a mixture of two species of NPs with slightly dif-
ferent sizes (Fig. 5c). Even though the PEI-FITC conjugate was purified
to eliminate unbound components, there is the possibility that PEI re-
mained either unlabeled or was separated from FITC during the thermal
treatment. The parallel existence of both PEI and PEI-FITC in the so-
lution is most likely responsible for two separate nucleation and growth
processes of the Au colloids, which could result in different sized NP
products. Similarly, a direct stabilization of Au-NPs by FITC instead of
PEI cannot be ruled out due to the strong attraction of its thiocyanate
group towards gold.

The presence of the fluorescent FITC marker on AuPEI NPs was
confirmed using scanning transmission electron microscopy (STEM).
Energy-dispersive X-ray spectroscopy (EDX) measurements in STEM
mode were able to identify gold atoms corresponding to Au-NPs, as well
as sulfur atoms from the FITC ligand in the same area. Both gold and
sulfur signals are displayed in color-coded elemental maps in Figs. 6
and S9. Hence, the attachment of FITC to the surface of all AuPEI-FITC

NP samples was verified. Additionally, this attachment was verified to
be pH resistant between pH 6 and 8, as proven for AuUPEI-FITC1 NPs in
different phosphate buffers (see Fig. S10).

Due to the high extinction coefficient of Au-NPs and the overlap of
their surface plasmon resonance peak with the emission maximum of
FITC at 517 nm (Fig. S5), a fluorescence resonance energy transfer
(FRET) from FITC to the Au-NPs can be expected [30]. As FITC interacts
with the Au-NPs, its fluorescence is severely quenched, which allows
further confirmation of a successful functionalization of FITC onto the
gold surface. Even though the same amount of FITC was used for all
AuPEI-FITC synthesis reactions, fluorescence measurements displayed
various degrees of quenching, most likely due to different interactions
between FITC and gold atoms in each sample (Fig. S11a).

As expected, all AuPEI-FITC solutions exhibited a lower fluores-
cence than the FITC control, thereby supporting the attachment of FITC
onto the NP surface. AuPEI-FITC1 and AuPEI-FITC3 showed similar
fluorescence intensities, contrary to the other two samples. AuPEI-
FITC2 exhibited the highest fluorescence intensity (still about 50% less
than the FITC control) and AuPEI-FITC4 the lowest (75% less than
FITC) of all four NP types. In this case, a lower fluorescence can be the
result of a stronger quenching effect and/or a lower amount of FITC
being attached to the gold surface. In order to rule out the fluorescence
detection from “free” FITC in the solution, AUPEI-FITC samples were
centrifuged and the spectra from their supernatants were also recorded

Route 1 Route 2 Route 3
+ + Y + + Y
KAuUCl, PEI FITC KAuCl, PEI PEI FITC
Step1 \ j
AuPEI-FITC1 PEI-FITC conjugate
+
KAuCI,
Step2 | . I y . k.
AuUPEI-FITC2 AuUPEI-FITC4 AuPEI-FITC3

Fig. 4. Synthesis routes of AUPEI-FITC NPs.
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Fig. 5. TEM images of a: AuPEI-FITC1, b: AuPEI-FITC2, c: AuPEI-FITC3 and d: AuPEI-FITC4.

(Fig. S11b), showing no apparent fluorescence in the supernatants.

2.2. Cytotoxicity of AuPEI-FITC NPs

AUPEI-FITC NPs were incubated with the GBM cell lines GBM1,
JHH520 and 407 at increasing concentrations for 1, 6, 12 and 24 h
respectively (Fig. 7). Viability assays using the tetrazolium dye 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) showed
that all AUPEI-FITC NPs have low impact on cell viability when added
in concentrations between 0.25 and 2 mg/L, compared to untreated
control cells. If NP treatment was extended for longer than 24 h, cy-
totoxicity of all four types of AuPEI-FITC NPs rose slightly. A possible

Fig. 6. STEM-EDX elemental maps of AuPEI-FITC3 showing gold (in blue) and sulfur (in yellow) atoms within the agglomerate of NPs.

reason for this effect can be an increased NP size or gradual loss of
stabilization of the nanomaterials in culture media. Thus, we tested the
stability of AuPEI-FITC NPs incubated in Dulbecco's Modified Eagle
Medium (DMEM). Fig. S13 shows a rise in NP size from 118 nm to
199 nm after 3 h until a stable size of approximately 243 nm is reached
between 24 and 48 h and maintained for up to two weeks of incubation
in DMEM, as seen before for citrate-capped Au-NPs [31]. The greater
NP size is a result of the formation of a protein corona on the surface of
the NPs as they come in contact with the different proteins contained in
cell culture media [32]. However, we can guarantee a stable size of the
AuPEI-FITC1 system for a prolonged biomedical application. This is an
important finding given that the protein corona can significantly hinder
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Fig. 7. Viability after 1, 6, 12 and 24 h incubation of GBM1, JHH520 and 407 cells with AuPEI-FITC NPs at increasing concentrations.

the internalization of NPs.

Other factors, such as changes in pH and ionic interactions during
NP uptake processes ending in particle agglomeration and loss of their
unique properties [33], could be also the reason for a lower cell via-
bility after 24 h. Moreover, a polymer degradation and release of the
PEI capping ligand from the NP surface inside the cell [34] would also
account for an increased toxicity.

Additionally, our viability studies indicated some variations when
incubating the same AuPEI-FITC NP sample in the different GBM cell
lines. Thus, there is a dependence of the biocompatibility of AuPEI-FITC
NPs on the cell type in which they were incubated. In consequence, the
results displayed in Fig. 7 are sometimes widely spread around the
mean value. When a mean of all concentrations and all incubation times
in all cell lines was calculated (Fig. S14), AuPEI-FITC4 was identified as
the least suitable for treatment with a maximum viability of only 61%.
AuPEI-FITC3 showed a cell viability of 77%, whereas AuPEI-FITC1 and
AUuPEI-FITC2 showed values above 82%.

2.3. Uptake in glioblastoma stem-like cells

To investigate a possible uptake of AuUPEI-FITC NPs into GBM stem-
like cells, plated cells were investigated through a microscope after
incubation, as shown in Fig. 8 for JHH520 cells treated with AuPEI-
FITC4 NPs. The images in fluorescence correspond to the same area
observed through a white light microscope (Fig. 8a). In these experi-
ments, almost all neurospheres displayed fluorescent signals (Fig. 8b).
This fluorescence is a result of the stable attachment of the FITC dye to
the AuPEI NPs even after cell internalization. The stable dye attachment
was verified through a spectroscopic investigation of the formerly in-
ternalized AuPEI-FITC1 NPs upon forced release from cells through

induced osmolysis (see Fig. S15 in SI).

To rule out cell autofluorescence and to differentiate between in-
ternalized and surface-bound (adsorbed) NPs, Trypan blue quenching
[35,36] was applied to inhibit extracellular fluorescence (Fig. 8c). We
observed a reduction of fluorescence intensity, yet some signals re-
mained visible after the procedure. To quantify the internalization of
the NPs, we used the quantitative signal detection technology of
fluorescence-activated cell sorting (FACS). In the following the term
“adsorbed” refers to AuPEI-FITC NPs adhering to outside of the cell
membrane (surface-bound).

2.4. Internalization of AuPEI-FITC NPs

For quantification experiments, GBM cells were treated with AuPEI-
FITC NPs and measured in a buffered solution. Fig. S16 displays ex-
emplary FACS results of untreated GBM1 cells (a), cells after incubation
with AuPEI-FITC NPs (b, ¢) and after addition of the extracellular
fluorescence quencher Trypan blue (d, €). Untreated cells showed a side
scatter (SSC) under 40 - 10° and values lower than 10% when results
were separated based on their fluorescence intensity (FITC scale),
which can be attributed to the autofluorescence of the cells. When
treated with AuPEI-FITC NPs, a new cell population (B) appeared
higher on the SSC scale because of the increased complexity of cells
when exposed to NPs. This population corresponded to cells which have
either adsorbed only or adsorbed and internalized fluorescent NPs. As
expected, such population presented higher fluorescence values due to
the incorporation of the FITC fluorophore into the system. After
quenching with Trypan blue, population B decreased to reveal the ac-
tual percentage of cells which have internalized fluorescent AuPEI-FITC
NPs; omitting the cells with extracellular NPs (Fig. S16d, e).
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Fig. 8. Microscopic Images of JHH520 cell culture incubated with AuPEI-FITC4 NPs. Image b and c were taken using a fluorescent filter. Image b depicts the cells
with adsorbed and internalized AuPEI-FITC4 NPs. Image ¢ was taken after extracellular fluorescence quenching with Trypan blue, hence, depicts the residual

internalized AuPEI-FITC4 NPs.

Moreover, analogous FSC intensities were found in both treated and
untreated cells. This demonstrates again the low toxicity of our samples
given that such intensity is highly dependent on cell death processes
such as apoptosis.

In agreement with MTT results, FACS tests also indicated that not all
cell lines react in the same way to a treatment with AuPEI-FITC NPs
(Table 1). While up to 77% of JHH520 cells showed FITC fluorescence
before quenching, GBM1 cells reached an adsorption plus internaliza-
tion maximum of only 65% (with AuPEI-FITC4) and 407 cells yielded
only 60% (with AuPEI-FITC3). From all cell lines, JHH520 cells lost the
most percentage of fluorescence after quenching of the (extracellular)
adsorbed AuPEI-FITC1-4 NPs. This observation highlights the im-
portance of distinguishing between internalized and extracellular NP
species. More importantly, the NP type played an even bigger role
concerning their uptake in GBM cells (results after quenching). An
average of the adsorbed plus internalized versus internalized only
AUuPEI-FITC NPs in all four cell lines is given at the end of Table 1. The
most interesting observation was the lowest decrease in fluorescence
intensity before and after quenching of AuPEI-FITC1, as well as its
highest internalization average of 53% after only an hour, out of all
AuPEI-FITC NPs types. Thus, this vehicle possesses the best cellular
uptake potential at low NP concentrations and is hypothesized as a
good candidate for treatment delivery studies against GBM.

Compliant with viability results, AuPEI-FITC4 appeared to be the
most unsuitable nanocarrier, given that only ~10% of the NPs could be
internalized. This realization led us to examine the nature of AuPEI-
FITC4 NPs more closely. HR-TEM images revealed a polymer accumu-
lation around the Au-NPs, sometimes even joining several gold spheres
into one large agglomerate (Fig. S17). The increased amount of PEI on
the NP surface would also explain the low attachment of FITC onto the
AuPEI NPs and hence its lesser fluorescence intensity (Fig. S11). AuPEI-
FITC4 NPs were easily adsorbed through the higher quantities of PEI
polymer of AuPEI6 and the addition of the PEI-FITC conjugate (Fig. 4).
This construct most likely causes strong electrostatic interactions with
the cell membrane, which is negatively charged. AuPEI-FITC4 also

Table 1

presented the largest diameter and core size out of all AuPEI-FITC
samples which probably hampers the internalization (Table S2).
Overall, AuPEI-FITC4 NPs were incompatible with GBM cells, starting
from their synthesis method, as they failed to well integrate the fluor-
escent FITC tracking system into our AuPEI NPs, contrary to the sam-
ples AuPEI-FITC1-3.

3. Conclusions

Four types of fluorescent Au-NPs with a PEI shell were reproducibly
synthesized in a straight-forward manner using accessible starting
materials. Gold cores sizes varied between 3 and 6 nm, according to the
synthesis route. The novel one-pot method for obtaining fluorescent
AUuPEI-FITC NPs proved to be not only rapid and simple but also the
most suitable gene vector for GBM stem-like cells. Experiments showed
the importance of the synthesis method on the final morphology and
internalization of gold nanocarriers. The one-pot synthesis where
KAuCly, PEI and FITC were reacted together proved to be superior to
two-step syntheses where two out of the three reactants were pre-re-
acted before being combined with the third reagents. Even though the
difficulty of internalization into GBM cells remains, more than the half
of the cells got nanofected for each tested cell line. Thus, we presented a
quick and simple-to-adjust tool for the development of molecular-tar-
geting Au-NPs with high clinical translational properties. Given the
high chemotherapy resistance of BCSC [37], our results are promising
for further experiments to develop effective drug delivery devices to
eradicate that highly malignant cell population. Moreover, molecular
sub-classification of brain cancers revolutionizes current neuro-
pathology [38]. Subtype specific susceptibilities of GBM to our nano-
technology may enhance the efficacy in certain tumors. Further studies
are needed to investigate any association of delivery resistance and
molecular subtype. In the future, we aim to contribute to improve
treatment for GBM by developing drug-conjugated vehicles equipped
with epitope-specific anchor proteins such as CD133 or CD44. Efforts to
attach novel discovered anti-BCSC drugs to AuPEI-NPs are underway.

Fraction of cells with adsorbed and internalized vs. internalized AuPEI-FITC NPs in different GBM cell lines.®

Cell line AuPEI-FITC1 AuPEI-FITC2 AuPEI-FITC3 AuPEI-FITC4
Adsorbed + Internalized (%) Adsorbed + Internalized (%) Adsorbed + Internalized (%) Adsorbed + Internalized (%)
internalized (%) internalized (%) internalized (%) internalized (%)
GBM1 63 61 56 29 52 7 65 9
JHH520 60 51 75 44 77 39 76 7
407 49 47 53 33 60 9 54 5
Average (all) 57 53 61 35 63 18 65 7

* 500,000 cells were incubated with 1 mg/L AuPEI-FITC NPs in PBS for 1 h. The column “Adsorbed + internalized” refers to cells before quenching. The column
“Internalized” gives the fraction of cells after addition of Trypan blue solution that is quenching the extracellular NPs.
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4. Experimental
4.1. Materials and methods

Branched polyethylene imine (PEI) with an average molar mass of
Mw ~ 25,000 g/mol, potassium tetrachloridoaurate (III) and fluor-
escein isothiocyanate (FITC) were purchased from Sigma Aldrich and
used without further purification. Water for the reactions was purified
using the Milli-Q® purification system. Dialysis was performed using
Spectra/Por® membranes from Spectrum Laboratories with a MWCO of
3.5 kDa and 50 kDa. To increase the water solubility of FITC, 50 mg
(0.13 mmol) were solved in dimethyl sulfoxide (DMSO) (Honeywell,
99.7% purity) to create a FITC solution with a concentration of 4 mg/
mL. This solution was then diluted to 0.05 mg/mL either in water (FITC
stock 1) or PBS (Gibco, #10010015, Thermo Fisher Scientific, USA)
buffer (FITC stock 2) before adding it to the nanoparticle synthesis re-
action.

4.2. NP characterization

4.2.1. Transmission electron microscopy (TEM)

Sample preparation consisted on dropping 10 pL of the gold solution
onto a 200 pm carbon-coated copper grid and allowing it to dry in air.
TEM images were acquired on a FEI Tecnai G2 F20 electron microscope
operated at 200 kV accelerating voltage and recorded with a Gatan
UltraScan 1000P camera. This microscope was also used to record se-
lected area electron diffraction (SAED) patterns. An area with sufficient
material was put inside the round aperture and illuminated with wide-
spread parallel beam to obtain focused diffraction patterns. Images
were calibrated using Debye-Scherrer patterns recorded from a gold
reference sample (5106, Plano GmbH, Wetzlar, Germany). High re-
solution TEM of gold NPs was performed using a Titan Themis 60-300
X-FEG microscope equipped with an image corrector and operated at
300 kV. Using the Gatan Digital Micrograph software, over 100 parti-
cles were counted to determine NP size and size distribution.

4.2.2. Scanning transmission electron microscopy (STEM)

STEM studies using a high-angle annular dark-field (HAADF) de-
tector from 73 mrad to 350 mrad in combination with energy-dispersive
X-ray (EDX) mapping were carried out in the Titan Themis 60-300 X-
FEG microscope with a ~150 pA current, a convergence semi-angle of
~23.8 mrad and a beam size of ~0.1 nm.

4.2.3. Dynamic light scattering (DLS)

The hydrodynamic diameters of Au-NPs were determined using a
Zetasizer instrument (Malvern Nano S Zetasizer) with a HeNe laser at a
wavelength of 633 nm. Three measurements with four runs were as-
sessed to calculate the mean size value.

4.2.4. Ultraviolet-visible spectroscopy (UV-VIS)

Gold nanoparticle samples were measured as synthesized on a UV-
2450 spectrometer and analyzed using the UVProbe software, both
from Shimadzu.

4.2.5. Fluorescence spectroscopy

300 pL of gold solution were diluted in 3 mL PBS, placed in quartz
glass cuvettes and measured on a FluoroMax-4 Spectrofluorometer from
HORIBA Scientific with an excitation of 490 nm.

4.2.6. Thermogravimetric analysis (TGA)

FITC decomposition studies were carried out on a Netzsch TG209 F3
Tarsus (Netzsch, Selb, Germany) instrument under a nitrogen atmo-
sphere with a ramp between 1 and 1000 °C.
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4.3. Synthesis of PEI-coated gold nanoparticles (AuPEI)

50 mg (2 pmol) of PEI were dissolved in 50 mL water and added to a
round bottom flask containing a specific amount of the gold precursor
KAuCly corresponding to a ngayuci4/npg; molar ratio between 1 and 10.
The yellow solution was placed in a microwave (CEM, Discover)
equipped with a reflux unit and irradiated for 2 min at 100 °C and
300 W while stirring. Dialysis of the red solution was done against
water for 24 h using a 50 kDa tube.

4.4. Synthesis of fluorescent gold nanoparticles (AuPEI-FITC)

4.4.1. AuPEI-FITC1

4.5 mg (12 pmol) of KAuCl, and 5 mL of FITC stock 1 were added to
a solution of 50 mg (2 umol) of PEI dissolved in 50 mL of water and
irradiated in the microwave for 2 min at 100 °C. Dialysis through a
50 kDa membrane against water for 24 h was performed as a pur-
ification step.

4.4.2. AuPEI-FITC2

4.5 mg (12 pumol) of KAuCl, were added to a solution of 50 mg
(2 umol) of PEI dissolved in 50 mL of water, irradiated in the micro-
wave for 2 min at 100 °C and dialyzed through a 50 kDa membrane
against water for 24 h. 5 mL of FITC stock 1 were added to the AuPEI NP
solution, stirred at room temperature for 8 h and dialyzed through a
3.5 kDa membrane against PBS for 24 h.

4.4.3. AuPEI-FITC3

5 mL of FITC stock 2 were added to a solution of 50 mg (2 pmol) of
PEI in 50 mL of PBS. The FITC-PEI solution was stirred at room tem-
perature for 8 h and dialyzed through a 3.5 kDa membrane against PBS
for 24 h. Afterwards, 4.5 mg (12 pmol) of KAuCl, were added, the so-
lution was irradiated for 2 min at 100 °C and dialyzed through 3.5 kDa
membrane against PBS for 24 h.

4.4.4. AuPEI-FITC4

4.5 mg (12 pmol) of KAuCl, were added to a solution of 50 mg
(2 umol) of PEI dissolved in 50 mL of water, irradiated in the micro-
wave for 2 min at 100 °C and dialyzed through a 50 kDa membrane
against water for 24 h. Volume was adjusted to 40 mL. 5 mL of FITC
stock 2 were added to a solution containing 50 mg (12 pumol) of PEI in
10 mL of PBS, stirred at room temperature for 8 h and dialyzed through
a 3.5 kDa membrane against PBS for 24 h. AuPEI NP and FITC-PEI
solutions were combined, stirred at room temperature for 8 h and
dialyzed through a 3.5 kDa membrane against PBS for 24 h.

For synthesis details about samples AuPEI-FITC5-10, refer to Table
S1 in Supp. info.

4.5. Cell cultures

Human embryonic kidney (HEK) cells are cultured in Dulbecco's
Modified Eagle Medium (DMEM) without pyruvate (Gibco,
#11965092, Thermo Fisher Scientific, USA) supplemented with 10%
fetal calf serum (Gibco, #26140079, Thermo Fisher Scientific, USA).
Glioma (BCSC) cells JHH520 cells were generously provided by G.
Riggins (Baltimore, USA), GBM1 by A. Vescovi (Milan, Italy) and 407
by M.S. Carro (Freiburg, Germany). BCSC neurospheres were cultured
in DMEM without pyruvate (Gibco, #11965092, Thermo Fisher
Scientific, USA), 30% Ham's F12 Nutrient Mix (Gibco, #11765047), 2%
B27 supplement (Gibco, #17504044), 20 ng/mL human basic fibroblast
growth factor (Peprotech, #AF-100-18B, USA), 20 ng/mL human epi-
dermal growth factor (Peprotech, #AF-100-15), 5 pg/mL Heparin
(Sigma, #H0878, Merck KGaA, Germany). Both media contained 1 X
Antibiotic-Antimycotic (Gibco, #15240096). Cells are tested for their
absence of mycoplasma contamination and validated for their genetic
identity using short tandem repeat analysis similar as described before
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using the core facility service of our institute [21].

4.6. Cell viability assay

96-well plates were coated with a laminin-PBS solution (1:20 v:v)
(Sigma-Aldrich, # 2020, Germany) and left to dry in the sterile working
bench. Each well was loaded with 20,000 GBM cells suspended in
100 pL culture medium. After successful cell adhesion on the bottom,
medium was removed from each well and cells were incubated for 1, 6,
12 and 24 h with a nanoparticle:medium dilution at different con-
centrations. The gold concentration of the nanoparticle solutions was
estimated assuming that all 12 pmol of KAuCl, were completely re-
duced to Au®. A solution of 5 mg/mL MTT in PBS was diluted 1:10 in
medium and added to each well (100 pL) after removal of the nano-
particle dilutions and washing each well with PBS. Allowing 90 min
reaction time, MTT was taken out and 50 uL. DMSO were pipetted to
release the purple color. Absorbance was measured at 550 nm on an
iMark™ Microplate Reader using the Microplate Manager® software
from Biorad.

4.7. Nanoparticle uptake by GBM cells

500,000 glioblastoma cells were suspended in 500 pL PBS and in-
cubated with nanoparticle dilutions at 1 mg/L for 1 h. To quench ex-
tracellular fluorescence, a 0.4% Trypan Blue solution (Sigma-Aldrich, #
T8154, Germany) was added to the cell suspension in a 1:3 volume
ratio. FACS measurements were performed on a BD FACSCanto™ flow
cytometer equipped with blue (488 nm, air-cooled, 20 mW solid state)
and red (633 nm, 17 mW HeNe) excitation sources and the FACSDiva™
software. Kaluza Analysis Software from Beckman Coulter was used for
further analysis of scattering plots.
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Appendix A. Supplementary data

The Supporting Information contains IR spectra, size and size dis-
tributions for NPs, details on synthesis and purification, viability plots,
UV-Vis spectra, STEM-EDX for AuPEI-FITC NPs, stability characteriza-
tions, determinations of ratio of fluorescent NPs and of amounts of
AuNPs in cells. Supplementary data to this article can be found online
at https://doi.org/10.1016/j.jinorgbio.2019.110952.
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Fig. S1. IR Spectra of PEI (left) and AuPEI6 (right).

Compared to the spectrum of PEI, Au-NPs capped with PEI (AuPEI NPs) showed the appearance
of a band at v=1649 cm', corresponding to the C=0 stretching of an amide function. Moreover,
the amine N-H bend at v=1592 cm™ of PEI shifted to 7=1572 cm™, corresponding to an amide
N-H bend, after its reaction with KAuCls.
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Fig. S2. Dependence of NP size by variation of dialysis time for AUPEIG.
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Fig. S3. Histograms and DLS measurements for AUPEI6 NPs before (left) and after dialysis

(right).

Table S1. Synthesis and Purification Approaches for AUPEI-FITC NPs.

Entry Sample name Critc[mg/L] Reaction medium Dialysis
1 AuPEI-FITCA1 4 water water
2 AuPEI-FITC2 4 water PBS
3 AUPEI-FITC3 4 PBS PBS
4 AUPEI-FITC5 4 water water
5 AuPEI-FITC6 40 water (Au) + PBS (PEI-FITC) PBS
6 AuPEI-FITC7 40 water (Au) + PBS (PEI-FITC) 1. water 2. PBS
7 AuPEI-FITC4 4 water (AuPEl)+ PBS (PEI-FITC) PBS
8 AuPEI-FITC8 4 water water
9 AUPEI-FITC9 8 water PBS
10 AuPEI-FITC10 40 water (AuPEl)+ PBS (PEI-FITC) PBS
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Fig. S4. Viability of AUPEI-FITC NPs in HEK cells after 1 (a) and 3 h (b).
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Fig. S5. UV-VIS Spectra of AUPEI-FITC NPs.
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Fig. S6. AUPEI-FITC NPs solutions.

Table S2. Size of fluorescent AUPEI NPs determined by DLS and TEM.

. Size (nm)
Nanoparticle Sample TEM DLS
AUPEI-FITC1 3+1 118
AuPEI-FITC2 4+1 47
AUPEI-FITC3 3+1 115
AUPEI-FITC4 6+2 129
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Fig. S7. Size distribution of AUPEI-FITC NPs.
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Fig. S8. Thermogravimetric analysis of FITC.
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Fig. S9. STEM-EDX from AuPEI-FITC1 (top), AuPEI-FITC2 (middle) and AuPEI-FITC4
(bottom).




PH Resistance of FITC attachment to Au

AuPEI-FITC1 NPs were incubated in potassium phosphate buffers with pH values of 6, 6.5, 7,
7.5 and 8. After centrifugation (20000 rpm, 20 min), UV-VIS measurements of supernatants
were performed, showing no unbound FITC at 465 nm.
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Fig. $10. UV-VIS measurements of AUPEI-FITC1 supernatants after incubation in different
phosphate buffers with pH variation. The spectra of “free” FITC (green) is for comparison only,
to show, that the supernatants do not give an absorption in this region. AUPEI-FITC1 (in wine
red) is the reference spectrum for the as-synthesized sample as a solution in water. pH 6-8 refer
to AUPEI-FITC1 NPs incubated in buffers at those pH values.
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Fig. S11. Fluorescence spectra of AUPEI-FITC NPs.
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Ratio of fluorescent NPs

The question of what percentage of NPs were fluorescent, was tackled by measuring FACS of
one of our AuPEI-FITC NPs in solution.

In the flow cytometry scatter and gating plots of AUPEI-FITC4 NPs (Fig. S12 a), NPs appeared
as a single population. However, when were separated based on their fluorescence intensity
(Fig. S12 b, Count-FITC graph), we could distinguish between non-fluorescent (A) and
fluorescent (B) NPs. The calculated percentage of AUPEI-FITC NPs for AUPEI-FITC4 was 52%
non-fluorescent and 48% fluorescent. According to the fluorescence spectra in Fig. S11, AuPEI-
FITC4 was the least fluorescent sample. The NPs AuPEI-FITC1-3 all had higher fluorescent
intensities. Thus, we conclude that at least 50% of all NPs are fluorescent.

FSC

ey T T
107 10 107

55C

Count

5
107
FITC

10

Fig. S12. Flow cytometry scatter and gating plots of AUPEI-FITC4 NPs. Population A (in red)
represents NPs without fluorescence and B (in green) fluorescent NPs.
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Fig. $13. Time dependent size increase of AUPEI-FITC1 NPs after incubation in DMEM culture
media. Hydrodynamic diameter was determined using DLS.
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Fig. S14. Viability of all cell lines after incubation with AUPEI-FITC NPs. All concentrations and
times were included in the mean calculation.

Stability of FITC attachment to Au after cell internalization

20 000 JHH520, 407 and GBM1 cells were incubated with AUPEI-FITC1 NPs and separated
from the media by centrifugation (1080 rpm, 5 min). The cell pellets were washed with PBS to
remove any remaining NPs on the surface and centrifuged again. Pellets were now dispersed in
water to cause bursting of cell membranes and the release of internalized AuPEI-FITC NPs.
High speed centrifugation (20000rpm, 20 min) isolated the remaining cells and NPs from their
supernatants. UV-VIS measurements of these supernatants did not show (“free”) FITC
absorption signals. Given that FITC dye which is not attached to Au-NPs (“free” FITC) does not
precipitate at the chosen centrifugation speed, there is no significant loss of dye from the
AUPEI-FITC NPs after internalization into GBM cells.

0.007 ~
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0.006 GBM1
| JHH-520
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Fig. $15. UV-VIS spectra of cell supernatants after induced osmolysis of cells (JHH520, 407
and GBM1) with internalized AUPEI-FITC1 NPs. The spectrum of “free” FITC (green) is for
comparison only, to show, that the cell supernatants do not give an absorption in this region.
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Fig. S16. Flow cytometry scatter and gating plots of GBM cells. a: untreated GBM1 cells, b:
GBM1 cells treated with AUPEI-FITC2, c: GBM1 cells treated with AUPEI-FITC4, d: GBM1 cells
treated with AUPEI-FITC2 after extracellular fluorescence quenching, e: GBM1 cells treated with
AuPEI-FITC4 after Trypan blue quenching. Population A represents cells without fluorescent
AuPEI-FITC NPs and B cells containing NPs.

Fig. S17. HR-TEM images of AuPEI-FITC4 showing polymer accumulation (red arrows), right
image taken in defocus to visualize polymer film.

51




Amount of NPs per cell

The most appropriate method of quantification to answer this question would be an inductively
coupled plasma mass spectrometry (ICP-MS) measurement equipped with a single particle
mode [1], to which we unfortunately do not access to in our institute.

Yet, for our small nanoparticles of about 3 nm Au-core diameter an ICP-MS measurement
would still present a challenge, as the minimum measurable diameter for NPs has been given
as 18 nm for most instruments [2].

On the other hand, a quantification through microscopy methods by counting NPs inside the cell
would also be highly complex due to the small size of the AuUPEI-FITC NPs (<5 nm).
Nevertheless, we provide here an estimation based on a theoretical calculation and atomic
absorption spectroscopy (AAS) for AUPEI-FITC1 NPs in all three GBM cell lines.

One million JHH520, 407 and GBM1 cells were incubated for 1 h with AUPEI-FITC1 NPs and
then separated from the NP-containing dispersion through centrifugation. AAS measurements of
these supernatants, as well as of the initial AUPEI-FITC1 NP dispersion added to the cells were
performed to determine both gold concentrations. The amount of the AuPEI-FITC1 NPs which
are taken up by the cells are subsequently calculated as the difference in gold amount between
these two dispersions.

In order to give the gold uptake as amount of NPs per cell, the gold amount per NP was
calculated as number of gold atoms per NP as follows:

From the average diameter (D) of AUPEI-FITC1 NPs determined by TEM, the total number of
gold atoms (Aur) in a single NP can be calculated according to the following equation [3]:

Ny p'V
AuT= ;;Ip

,where V =2-7-(2)3,
Au 3 2

Na = Avogadro constant, p = gold metal density, May, = gold atomic mass.
For 3 nm AuPEI-FITC1 NPs,

T (MTm)g = 14 nm3 and

V =

W |

.1023 -1, g 1 4.10—20 ~1n3
6.022:10“°mol 19.3 /cm3 1.4-10 cm

Aup = = 834 Au atoms per NP.

196.9665 9/, .,
which we rounded to 1000 Au atoms per NP for our estimation.

The AuPEI-FITC1 NP dispersion had an AAS confirmed concentration of 5.0 mg/L after 500 pL
were diluted to 5 mL, corresponding to a gold mass (maJ) of 25.1 pg in the sample volume of 5
mL.

An AuPEI-FITC1 NP dispersion volume of 5 mL with an Au concentration of 5.0 mg/L was used
for the incubation of one million JHH520, 407 and GBM1 cells.

The supernatant from the incubation experiment then had gold concentration by AAS
determined as given in entry 1 in Table S3. From the gold concentration the total mass amount
of gold remaining was calculated in ug (entry 2).
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The difference between the initial and remaining gold mass in the dispersion corresponds to the
gold mass which is internalized and adsorbed in/on the cells (entry 3).

The gold mass is transformed into number of gold atoms (entry 4) according to (e.g. for GBM1
cells)

um __0.0000082g

— Mau .1023 = . 1016
numberAu—MAu N, 196'9665g/mol6.022 10 2.5-10%° gold atoms.

Each Au-NP contains about 1000 NP. Hence 2.5-10® gold atoms correspond to about 2.5-10"3
Au-NPs which are internalized and adsorbed (entry 5).

With 10° cells used for the incubation, this leaves 2.5-107 Au-NPs which are internalized and
adsorbed per cell (entry 6).

From the FACS experiments (see Table 1 in paper) the degree of internalization had been
determined; e.g. to 61% for GBM1 cells (entry 7).

Thus, from the, e.g., 2.5-107 Au-NPs about 1.5-10” Au-NPs will be internalized.

Table S3. Estimate of the amount of NP uptake per cell.

AuPEI-FITC1
AuPEI-FITC1 AuPEI-FITC1 AuPEI-FITC1
Entry Sample NPs addedto | ", cppq in JHH520 in 407
the cells
1 Gold conc. in dlsperS|_on (mg_/L) 5.00 3.38 374 365
(supernatant after cell incubation)
2 Gold mass in dlspers_lons (ug) 251 16.9 18.7 18.3
(supernatant after cell incubation)
3 Internallzed+Ad(lchg>r)bed Gold mass / 8.2 6.4 6.8
4 Number of Gold Atoms / 2.5:10'8 2.0:10'® 2.1:10'8
5 Number of Au-NPs / 2.5:10" 2.0:10" 2.1:10"
6 Internallzed+Ad‘s::|r|bed Au-NPs per / 25107 20107 21107
7 Internalization c(i;)g)ree from FACS / 61 51 47
8 Internalized Au-NPs per cell an7 407 407
from AAS / 1.510 1.0-10 1.0-10
9 Fluorescence Intensity Ir at 520
nm (CPS/uA) 44780 3749 2448 2205
10 Internalized gold mass (ug) 4.50 0.38 0.25 0.22
11 Internalized number of Au-NPs an12 IPYST a1
(per 20 000 cells) 1.2-10 8.0-10 7.2:10
12 Internalized Au-NPs per cell / 6107 4107 3.6-107
from fluorescence spectrosc.

Along the same lines we double-checked the Au-NP uptake by fluorescence spectroscopy:

Here 20 000 JHH520, 407 and GBM1 cells were incubated for 1 h with AUPEI-FITC1 NPs (at a
concentration of 0.9 mg/L after 100 pL were diluted to 5 mL, corresponding to a gold mass (mau)
of 4.5 pg in the sample volume of 5 mL). Then the cells were removed by centrifugation,
washed with PBS buffer and separated from the wash solution again through centrifugation. The
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remaining cell pellets were re-dispersed in water and their fluorescence intensity was compared
to that of the “free” AuPEI-FITC1 NPs in the original dispersion (Figure S18, Table S3 entry 9).

"free” AUPEI-FITC1
AUPEI-FITC1 in GBM1
AUPEI-FITC1 in JHH520
AUPEI-FITC1 in 407

400000

200000
<
= L
w T
o
s ]
- 30004
2000 _—— = T

1000 +

T T T T T T T T 1
510 520 530 540 550
Wavelength (nm)

Fig. S18. Fluorescence intensity for the 0.9 mg/L AuPEI-FITC1 dispersion and the cell pellet
dispersions after incubation, washing and separation by centrifugation.

The AuPEI-FITC1 dispersion concentration of 0.9 mg/L after 100 uL were diluted to 5 mL
corresponds to a gold mass (mau) of 4.5 ug in our sample volume of 5 mL.

From the rule of proportion this gold mass is correlated to the gold mass in the cells through the
fluorescence intensity (entry 10 in Table S3).

This gold mass is again transformed into number of gold atoms (see above) and further into
number of Au-NPs (on the basis of 1000 Au-atoms/NP, see above), giving entry 11 in Table S3.

With 20 000 or 2:10* cells used for the incubation, division by 20 000 then gives the number of
NPs which are internalized on average in each cell (entry 12).

The values from entry 8 (estimated internalized Au-NPs/cell from AAS) and entry 12 (estimated
internalized Au-NPs/cell from fluorescence spectroscopy) match remarkably well within the
same order of magnitude. Thus, we are confident that about 107 Au-NPs are internalized on
average in each glioblastoma cell.
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3.2. Augmented Therapeutic Potential of Glutaminase Inhibitor CB839
in Glioblastoma Stem Cells Using Gold Nanoparticle Delivery
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DOI: 10.3390/pharmaceutics13020295, reprinted under the Creative Commons Attribution
License from reference 251, published by the Multidisciplinary Digital Publishing Institute (MDPI).

lioblastoma
stem cells

Gold nanoparticle  Polymers CB839

Figure 17. Graphical abstract from ref. 251. Au-polymer nanocarriers deliver the CB839 inhibitor for treatment of GSCs.

Summary:

Au NPs covered with citrate and four different biocompatible polymers were synthesized via one-
or two-step routes as carriers for the promising drug candidate CB839. The size, morphology,
elemental composition and physicochemical properties of the Au-polymer and Au-polymer-CB839
NPs were characterized using TEM, STEM, EDX, IR, UV-VIS, TGA and DLS analysis.
Furthermore, qualitative investigations were performed with spectroscopic techniques to assure
the presence of CB839 on the NP surface. The amount of CB839 loaded onto each nanocarrier
was quantified by HPLC, developing and optimizing a method accordingly. The cytotoxicity effect
of the Au-polymer-CB839 conjugates was investigated and compared to the results of pristine

CB839 in GSCs. The therapeutic effect and penetration capabilities were assessed in vitro in 2D
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and 3D models using two different assays, which do not require optical detection. By using the
colony formation ability of the cells, false readouts in combination with the Au absorbance were
avoided. Despite its chemical inertness and low water solubility, experiments showed a successful
binding of CB839, especially to PVA-covered Au NPs, as well as an increased efficacy of Au-
CB839 NPs compared to unmodified CB839.

Contributions to the work:

e Conceptualization and design of synthesis methods for Au-polymer NPs.

e Synthesis and optimization of AuCit, AuThioPEG, AuPVA, AuPEI and AuPVP NPs.

e Investigations regarding possible coupling methods of water insoluble drugs to Au NPs,
optimization of Au-CB839 binding parameters. Experiments for enhancing the drug
loading efficiency of CB839.

e Sample preparation and NP characterization.

e Acquirement and analysis of TEM, STEM images and EDX spectra.

e Further characterization via DLS, zeta potential, TGA, IR, UV-VIS and fluorescence
spectroscopy studies.

e Incubation of GSCs with Au-CB839 NPs in vitro and completing colony forming assays
with the help of Dr. Ann-Christin Nickel.

e Data curation, interpretation and validation of chemical and biological results.

o Compilation of all experimental results in form of a scientific article. Continuous corrections
and improvements of the manuscript throughout the peer-review process. Execution of
further required experiments and preparation of the revision document.

e Coordination of experiments done by external cooperation partners, as well as
communication regarding the final manuscript.

e Cell cultures, maintenance of incubated cells and image acquirement using fluorescence
microscopy were done by Dr. Ann-Christin Nickel.

e Support with TEM, STEM and EDX measurements and access to the facilities was
provided by Dr. Juri Barthel from Forschungszentrum Julich. Dr. Barthel also assisted with
formal result analysis and manuscript review.

e Supervision and project administration were done by PD Dr. Ulf Kahlert and Prof. Dr.
Christoph Janiak, as well as review and editing of the manuscript.

e Submission to the “Pharmaceutics” journal and final approval of the manuscript with Prof.
Dr. Christoph Janiak.
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Abstract: Gold nanoparticles (Au NPs) are studied as delivery systems to enhance the effect of the
glutaminasel inhibitor CB839, a promising drug candidate already in clinical trials for tumor
treatments. Au NPs were synthesized using a bottom-up approach and covered with polymers able
to bind CB839 as a Au-polymer-CB839 conjugate. The drug loading efficiency (DLE) was
determined using high-performance liquid chromatography and characterization of the CB839-
loaded NPs was done with various microscopic and spectroscopic methods. Despite the chemical
inertness of CB839, Au NPs were efficient carriers with a DLE of up to 12%, depending on the
polymer used. The therapeutic effect of CB839 with and without Au was assessed in vitro in 2D and
3D glioblastoma (GBM) cell models using different assays based on the colony formation ability of
GBM stem cells (GSCs). To avoid readout disturbances from the Au metal, viability methods which
do not require optical detection were hereby optimized. These showed that Au NP delivery
increased the efficacy of CB839 in GSCs, compared to CB839 alone. Fluorescent microscopy proved
successful NP penetration into the GSCs. With this first attempt to combine CB839 with Au
nanotechnology, we hope to overcome delivery hurdles of this pharmacotherapy and increase
bioavailability in target sites.

Keywords: glutaminase inhibition; gold nanoparticles; drug delivery; glioblastoma stem cells

1. Introduction

The low survival rate of patients after diagnosis with glioblastoma (GBM), a highly
aggressive brain cancer, is believed to rely on the invasive nature of the tumor, its innate
recurrence and the high level of therapy resistance of the disease [1]. Moreover, the
difficulty of therapeutics to sufficiently pass the blood-brain barrier (BBB) during
treatment adds to the complexity of the management of patients with GBM [2,3]. A
subpopulation of cells with enhanced stem characteristics (GBM stem-like cells, GSCs)
have been the focus of new strategies to eradicate GBM, as they seem to be responsible
for building therapy resistance due to their self-renewal properties and their ability to
differentiate into a variety of cell types within the tumor [4-6].

In recent years, the increased glucose and glutamine uptake of tumors needed to
maintain their metabolism has been exploited as a target in breast, prostate, glioma, lung,
kidney, thyroid, and blood cancers [7-13]. Instead of converting glucose to pyruvate to
produce adenosine triphosphate (ATP) like normal cells, cancer cells have been known to
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utilize glutamine, an amino acid contained abundantly in plasma, as a nitrogen and
carbon source to synthesize ATP and nucleotides [14]. During glutaminolysis, glutamine
is hydrolyzed to glutamate and ammonia by the mitochondrial enzyme glutaminasel
(GLS1), a process needed to produce substrates for the citric acid cycle and subsequently
supply the cells with vital proteins and other important metabolites [15]. Thus, by
inhibiting the function of glutaminases, cell apoptosis and a slower tumor growth is
expected and has already been observed in a variety of cases [16].

The compound N-[5-[4-[6-[[2-[3-(trifluoromethoxy)phenyl]-acetyl]amino]-3-
pyridazinyl]butyl]-1,3,4-thiadiazol-2-yl]-2-pyridineacetamide (CB839) (Figure 1) shows
great promise as a glutaminase inhibitor, with several clinical trials as cancer therapy
underway [17,18]. Most recently, CB839—brand marked under the name Telaglenastat—
is being investigated in a phase 2, randomized, multicenter, double-blind clinical study
enrolling 120 lung cancer patients (NCT04265534). Treatment regime consists of orally
administered CB839 as a supplement to food. Moreover, the tolerability of the drug in
healthy adults dosing 800 mg (4 x 200 mg tablets) administered twice daily is currently
being assessed in the phase 1 NCT04607512 trial.

(o]
F F N=N (0] S
FA<O d N ] m
ol
N,N

-
KAucl, Citrate m = CB839
Polymer H.O EtOH Py
Au-Polymer NPs Au-Polymer-CB839 NPs

Figure 1. Schematic synthesis of polymer coated gold nanoparticles (Au NPs) carrying the CB839
inhibitor.

CB839 has good oral bioavailability and a potency independent from glutamine
concentration about 13 times higher than its predecessor bis-2-(5-phenylacetamido-1,3,4-
thia-diazol-2-yl)ethyl sulfide (BPTES) [19]. We and others have previously shown that
pharmacological GLS inhibition (GLSi) is effective to combat GSCs [20,21] and GLSi
candidate CB839 is the favorable strategy to do so, as it has superior target specificity [22].
In vivo therapy studies with this drug candidate, however, have shown that—in
comparison to other tissues—the brain accumulation of CB839 is significantly hindered,
most likely due to the challenge of passing the BBB [19]. Moreover, this in vivo trail
enforces improving the general bioavailability of CB839 into the tumor sites, as oral
treatment with the compound require severely high dosages to achieve therapy efficacy.
Thus, new strategies to ensure more effective penetration of this promising drug
candidate into tumor cells are urgently required.

The use of gold nanoparticles (Au NPs) as therapy carrier platform surges in recent
biomedical applications due to their straight-forward synthesis and various, modifiable
intrinsic functional properties [23]. Furthermore, nanoparticles present an enhanced
permeation and retention (EPR) effect in tumors and can successfully transverse the cell
membrane barrier of GSCs, as previously demonstrated [24,25]. In addition, Au NPs as
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pharmacological carriers can be beneficial to overcome the obstacles of administrating
poorly water-soluble compounds such as CB839, thereby reducing the required doses to
be administered and possibly minimizing risks of side-effects in patients.

Unlike prior glutaminase inhibitors, new generation inhibitors such as BPTES or
BPTES analogues like CB839 do not contain highly reactive functional groups in their
structure [26]. While this is considered a biological advantage because the drug cannot
form toxic intermediates with proteins, it complicates a possible binding to the surface of
a NP. Because no covalent bonds can be easily formed between CB839 and NP capping
ligands, the use of conventional drug-attachment methods such as click-reactions, 1-ethyl-
3-(3-dimethylaminopropyl)  carbodiimide hydrochloride/N-hydroxy succinimide
(EDC/NHS) chemistry and cross-linkers (as seen for doxorubicin or anticancer taxanes
such as paclitaxel or docetaxel) [27-29] is not possible without significant structure
modification. Since such an alteration poses a high risk to influence the promising clinical
effect known for this inhibitor, choosing a polymer as a surface ligand can provide the
necessary matrix to load the CB839 molecules to the NPs. Through physical adsorption,
polymers are capable of easily embedding drugs and macromolecules without the need
for chemical modification, sometimes even achieving a higher loading than encapsulation
techniques [30]. Moreover, polymers can increase the retention time of drugs, as well as
their circulation in blood and are able to release them when the conjugate is exposed to
endo- and exogeneous tumor stimuli [31].

In this work, a variety of biocompatible polymers were extensively examined
regarding their ability to load CB839 onto the surface of the polymer-coated Au NPs
(Figure S1, Supplementary Materials (SM)). After a fast preparation of Au-Polymer-CB839
NPs without the need of additional linkers (Figure 1), the efficacy of the CB839 inhibitor
with and without the Au carriers was assessed in vitro using GBM neurospheres. These
neurospheres are capable of reflecting the original tumor environment more closely due
to their three-dimensional structure, compared to classical disease models using
monolayer culturing technology [32]. For example, a hypoxic micro-environment could
be formed in spheres from the outside to the inner core or the drug uptake can be slower
for the inner cells than for the outlaying cells [33]. Since the low toxicity of the individual
components of the conjugate (Au NPs, polymers and CB839 on non-tumor cells) is well
known [22,34-36], we focused on the synthesis of novel Au-Polymer-CB839 NPs and the
assessment of its therapeutic potential compared to the neat counterpart. Our results
advocate Au NPs to effectively improve the therapeutic potential of anti-tumor metabolic
therapies.

To our knowledge, CB839 has only been combined with purely polymeric NPs and
liposomes to facilitate its administration [37,38] but this is the first time it is attached to
Au NPs. Contrary to commonly used assays such as MTT, Cell-Titer-Glo® or Annexin A5,
our focus lied further in the optimization of methods to assess the viability of the GSCs
after treatment with Au-Polymer-CB839 NPs that do not rely on optical detection or
addition of reagents. Au NPs may disturb assay readouts through their ability to absorb
visible light, lumines, quench fluorescent signals or simply by interacting with assay
components [39—41]. Thus, it is of high importance to have reliable and easy-to-apply
methods to test the toxicity of drugs when using Au NPs.

2. Materials and Methods
2.1. Materials

Potassium tetrachloridoaurate (III), polyvinyl alcohol (PVA) Mowiol 4-88, M« ~31,000
g/mol, poly(ethylene glycol) methyl ether thiol (ThioPEG), Mwv ~800 g/mol, branched
polyethylene imine (PEI) Mw ~25,000 g/mol, polyvinyl pyrrolidone (PVP), Mw» ~3500 g/mol,
fluorescein isothiocyanate (FITC), crystal violet, 4-nitro blue tetrazolium chloride, 4’,6-
diamidino-2-phenyl-indol-dihydro-chloride (DAPI), Trypan Blue and Heparin (#H0878)
were purchased from Sigma Aldrich, Darmstadt, Germany. Sodium citrate dihydrate was
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from J.T. Baker Chemicals, Schwerte, Germany and dimethyl sulfoxide (DMSO, 99.7%
purity) from Honeywell, Offenbach, Germany. Telaglenastat (CB839) was purchased from
Adooq Bioscience, Irvine, CA, USA. Ethanol and methanol (Merck, Darmstadt, Germany)
were of p.a. purity. Penicillin/Streptomycin (¥P4333) was also from Merck, Darmstadt,
Germany. Phosphate-buffered saline (PBS, Gibco #10010015), Dulbecco’s Modified Eagle
Medium without pyruvate (DMEM, Gibco #11965092), B27 supplement (Gibco
#17504044), Ham’s F12 Nutrient Mix (Gibco #11765047), Antibiotic-Antimycotic (Gibco
#15240096), fetal bovine serum (FBS, Gibco #11965092), poly-D-lysine (Gibco #A3890401),
agarose (Gibco #18300012) and slide mounting solution (eBioscience™ Fluoromount-G™,
#00-4958-02) were from Thermo Fisher Scientific, Schwerte, Germany. Human epidermal
growth factor (#AF-100-15) and human basic fibroblast growth factor (#AF-100-18B) were
from Peprotech, Rocky Hill, NJ, USA and the tissue medium (#1620C) from KliniPath,
Duiven, Netherlands. The Spectra/Por® dialysis membrane was purchased from Spectrum
Laboratories, Schwerte, Germany. All materials were used without further purification.
The Milli-Q® purification system was used to treat water for all reactions.

2.2. Methods

Transmission electron microscopy (TEM): 10 uL of each gold solution (in water for
AuCit, AuThioPEG, AuPVP, AuPVA, and AuPEI in ethanol for AuR-CB839 NPs) were
dropped without dilution onto a 200 um carbon-coated copper grid (from Electron
Microscopy Sciences #CF200-CU, Munich, Germany), followed by drying in air. An FEI
Tecnai G2 F20 electron microscope [42] operated at 200 kV accelerating voltage was used
and TEM images were recorded with a Gatan UltraScan 1000P camera. Image calibration
was done using Debye-Scherrer patterns recorded from a gold reference sample (S106,
Plano GmbH, Wetzlar, Germany). To determine the NP size and size distribution, over
100 particles were counted using the Gatan Digital Micrograph software.

Scanning transmission electron microscopy (STEM) measurements were carried out
using a high-angle annular dark-field (HAADF) detector combined with energy-
dispersive X-ray (EDX) mapping. The sample preparation was the same as for TEM.

Fourier transform infrared (IR) spectra were recorded on a Bruker TENSOR 37
spectrometer in attenuated total reflection mode (Platinum ATR-QL, Diamond) between
550-4000 cm-! after solvent removal from purified gold samples.

Ultraviolet—visible (UV-VIS) spectra were measured on a UV-2450 spectrometer
(Shimadzu, Kyoto, Japan) using gold solutions and further analysis was done using the
UVProbe software (Shimadzu).

Fluorescence spectroscopy: Gold solutions were diluted 1:10 in PBS, placed in quartz
glass cuvettes and analyzed with an excitation of 490 nm on a FluoroMax-4
Spectrofluorometer from HORIBA Scientific, Irvine, CA, USA.

Thermogravimetric analysis (TGA) was carried out after solvent removal from purified
gold samples on a Netzsch TG209 F3 Tarsus (Netzsch, Selb, Germany) under nitrogen
atmosphere between 30 and 1000 °C at a heating rate of 5 K min-.

Dynamic light scattering (DLS): Hydrodynamic diameters were determined with a
Malvern Nano S Zetasizer instrument with a HeNe laser at a wavelength of 633 nm by
diluting the ethanolic AuPVA-CB839 sample 1:20 in H20 or DMEM.

High-performance liquid chromatography (HPLC): Detection and quantification of
CB839 in the supernatant samples was done using a Shimadzu LC 20AT prominence
instrument with an SPD-M20A detector and a Luna C18(2) (250 x 4.60 mm, 5 micron)
column from Phenomenex®. The sample loop volume was 20 uL and the absorbance was
detected at a wavelength of 254 nm. The mobile phase consisted of 33% methanol and 67%
H20 with a flow rate of 1 mL/min. Before each measurement, the column was flushed with
the MeOH/H20 mixture for 30 min. The total run time per measurement was 13 min,
whereas the CB839 peak could be found after approximately 9 min. Quantification of
CB839 was done via peak integration after making a standard calibration curve.
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2.3. Nanoparticle Synthesis

Citrate-coated gold nanoparticles (AuCit): 20 mg (53 pmol) of KAuCls were dissolved in
200 mL of H20 and the solution was heated to 100 °C while stirring at 250 rpm. After
addition of 93 mg (319 umol) of sodium citrate, the color changed to bright red. The AuCit
NP suspension was washed with 200 mL of H20 using centrifugation (22,000 rcf, 1 h, 4 °C)
and resuspended in 200 mL of water before reaction with PEG and PVP or in ethanol
before loading with CB839.

ThioPEG-coated gold nanoparticles (AuThioPEG) and PVP-coated gold nanoparticles
(AuPVP): The aqueous AuCit NP solution (200 mL) was reacted with ThioPEG or PVP in
excess (100 umol) and stirred at room temperature for 24 h. After separation via
centrifugation, the polymer-coated Au NPs AuThioPEG and AuPVP were resuspended
in 200 mL of ethanol.

PV A-coated gold nanoparticles (AuPVA): 20 mg (53 umol) of KAuCls were added to a
PVA solution (33 mg in 200 mL of H20) and heated to 90 °C. When the temperature was
reached, 29 mg (100 pumol) of sodium citrate were added and the solution was continued
to stir for 30 min until it turned dark red. After washing with 200 mL of water and
centrifuging, the AuPVA NPs were resuspended in 200 mL of ethanol.

PEI-coated gold nanoparticles (AuPEI) were synthesized as described previously [25].

2.4. Loading of CB839 to Gold Nanoparticles (AuR-CB839, R: Cit, ThioPEG, PVP, PVA, PEI)

50 mL of the ethanolic solutions of AuCit, AuThioPEG, AuPVP, AuPVA and AuPEI
NPs were combined with a 1 g/ CB839 stock in ethanol to obtain a final drug
concentration of 0.05 g/L. The solutions were heated to 40 °C for 30 min and stirred for
another 72 h at room temperature. After centrifugation for 1 h at 22,000 rcf and 4 °C, the
supernatants were collected and used to quantify the unloaded amount of the drug which
remained in solution via HPLC. Using the HPLC values, the mass of CB839 in the NPs
was calculated by subtracting the CB839 amount used from the amount found in the
supernatants. For each batch, the AuR-CB839 NPs pellets were resuspended with a
specific volume of DMEM so that in each AuR-CB839 NP dispersion the concentration of
CB839 was equivalent to 1pmol/L. Since each NP type loaded different amounts of CB839
(see Section 3.2.), the DMEM volume was adjusted depending on the sample. This
procedure was repeated for each 50 mL NP batch synthesized, whereas HPLC results
varied by about 1-6% between batches.

2.5. Synthesis of Fluorescent PVA Gold Nanoparticles (AuPVA-FITC)

FITC conjugated AuPVA nanoparticles were synthesized according to a two-step
process based on our previously published reaction method [25]. In short, FITC was
reacted with the pre-formed AuPVA NPs (synthesized as explained in Section 2.3). To
increase the solubility of FITC, 50 mg (0.13 mmol) of the solid were dissolved in DMSO to
form a FITC DMSO solution with a concentration of 4 g/L. This DMSO solution was then
diluted to 0.05 g/L in water (FITC stock solution). Five milliliters of this stock solution
were added to 50 mL of the aqueous AuPVA NP suspension, stirred at room temperature
for 8 h and dialyzed through a 3.5 kDa Spectra/Por® membrane against PBS for 24 h.
AuPVA-FITC NPs were washed with 50 mL of H2O and redispersed in 50 mL of DMEM.

2.6. Cell Cultures

JHHS520 cells were provided by G. Riggins (Baltimore, MD, USA), GBM1 by A.
Vescovi (Milan, Italy) and BTSC407 by M.S. Carro (Freiburg, Germany). GBM
neurospheres were cultured in DMEM without pyruvate, 2% B27 supplement, 30% Ham's
F12 Nutrient Mix, 20 ng/mL human epidermal growth factor, 20 ng/mL human basic
fibroblast growth factor, 5 pg/mL heparin and antibiotic-antimycotic solution. U87 cells,
kindly provided by A. Weyerbrock (University Freiburg, Freiburg, Germany), were
cultured adherently in DMEM medium supplemented with 10% FBS. All cells were
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cultured in the presence of 1% Penicillin/Streptomycin. The absence of mycoplasma
contamination was tested for all cells and their genetic identity was validated using short
tandem repeat analysis as previously published [43]. Ethical approval for the use of the
cell models to study brain cancer biology was from the ethical commission of the medical
faculty of Heinrich-Heine University (study ID 5841R, initial approval 31March 2017,
revised and renewed 16 September 2019). For all the functional assays we applied the
following treatment conditions: Volume adjusted media treatment (control); 1 pumol/L
CB839 or Au NP suspension containing 1 pmol/L CB839. CB839 was dissolved in ethanol
and for a 3 mL well, 1.7 uL of this stock solution was added. We chose 1 pmol/L as our
standard in vitro substance treatment condition as this concentration is generally
considered sufficient to achieve a corresponding peak serum level in clinical testing [44].
Moreover, our group previously showed that this concentration of CB839 is a suitable
parameter setting to conduct meaningful assays using the same preclinical models [22].

2.7. Colony Formation Assays

Poly-D-Lysine method: A solution of 0.1 g/L of poly-D-lysine was diluted with sterile
PBS to a concentration of 50 pg/mL and used to coat six-well flat-bottom plates. After 1 h
of incubation at room temperature, the solution was removed and the plates were washed
3-times with sterile H2O and left to dry on a sterile bench for 2 h. Subsequently, 500
suspension cells (GSCs) were seeded successfully attaching completely within 24 h. After
that, the culture medium was replaced with fresh medium containing CB839 or AuR-
CB839 NPs in DMEM with a final drug concentration of 1 umol/L per well. After a 72 h
incubation period at 37 °C, the NP-medium was removed and new culture medium was
added every 3 days for 3 weeks. Finally, the plates were washed with PBS and the colonies
were fixed using ice-cold methanol. Prior to counting the colonies, these were stained with
a 0.5 vol.% crystal violet solution in methanol, washed with water and air-dried. Due to
the nature of intrinsic adherent growth of U87 cells, these plates were not coated with
poly-D-lysine.

Agarose method [45]: Prior to embedding the cells into the soft-agar-medium dilution,
the cells were incubated with CB839 or AuR-CB839 NPs in DMEM (1 umol/L) for 72 h.
Six-well flat-bottom plates were coated with 1.5 mL of neurosphere medium containing 1
vol.% of melted agarose at 70 °C for 1 h. 2 mL of the treated cell suspension (1000
cells/well) with 0.6 vol.% agarose were added and incubated for 1 h at room temperature
before adding 2 mL medium on top. After this time, the medium on the top layer was
replaced with 2 mL fresh medium every 3 days for 3 weeks. At last, the top layer was
removed and the plates were incubated overnight at 37 °C with 1 mL of a 1 g/L 4-nitro
blue tetrazolium chloride solution in PBS before counting the formed colonies.

All experiments with both methods were done in triplicates and the results were
expressed as mean values accompanied by standard deviations.

2.8. Fluorescent Microscopy

After synthesis, AuPVA-FITC NPs were dialyzed, centrifuged and resuspended in
50 mL of DMEM (see Section 2.5). In Equation (4) (Section 3.2), we estimate the number of
AuPVA NPs per batch to 5 x 10, thus giving a concentration of 5 x 107 NPs/50 mL or
10" NPs/L. From the Au-FITC-DMEM dispersion, 5 pL were added to a 1 mL-well
containing 100,000 GBM cells. Subsequently, we estimate the concentration of AuPVA-
FITC NPs to be 5 x 1013 NPs/mL (or the ratio 5 x 108 NPs/cell), based on the amount of gold
precursor used for each synthesis batch and assuming a 100% conversion (cf. Equation
(4)). GBM cells were grown in spheroid culture (70-150 pm) and incubated with AuPVA-
FITC NPs for 1 h. At the end of the incubation, the spheroids were washed three times
with PBS and fixed with 70% methanol for 15 minutes. Then the fixed spheres were
processed for frozen sections. Briefly, the spheres were embedded into frozen tissue
medium and frozen/stored at —20 °C until they were processed for sectioning. The
specimens were cut into 5-7 um sections using a CM1900 Cryostat (Leica, Nussloch,
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Germany). For the staining process, the sections were rinsed 3-times with PBS and
incubated with a DAPI solution (0.1 pg/mL in PBS) for 2 min. After rinsing the slides with
PBS, the specimens were either directly mounted in slide mounting solution and covered
with a coverslip or were further treated with Trypan Blue to quench extracellular
fluorescence. A 0.1 vol.% Trypan Blue solution was added to the section, followed by
direct mounting and covering the sample. The slides were analyzed using a Zeiss
Axiovision Apotome.2 confocal microscope (Zeiss, Oberkochen, Germany) and the
software ZEN Blue (2.3, SP1, black, 64 bit, release version 14.0.0.0 also from Zeiss).

3. Results and Discussion
3.1. Synthesis and Characterization of Au NPs

In order to bind CB839 to a nanocarrier, several polymeric capping ligands with
different reactive groups were deposited on the surface of Au NPs as anchors. The
synthesis of these gold “nanovehicles” consisted mainly of a reduction of an equal amount
of gold(Ill) salt KAuCls, using sodium citrate as a reducing agent. Starting from citrate
coated gold (AuCit) NPs, made with a modification of the Turkevich method [46], spherical
monodisperse particles were synthesized (vide infra), which were later used in a ligand
exchange reaction to obtain polymer coated NPs, e.g., with poly(ethylene glycol) methyl
ether thiol (AuThioPEG NPs) and with polyvinyl pyrrolidone (AuPVP NPs), respectively.
Polyvinyl alcohol-coated gold (AuPVA) NPs were synthesized in a straight-forward one-
pot reaction. The polymers ThioPEG, PVA, PVP, and PEI were chosen due to their known
biocompatibility and their affinity for gold, as well as to provide a variety of different
functional groups, which might successfully load CB839 onto the nanocarriers.
Additionally, AuCit NPs were also included to see if Au presents any interaction with
CB839 before any ligand exchange reaction with polymers.

TEM investigations of these samples show an overall spherical morphology of the
Au NPs with almost no degree of agglomeration (Figure 2) and NP sizes between 8 and
15 nm (Figure S2, Supplementary Materials (SM)). While citrate NPs had a size of 15 +
2 nm (Figure 2a), a subsequent citrate-to-polymer exchange with ThioPEG resulted in NPs
with an unchanged size of 15 + 2 nm (Figure 2b) and with PVP gave NPs with 11 + 2 nm
average size (Figure 2c). By using the same amounts of gold precursor in the presence of
PVA, spherical AuPVA NPs with a size of 8 + 2 nm (Figure 2d) and with PEI smaller-sized
4 nm AuPEI NPs [25] were synthesized and evaluated as potential drug delivery systems.
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Figure 2. TEM images of AuCit (a), AuThioPEG (b), AuPVP (c), and AuPVA (d) NPs, captured at
50,000x (a), 100,000 (b), and 150,000x (c,d) magnification.
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After reacting the various Au-Polymer NPs with CB839, no apparent size increase
was observed for any of the NP types except for AuPEI (Figure S3, SM). There was
however a slight reorganization between the Au cores, especially in the case of AuPVA
and AuPVP NPs (Figure S3c,d, SM), most likely due to an alteration in surface chemistry
and charge after interaction of the polymers with CB839.

3.2. Quantification of CB839 Loading

Subsequently, the amount of CB839 attached to the NPs was examined by collecting
supernatants of all samples after centrifugation and quantifying the not adsorbed,
remaining drug concentration via HPLC analysis. For this purpose, a method capable of
efficiently separating CB839 in all NP samples was developed and optimized. By using a
mixture of methanol and water as mobile phase, CB839 could be identified after a
retention time of only 9 min and its concentration could be calculated with a standard
calibration curve (Figure S4, SM). The drug loading efficiency (DLE) of AuCit,
AuThioPEG, AuPVA, AuPVP and AuPEI NPs was calculated according to Equation (1)
and results are displayed in Table 1.

Drug Loading Ef ficiency (%)
_ Total amount of CB839 used — remaining CB839 amount in supernatant x 100%
- Total amount of CB839 used )

_ Amount of loaded CB839
" Total amount of CB839 used

X 100%

From all five ligands used to cover the gold NPs (Figure S1, SM), PVA seems to be
the most effective in loading up to 12% CB839 on the surface of NPs. This finding can
probably be explained by the strong interaction of the amide group in CB839 with the
numerous hydroxyl groups in the PVA chains, which has been previously exploited to
bind or stabilize hormones, proteins and other pharmaceuticals [47,48]. Here, the
hypothesis is that the OH groups of PVA can act both as hydrogen bond acceptors from
the amide-NH groups of CB839 and donors to the aromatic nitrogen atoms and to the
amide C=O groups of CB839, which leads to stronger supramolecular interactions with
CB839, compared to the other polymers. Similarly, the different properties between NP
types such as core size, polymeric shell and surface charge can affect the loading efficiency
of each Au NP. The small size and positive charge of AuPEI NPs [25] seem to be
counterproductive to load CB839. Larger 15 nm AuCit NPs show the second highest DLE
after AuPVA NPs, due to possible electrostatic interactions with CB839. Aside from NP
size and surface charge, the chemical nature of the polymer shell used for Au NPs can also
play an important role on the DLE. Citrate and PVA feature strong hydrogen bond donor
and acceptor OH groups. The NH and NH: groups in PEI are already weaker H bond
donors and acceptors, with the latter getting lost upon protonation. Also, upon
protonation, the H bond donor function of the NHz* and NHs* groups will then be engaged
by the counter anion. PVP is no H donor but only a week acceptor, while ThioPEG has no
H bonding capabilities. Even though in theory a stronger CB839 binding capability was
expected from PVP due its hydrogen bond accepting C=O groups, AuThioPEG showed a
higher DLE (Table 1). A reason for this counterintuitive behavior might have to do with
the polymer chain arrangement around the Au NPs. ThioPEG with M« ~800 g/mol has
shorter chain lengths than polyvinyl pyrrolidone (PVP) with M« ~3500 g/mol. Shorter
polymer chains cannot form a dense polymer layer as longer ones can. Thus, shorter
polymer chains will be more amenable to embed guest molecules.
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Table 1. Drug loading efficiency of Au NPs. 2

Au NPs Drug Loading Efficiency (%)
AuCit 8
AuThioPEG 4
AuPVA 12
AuPVP
AuPEI 1

2 From HPLC determination in supernatant solution according to Equation (1).

Even though DLE results give an overall impression of the loading success among
samples, they are dependent of the concentration of CB839 used and thus only describe
the efficiency of each specific reaction. For better interpretation of the experiments and the
later application of the CB839-NDPs, calculating the amount of CB839 molecules that are
loaded per NP might be more relevant. This was done taking AuPVA-CB839 NPs as an
example.

Based on the spherical shape and the radius of Au NPs (e.g., r =4 nm) determined by
TEM measurements, the volume of a single NP can be calculated by Equation (2):

4
Vyp = 3T r3 =268 nm3 2)

and its mass with Equation (3) (density of Au, pasw=19.32 g/cm?):
myp=p-V =518-10"18 g, 3)

Since 5 mg KAuCls were used in the reaction, the mass of Au in the salt (4. =2.6 mg),
assuming a 100% conversion from KAuCls to Au NPs, can be used to determine the total
number of Au NPs (Nnps) in the sample:

Nups =00 =5 - 10V @

From the molar amount of CB839 applied in the synthesis of AuPVA-CB839 NPs, the
number of CB839 molecules can be calculated as:

Ncpgszo = Ncpgao * Ny = 2.6 - 1018 @)

ncesso = 4.4-10-°mol, Na = 6.022-102 mol-' (Avogadro constant).
Since the AuPVA NPs loaded 12% of the added CB839, according to the DLE results,
the number of CB839 molecules loaded onto the NPs (Ncas3sionded) is:

Ncgssotoaded = Ncggzo * 0.12 = 3.2 - 107 molecules. (6)

Finally, the number CB839 molecules loaded per NP (“Loading yield”) can be
calculated using Equation (7):

Loading yield = —NCBSSQZO“M = 0.6. 7)

NP

Thus, we conclude that approximately 60% of AuPVA NPs carry one drug molecule.
Since this estimation was made based on the ideal 100% NP formation from the gold
precursor, this value represents the lowest possible loading of CB839 onto AuPVA NPs
and might be higher in reality.

To further evaluate this result, the size of the CB839 molecule was compared to the
size of a NP. With help of a crystal structure published by Huang et al. [49], we estimated
the length of the CB839 molecule in its folded conformations to be approximately 2 x
0.8 nm, and in its linear form 2.9 x 0.75 nm, taking the van der Waals radii into account
(Figures 3 and S5, SM). Therefore, since the size of CB839 is in the same order of
magnitude as the size of a NP, it would be difficult to achieve a much higher CB839
loading with NPs of this small size. Even though we believe 60% to be a good result,
improvement of the loaded amount might be possible by adjusting reaction parameters
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or using larger NP sizes. While these DLE values are the result of experiments using a
single CB839 molar amount of ncssso= 4.4 x 10-° mol, we will continue trying to improve
the DLE of AuPVA NPs in the future by testing additional CB839 concentrations in the
reaction.

Figure 3. Linearized structure of the CB839 molecule. For the folded conformations in the
glutaminase C complex, see Figure S5, SM.

3.3. Physicochemical Characterization of AuPVA-CB839 NPs

Prior to its application in cells, the physicochemical properties AuPVA-CB838 NPs,
the NP type with highest CB839 loading, were investigated in-depth. Besides quantifying
the amount of CB839 bound to the NPs, the immobilization of the drug on the surface of
the AuPVA NPs was confirmed through various spectroscopic methods. IR spectroscopy
of the dried NP-drug conjugate showed characteristic C-F stretching (1142 cm™) and
bending (735 cm™) vibrations of the CFs group of CB839, as well as the N-H band of its
amide group (1534 cm™) and the aromatic C-H bending (703 cm™) vibration (Figure S6,
SM).

Moreover, UV-VIS spectroscopy of the AuPVA-CB839 NPs showed an additional
absorbance maximum at 240 nm corresponding to CB839 compared to the AuPVA NPs,
which only showed the characteristic plasmonic band at 550 nm (Figure 4). These spectra
also show no visible size increase or agglomeration of the AuPVA NPs after reaction with
CB839, since the 550 nm absorbance signal of AuPVA-CB839 NPs did not shift to larger
wavelengths.
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Figure 4. UV-VIS spectra of CB839 (red), AuPVA (green), and AuPVA-CB839 NPs (black).

Using energy-dispersive X-ray spectroscopy (EDX), elemental maps of AuPVA-
CB839 NPs were collected on a scanning transmission electron microscope (STEM). The
elements gold, corresponding to the AuPVA NPs and fluorine from CB839 are displayed
in maps in Figure 5. Here, fluorine appears to be in the same area as gold and to form
similar circular patterns correlated with the Au map. Since electrons scatter strongly from
Au, the contrast in the fluorine (F-K) X-ray map is likely caused by an increase in the
Bremsstrahlung background. In order to confirm the presence of F in the vicinity of Au
NPs and to observe the influence of background radiation, X-ray spectra taken on Au NPs
were compared against such taken from surrounding areas (Figure S7, SM).

Figure 5. HAADF-STEM images (a,b) and EDX elemental mapping (c,d) of AuPVA-CB839 NPs. Gold, corresponding to
the NPs is shown in pink and fluorine contained in CB839 in green.

From the Au-Mau elemental map (Figure S7a, SM), the inner areas and the edges of
NPs were carefully selected (Figure S7b, SM) and three EDX spectra from these scan point
subsets were created by averaging all points of a subset (Figure S7c, SM). Since the Au-
Mo signal at 2123 eV (red dot, Figure S7c, SM) is strongest on the particles, weaker at
edges and absent next to the particles, we believe the threshold values for the assignment
to edge and particle interior were chosen correctly. There is no denying that stronger
Bremsstrahlung occurs when the electron beam passes through the strongly scattering Au
particles, as can be seen in the pure background regions of the spectra, e.g., at 1200
1500 eV. However, all spectra show a slight elevation of the EDX signal at 677 eV (F-K
peak, black dot, Figure S7c, SM), independent of location. As AuPVA NPs are surrounded
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by alarge-sized surface polymer able to bind CB839 molecules, a F-K emission around the
NPs (black scan area on Figure S7b, SM) can also be expected. Thus, we conclude that
even though the discovery of a low amount of F atoms on Au NPs present upon loading
CB839 is difficult due to the detection limits of the equipment, CB839 is found near the Au
NPs.

Thermogravimetric analysis (TGA, Figure S8, SM) showed that the AuPVA-CB839
conjugates are stable to about 200 °C.

The colloidal properties of AuPVA-CB839 NPs were also investigated using DLS
measurements (Figure 59, SM). In water, the hydrodynamic diameter of AuPVA-CB839
NPs was approximately 20 nm, while in culture media (DMEM) their size increased to 80
nm. This larger NP size in DMEM is to be expected, due to the formation of a protein
corona around the surface of NPs as they interact with several proteins contained in cell
culture media [50].

3.4. In Vitro Effect of AuPVA-CB839 NPs in GSCs

Following these investigations, the first in vitro tests in classical cell models of
adherently grown U87 cells were conducted with AuPVA, AuCit, and AuThioPEG NPs
(Figure S10, SM). We followed in our analysis the previously recommended use of
quantifying cell colony formation efficiency (CFE) to functionally assess the cytotoxicity
of nanomaterials [41].

Because the ability of Au NPs to absorb visible light can lead to false positive results
when using a photometer to determine cell viability (Figure S11, SM), a quantification
with the CFE method is most suitable for our study. This assay avoids any interference of
metals, in our case Au, with other test components or optical detection methods thus
minimizing signal disturbance and false recordings. The biological assessment was
performed in a robust in vitro platform of n = 4 different glioma models featuring n = 3
glioma stem cell systems. For each model, we quantified the ability to form monolayer
and spheroidic colonies in the presence of different treatment conditions.

Given that JHH520, GBM1, and BTSC407 GSCs are not adherent, the CFE assay was
modified using poly-D-lysine, a polycationic amino acid polymer, which is able to interact
with anionic parts of neural cells, thus effectively attaching them to a surface. As Figure
512, SM shows, this attachment endured the NP and staining treatments of GBM cells and
allowed for data interpretation by counting the colonies formed due to the ability of GSCs
of making colonies from single cells [22]. The less colony formation, the more effective the
drug treatment. Our tests reveal that treating the cells with AuPVA-CB839 NPs containing
1 pmol/L CB839 impaired tumor cell growth, as benchmarked to treatment with 1 pmol/L
CB839 only (Figure 6). The differences in the amount of reduction on CFE between the 2D
(poly-D-lysine) vs. 3D (agarose) assay could be explained by the different susceptibly of
the cells when grown in different conditions, whereby 3D more closely recapitulated the
actual tumor physiology [32]. In addition, the variations in experimental handling
sequence could result in different error introduction into the assays (pretreatment of cells
for setting the Agarose assay, washing steps in 2D poly-D-lysine assay). Importantly
however, the general trend of augmented therapeutic potential of our nano-delivered
CB839 as compared to the unmodified substance is shown in all tested cell models with
both assays, thereby supporting our technology for the development of an anti-metabolic
therapy potentially able to eradicate tumors with stem cell properties.
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Figure 6. Colony Formation of U87 (a), JHH520 (b), GBM1 (c), and BTSC407 (d) cells after
incubation with AuPVA-CB839 NPs, using both the 2D poly-D-lysine and the 3D agarose method.
Dark columns in (a) are labelled as poly-D-lysine for comparison, even though no adhesion
polymer was used since cell model U87 grows adherent already. A two-sample t-test was
performed using Origin 8 software and significances are indicated: * p > 0.05, ** p > 0.03.

The percentage of colony formation in U87 cells with CB839 alone and with AuPVA-
CB839 NPs differed only slightly when comparing both incubation methods (Figure 6a).
JHHS520 cells (Figure 6b) presented a similar reaction than GBM1 cells (Figure 6¢), as they
are both glutaminase-high expressing lines [22]. Interestingly, the in vitro clonogenicity
of BTSC407 cells (Figure 6d) after treatment with AuPVA-CB839 NPs in agarose was only
about 1%, compared to 30% with a CB839 treatment without NPs (relative to the control
set at 100%), which speaks for the NP potential to enhance the drug effect, even in cell
lines thought to be resistant due to lower GLS1 activation levels [22]. Based on our
previously conducted functional assays with CB839 and other pharmacological GLS
inhibitor C-968, using the same cell models as in this study, we believe that the total GLS1
protein abundancy predicts for the sensitivity of GBM cells to anti-GLS1 directed drugs.
The fact that U87 and BTSC407 cells have comparably low GLS1 expression as opposed to
GBM1 and JHH520 not only shows that our applied disease modeling technology can
recapitulate the variation of target activity found in patients [21,22], but also reflects the
molecular heterogeneous nature of this disease. Thus, this inter- and intratumoral cell
metabolic heterogeneity may limit the durable effects of such monotherapies and the
differences in saturation of GLS1 blockage could be a reason for the observed differences.
Moreover, compared to serum-free spheroid models, the serum-containing in vitro
growth conditions of the U87 cell line, known to dampen the effects of pharmaco
interventions [51], can also be a reason for higher GLSi resistance. Acknowledging that
this is rather a technical limitation than a translational relevant reason for possible source
of therapy resistance, we added three spheroid, serum-free models (JHH520, BTSC407,
and GBM1), in our project.
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To our best knowledge, this is the first report of functionalizing the most promising
GLSi compound CB839 to inorganic nanocarriers and performing bio validation. Our
technology accompanies a previous report on BPTES-loaded poly(lactic)-glycolic acid
NPs [52] and confirms the observation that application of nanotechnology is a powerful
strategy to improve the therapeutic capacity of this drug class.

While the effect of CB839-loaded Au NPs on colony formation is shown, tests
regarding quantification of the amount of inhibitor delivered into cells for each case are
underway. Similarly, enzyme activity inhibition studies like those made in GSCs for
CB839 [22] are pending for Au-CB839 NPs to gain additional knowledge about how they
affect the target, as well as their intracellular delivery and release. Even though we
recently benchmarked the phenotypic effects of CB839 against the absence of effects when
applying DMSO in the same cell models as in the current study [22], we acknowledge that
the repetition of these control experiments using ethanol solvent would be beneficial to
further support some conclusions of this work. In the future, we will also include our
CB839-loaded Au NPs in further screening assays in order to characterize their effect and
toxicity more comprehensively in a high-throughput manner [53].

While the blood-brain barrier permeability of CB839 is challenging, as described in
several in vitro studies [19,54], its specificity to inhibit GLS1 and the connection between
response and IDH1 DNA mutation status of cancer patients [9] makes it a promising
candidate for precision cancer therapy. Although an increased diffusion through the
barrier is expected when attaching the small molecule to Au NPs [55-57], CB839 could
also be part of an intraventrical, intrathecal, or localized intracranial chemotherapy. For
intracranial chemotherapy, the BBB problematic could even be avoided because the drug
is directly applied to the tumor cavity during tumor resection [58,59]. As has been well
described in the literature for the study of GBM in vivo [60-63], we suggest a xenograft
approach of human tumor stem cell models in rodent carriers, ideally in immune-tolerant
models [64], to investigate the immune relevance of the applied intervention using
nanocarried-CB839 in the future. Such an immunocompetent mouse model for human
GBM cells—which has also been recently used for testing additional disease types [65]—
would also help to study the effects of Au-CB839 NPs on the immune microenvironment
of the tumor. Given the emergence of immune therapies as effective cancer treatments,
the inclusion of such assays in future drug development projects are desirable to increase
translational relevance.

3.5. Cell Internalization

To visualize the GSCs penetration potential by the Au-Polymer CB839 conjugate,
fluorescent labelling of our NPs and our tumor models was used to investigate the NP
internalization in GBM cells (Figure 7). For this purpose, AuPV A NPs were functionalized
with FITC, resulting in AuPVA-FITC NPs. These fluorescent AuPVA NPs are used as a
proof-of-concept to demonstrate that the PVA coated Au NPs are able to penetrate GSCs.
We have only fluorescent-stained the AuPVA NPs with FITC because these NPs had the
highest DLE. From our previous work [25], we realized the importance of the surface
ligand on the degree of NP internalization and had discovered differences when testing
the same NDPs in different GBM cell lines. Thus, we wanted to make sure that AuPVA NPs
were able to penetrate GSCs if they are later to be loaded with CB839.
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Figure 7. Exemplary fluorescence microscopy images of JHH520 cells after incubation with AuPVA-FITC NPs. Image (a)
shows DAPI signals of cell DNA, image (b) FITC signals corresponding to AuPVA-FITC NPs and (c) a combined DAPI

and FITC image.

The successful attachment of FITC to the Au NPs relies on the presence of a sulfur
atom in the isothiocyanate group of the fluorophore. Given the strong affinity of gold for
sulfur, FITC is able to coordinatively bind to Au NPs though relatively stable bonds
[66,67]. Free FITC with its isothiocyanato, -NCS group is able to form Au-S bonds on the
gold metal surface, requiring only minimal reaction time [68,69]. This attachment was
confirmed by fluorescence spectroscopy (Figure 513, SM), which showed a quenched but
still present fluorescence signal of AuPVA-FITC compared to FITC due to the interaction
of the fluorophore with Au [70]. Moreover, the stretching band of the C=O group of the
lactone in FITC was visible at 1728 cmin IR spectra taken from AuPVA-FITC NPs (Figure
S14, SM), as well as stretching vibrations from the benzene ring at 1601 and 1435 cm™. The
FITC loading efficiency of AuPVA-FITC NPs (see Equation (51) in the SM) was calculated
using UV-VIS spectroscopy (Figure S15, SM). By comparing the absorbance intensity of
the supernatant recovered after NP centrifugation (unloaded FITC) and the absorbance of
total FITC used for the reaction, the loading was estimated to be approximately 23%.
According to zeta potential measurements, AuPVA-FITC NPs remain stable in water for
at least one hour at room temperature (Figure S16, SM). After this time, the surface charge
of the NPs (16 mV at 0 min) continues to decrease until reaching a zeta value of -27 mV,
similar to the value of AuPVA NPs without FITC. Therefore, only freshly-prepared
AuPVA-FITC NPs were used for further experiments in order to guarantee that a
sufficient amount of FITC was still present on the NPs.

AuPVA-FITC NPs were added to the cells and sphere sections were studied under a
fluorescence microscope. After staining cell DNA (Figure 7a), a green FITC signal (Figure
7b) corresponding to the NPs were visible in the same area (Figure 7c). Thus, we conclude
that PVA is a suitable capping ligand for Au NPs, as it also allows their internalization,
which is visualized after quenching extracellular fluorescence using Trypan Blue (Figure
517, SM).

Even though it has been demonstrated that Au NPs can be internalized through
various endocytosis-based pathways or by direct cytoplasmic uptake [71], additional
experiments are needed to determine the internalization mechanism of Au-CB839 NPs.

4. Conclusions

The synthesis of five Au NP types (four with polymer ligands and one with citrate)
resulted in particles of 8-15 nm in size with different polymeric capping ligands. Despite
the lack of functional groups with high chemical reactivity and a significant steric
hindrance from its large size, the CB839 molecule could be immobilized on the surface of
Au NPs through physical adsorption and electrostatic interactions with the polymers.
AuPVA NPs were able to immobilize the highest amount of CB839, displaying a DLE of
12%. Calculations estimated that at least 60% of all AuPVA NPs carry one CB839 molecule.
Even though characterization and quantification of CB838 loading using chromatographic
and spectroscopic methods is challenging, AuPVA-CB839 NPs demonstrated improved
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biological results. In vitro experiments in GSCs showed an enhanced effect of CB839 when
delivered by Au NPs as compared to the neat drug solution. As expected due to the
cellular and molecular heterogeneity of GBM, the therapy effect varied depending on the
cell lines used. Our study presents and compares two suitable bioassays to test the effect
of CB839-loaded Au nanocarriers. While 3D cell cultures are better models to mimic in
vivo conditions, 2D cultures greatly facilitate a treatment with nanomaterials. Although
human cell assays emerge as the preferred option to assess therapy efficacy and toxicology
risk, current Au-drug development projects require testing in humanized animal models
to enhance clinical prediction. Given the previously unmet need of treating GBM with
effective, long-lasting therapies, our work raises hope to improve future care of patients
using anti-cell metabolism directed approaches. Moreover, exploiting the unique optical
and magnetic properties of Au NPs as theranostic devices are underway, thereby further
extending the list of options how inorganic chemistry has the potential to improve neuro-
oncology care, including clinical applied strategies such as photo- or hyperthermal
therapy.

Supplementary Materials: The following are available online at www.mdpi.com/1999-
4923/13/2/295/s1, Figure S1: Structural formula of citric acid (H3Cit) and of the repeat units of the
polymers poly(ethylene glycol) methyl ether thiol (ThioPEG), polyvinyl alcohol (PVA), polyvinyl
pyrrolidone (PVP) and branched polyethylene imine (PEI), Figure S2: Histograms of Au-citrate
(AuCit) (a), AuThioPEG (b), AuPVA (c) and AuPVP (d) nanoparticles (NPs). ThioPEG =
poly(ethylene glycol) methyl ether thiol, PVA = polyvinyl alcohol, PVP = polyvinyl pyrrolidone.,
Figure S3: TEM images and histograms of AuCit-CB839 (a,f), AuThioPEG-CB839 (b,g), AuPVA-
CB839 (c,h), AuPVP-CB839 (d,i) and AuPEI-CB839 (e,j) NPs. Images were captured at 200,000x (a),
100,000% (b) and 150,000x (c,d,e) magnification, Figure S4: HPLC chromatogram (a) and standard
calibration curve (b) used for CB839 quantification., Figure S5: Structures of the two CB839
molecules, extracted from “glutaminase C in complex with inhibitor CB-839” (PBD ID: 5HLI,
MMDB ID: 142270) [1]. Hydrogen atoms were added with Mercury [2], Figure S6: IR spectra of
AuPVA-CB839 NPs (in black), CB839 (in red) and AuPVA NPs (in green), Figure S7: STEM EDX
analysis of AuPVA-CB839 NPs. Elemental maps from the Au-Mau intensity at 2123 + 60 eV (a), NP
inner and edge area selection ((b), all scan points assigned to edges are red, all those assigned to NP
interiors are yellow and all other points are black) and corresponding EDX spectra of the three areas
(c). Note: In (a) image pixels represent points where the electron probe was placed. A scan of 40 x
40 pixels was performed so, Figure S7a is shown at raw data resolution, Figure S7b is a mask applied
to spectroscopic images at the resolution of the measurement, Figure S8: TGA curve for the
decomposition of AuPVA-CB839 NPs (in black), CB839 (in red) and PVA (in blue), Figure S9: DLS
measurements of AuPVA-CB839 NPs in water(a) and in DMEM (b), Figure S10: Colony Formation
after treatment of U87 cells with CB839, AuThioPEG-CB839, AuCit-CB839 and AuPVA-CB839 NPs.
Untreated cells were used as control, Figure S11: Absorbance measurements after incubation of
GBMI1 cells with culture medium (Control), AuPVA and AuPVA-CB839 NPs. These values were
measured after performing the MTT Assay, as described previously [3]. Even though the MTT
absorbance should be highest at the control (highest possible cell viability under the chosen
conditions), wells treated with Au NPs show superior absorbance values even after several washing
steps to remove NPs. This observation stresses the importance of choosing label-free non-optical
methods to assess the toxicity of compounds accompanied by metal NPs, Figure S12: BTSC407
colonies after incubation with CB839 (wells 1-3) and with AuPVA-CB839 NPs (wells 4-6) using
poly-D-lysine, Figure S13: Fluorescence spectra of AuPVA-FITC NPs (red line) and FITC (green line),
Figure S14: IR spectra of AuPVA-FITC NPs (in brown), FITC (in purple) and AuPVA NPs (in green),
Figure 515: UV-VIS spectra used to determine the loading efficiency of FITC for AuPVA-FITC NPs.
The purple (upper) line (FITC) indicates the absorbance of total FITC added to the reaction. The
brown (lower) line (sup. AuPVA-FITC) corresponds to the absorbance of FITC, which was not
loaded onto AuPVA NPs and was obtained from the supernatant after centrifugation of the AuPVA-
FITC product, Figure S16: Zeta potential measurements of AuPVA-FITC NPs. (a): Comparison of
zeta potential of AuPVA NPs (in red) and freshly-prepared AuPVA-FITC NPs (in green). (b): Time-
dependent zeta potential values of AuPVA-FITC NPs in water at room temperature, Figure S17:
Microscopic images of JHH520 cells with AuPVA-FITC NPs after Trypan Blue quenching of
extracellular fluorescence. (a) shows DAPI staining of cell nuclei, (b) shows the fluorescent AuPVA-
FITC NPs inside the cells and (c) is a combination of (a) and (b).
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Figure S2. Histograms of Au-citrate (AuCit) (a), AuThioPEG (b), AuPVA (c) and AuPVP (d) nanoparticles (NPs). ThioPEG
= poly(ethylene glycol) methyl ether thiol, PVA = polyvinyl alcohol, PVP = polyvinyl pyrrolidone.
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Figure S3. TEM images and histograms of AuCit-CB839 (a,f), AuThioPEG-CB839 (b,g), AuPVA-CB839 (c,h), AuPVP-
CB839 (d,i) and AuPEI-CB839 (e,j) NPs. Images were captured at 200,000x (a), 100,000 (b) and 150,000 (c,d,e) magnifi-

cation.
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Figure S4. HPLC chromatogram (a) and standard calibration curve (b) used for CB839 quantification.

Figure S5. Structures of the two CB839 molecules, extracted from “glutaminase C in complex with
inhibitor CB-839” (PBD ID: 5HL1, MMDB ID: 142270) [1]. Hydrogen atoms were added with Mer-
cury [2].
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Figure S7. STEM EDX analysis of AuPVA-CB839 NPs. Elemental maps from the Au-Mau intensity at 2123 + 60 eV (a), NP inner and

edge area selection ((b), all scan points assigned to edges are red, all those assigned to NP interiors are yellow and all other points

are black) and corresponding EDX spectra of the three areas (c). Note: In (a) image pixels represent points where the electron probe

was placed. A scan of 40 x 40 pixels was performed so, Figure S7a is shown at raw data resolution, Figure S7b is a mask applied to
spectroscopic images at the resolution of the measurement.
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Figure S8. TGA curve for the decomposition of AuPVA-CB839 NPs (in black), CB839 (in red) and

PVA (in blue).
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Figure S9. DLS measurements of AuPVA-CB839 NPs in water(a) and in DMEM (b).
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Figure S10. Colony Formation after treatment of U87 cells with CB839, AuThioPEG-CB839, AuCit-
CB839 and AuPVA-CB839 NPs. Untreated cells were used as control.
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Figure S11. Absorbance measurements after incubation of GBM1 cells with culture medium (Con-
trol), AuPVA and AuPVA-CB839 NPs. These values were measured after performing the MTT As-
say, as described previously [3]. Even though the MTT absorbance should be highest at the control
(highest possible cell viability under the chosen conditions), wells treated with Au NPs show supe-
rior absorbance values even after several washing steps to remove NPs. This observation stresses
the importance of choosing label-free non-optical methods to assess the toxicity of compounds ac-
companied by metal NPs.
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Figure S12. BTSC407 colonies after incubation with CB839 (wells 1-3) and with AuPVA-CB839 NPs
(wells 4-6) using poly-D-lysine.
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Figure S13. Fluorescence spectra of AuPVA-FITC NPs (red line) and FITC (green line).
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Figure S15. UV-VIS spectra used to determine the loading efficiency of FITC for AuPVA-FITC NPs.
The purple (upper) line (FITC) indicates the absorbance of total FITC added to the reaction. The
brown (lower) line (sup. AuPVA-FITC) corresponds to the absorbance of FITC, which was not

loaded onto AuPVA NPs and was obtained from the supernatant after centrifugation of the AuPVA-
FITC product.
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Figure S16. Zeta potential measurements of AuPVA-FITC NPs. (a): Comparison of zeta potential
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zeta potential values of AuPVA-FITC NPs in water at room temperature.

Figure S17. Microscopic images of JHH520 cells with AuPVA-FITC NPs after Trypan Blue quenching of extracellular
fluorescence. (a) shows DAPI staining of cell nuclei, (b) shows the fluorescent AuPVA-FITC NPs inside the cells and (c) is

a combination of (a) and (b).
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3.3. Co-author Publications

Co-author publications are listed with the respective own contributions. A short summary and a

description of the contribution to the respective publication are shown.

3.3.1. Enzymatic Activity of CD73 Modulates Invasion of Gliomas via Epithelial-
Mesenchymal Transition-Like Reprogramming

J. Tsiampali, S. Neumann, B. Giesen, K. Koch, D. Maciaczyk, C. Janiak, D. Hanggi, J. Maciaczyk,
Pharmaceuticals 2020, 13, 378.

DOI: 10.3390/ph13110378, reprinted under the Creative Commons Attribution License from
reference 252, published by MDPI.

Summary:

The propagation of GB cells depends on the molecular reprogramming associated with an EMT-
like process (section 1.6). The cell surface protein CD73 has been known to regulate EMT,
presenting both enzymatic and non-enzymatic activity. As an enzyme, CD73 catalyzes the
conversion of adenosine monophosphate (AMP) to adenosine (ADO) (Figure 18), which is
implicated in the immune escape of tumors such as GB. Additionally, CD73 can serve as an
adhesive molecule by controlling interactions between cells and extracellular matrix components.
In this work, the effect of CD73 on GSC growth was investigated as a potential target for GB
treatment. The inhibition of the enzymatic activity of CD73 was investigated by pharmacological
treatment of GSCs with adenosine 5'-(a,B-methylene)diphosphate (APCP) or with the
phosphodiesterase inhibitor Pentoxifylline (PTX). CD73 enzymatic activity was determined by
HPLC. A reduction of CD73 resulted in significant suppression of GSC viability, proliferation and
clonogenicity, while the CD73 enzymatic activity exhibited negative effects on cell invasion due

to impaired downstream ADO signaling.
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Figure 18. Enzymatic conversion of AMP to ADO by CD73.

Contributions to the work:

e Measurement of changes in the conversion of AMP to ADO upon genetic and
pharmacological inhibition of CD73 using HPLC.

e Literature search, development and optimization of the HPLC method used to quantify the
enzymatic activity of CD73.

¢ Identification of peaks corresponding to AMP and ADO in water (Figure 19a) and in DMEM
medium (Figure 19b).

e Simultaneous quantification of AMP and ADO through a calibration curve of both
standards and subsequent peak integration.

e Analysis, curation and illustration of HPLC results.

e Display of chemical structures and HPLC chromatogram (Figure 18, Figure 19) for the
manuscript.

e Corrections during the peer-review process.

¢ Revision and modification of the final manuscript as co-author.
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Figure 19. HPLC chromatograms of AMP and ADO standards (a) and of supernatant of JHH520 cells after incubation
with AMP (b) are shown.

3.3.2. Nickel Nanoparticles Supported on a Covalent Triazine Framework as
Electrocatalyst for Oxygen Evolution Reaction and Oxygen Reduction
Reactions

S. Oztiirk, Y. X. Xiao, D. Dietrich, B. Giesen, J. Barthel, J. Ying, X. Y. Yang, C. Janiak,
Beilstein Journal of Nanotechnology 2020, 11, 770-781.
DOI: 10.3762/bjnano.11.62, reprinted under the terms of the Creative Commons Attribution

License from reference 253, published by Beilstein Institut.

Summary:

Due to the increasing energy demand and the environmental issues triggered by fossil fuel
combustion, more efficient and cost-effective catalysts for sustainable conversion and storage of

energy are in urgent need. To this end, nickel nanoparticles (Ni NPs) supported on covalent
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triazine frameworks (CTFs) were synthesized using bis(cycloocta-1,5-diene)nickel (Ni(COD),)
and the ionic liquid (IL) 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([BMIm][NTf2]) as novel electrocatalysts for water splitting reactions. The effects of alterations in
the synthesis parameters - such as precursor amount and temperature - on the resulting
composite materials were investigated using PXRD, AAS, nitrogen sorption and XPS analysis.
Furthermore, the size, morphology, elemental composition and crystalline phase of the NPs was
studied with SEM, TEM, STEM and EDX. Finally, the catalytic activity of the CTF-supported Ni
NPs was investigated for the oxygen evolution reaction (OER) and oxygen reduction reaction
(ORR). The composite synthesized at 600 °C (Ni/CTF-1-600) presented an OER catalytic activity
comparable to other nickel-based electrocatalysts, yet outperformed the benchmark catalyst
RuO.. Furthermore, this material demonstrated high stability with negligible decrease in activity
towards OER and ORR.

Contributions to the work:

e Extensive TEM, HR-TEM and STEM measurements of the materials Ni/CTF-1-600-33,
Ni/CTF-1-600-22, Ni/CTF-1-400-35 and Ni/CTF-1-400-20 (Figure 20). EDX spectroscopy
analysis including spectra generation and elemental mapping (Figure 21).

e Assistance with sample preparation and purification at time of material deposition onto a
TEM grid.

¢ Introduction to NP size determination method and use of the Gatan Microscopy software.

e Support with interpretation of microscopy and EDX results.

e lllustration and display of STEM-EDX elemental maps for the manuscript (Figure 21, as
well as Figure S12 and S13 in reference 253).

¢ Confirmation of the presence of particles on the CTF surface using TEM images. Figure
20b shows some Ni NPs sticking out over the edge of the CTF (red circle).

e Assistance in all TEM-related questions during the peer-review process and improvement
of the manuscript accordingly.

¢ Review and correction of the final manuscript as co-author.
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Figure 20. TEM images of Ni/CTF-1-600-22 (a), Ni/CTF-1-600-33 (b), Ni/CTF-1-400-20 (c) and Ni/CTF-1-400-35 (d),
showing Ni NPs supported on CTF. The red circle in (b) indicates the presence of “washed-off’ Ni NPs on the surface.

oz

Figure 21. STEM images of Ni/CTF1-1-600-22 and EDX elemental maps of Ni, C and O taken from the area inside the
orange square.
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3.3.3. Synthesis of Plasmonic Fe/Al Nanoparticles in lonic Liquids

A. Schmitz, H. Meyer, M. Meischein, A. Garzén-Manjén, L. Schmolke, B. Giesen, C. Schlisener,
P. Simon, Y. Grin, R. A. Fischer, C. Scheu, A. Ludwig, C. Janiak,

RSC Advances 2020, 10, 12891-12899.

DOI: 10.1039/DORA01111H, reprinted under a Creative Commons Attribution-NonCommercial
3.0 Unported Licence from reference 254, published by The Royal Society of Chemistry.

Summary:

Non-noble bimetallic Fe/Al NPs were synthesized using bottom-up and top-down approaches as
potential low-cost nano catalysts and alternatives for the commonly used Pd benchmark. Fe/Al
NPs synthesized in three different ILs under mild conditions were characterized using PXRD,
XPS, AAS, SEM, TEM and SAED analysis. The bottom-up approaches resulted in crystalline FeAl
NPs on an amorphous background, while the top-down approach revealed small FesAl1z NPs.
Interestingly, FesAlis NPs in the IL 1-octylpyridinium bis(trifuoromethylsulfonyl)imide ([OPy][NTf,])
displayed two absorption bands in the green-blue to green spectral region (475 and 520 nm),

which give rise to a complementary red color, similar to the one known for Au NPs.

Contributions to the work:

e TEM, EDX and SAED measurements of the NP samples synthesized by bottom-up
approaches (Figure 22 and Figures S3, S7, S9 and S11 in reference 254).

e Review and correction of the final manuscript as co-author.
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Figure 22. TEM images (a, b), SAED (c) and EDX spectra (d) of Fe/Al NPs from [LiFe(bis(trimethylsilyl)amido)s] and
LiAlH4 in [OPyY][NTf2].
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3.3.4. Probing the Limits of Linker Substitution in Aluminum MOFs through
Water Vapor Sorption Studies: Mixed-MOFs Instead of Mixed-linker CAU-
23 and MIL 160 Materials

C. Schlisener, D. N. Jordan, M. Xhinovci, T. J. Matemb Ma Ntep, A. Schmitz, B. Giesen, C.
Janiak,

Dalton Transactions 2020, 49, 7373-7383.

DOI: 10.1039/DODT01044H, reprinted from reference 255 by permission of The Royal Society of
Chemistry.

Summary:

Efforts to synthesize mixed-linker metal-organic frameworks (MOFs) from the linkers 2,5-
thiophenedicarboxylate (TDC) and 2,5-furandicarboxylate (FDC) resulted in the formation of
mixed phases of the MOFs known as CAU-23 and MIL-160. Since PXRD, IR and nitrogen sorption
analysis failed to distinguish between mixed MOFs and mixed-linker phases, measurements of
water vapor sorption isotherms were introduced to characterize the materials. The synthetized
MOF combinations with TDC:FDC ratios from 38:62 to 82:18 revealed two or three uptake steps
in the water sorption isotherm, corresponding to both CAU-23 and MIL-160, as well as to the
formation of the MOF MIL-53-TDC, a polymorph of CAU-23. Furthermore, the existence of
different phases was verified using STEM by acquiring point EDX spectra of MOFs with different
morphologies. For the material with TDC:FDC 53:47, different aluminum and sulfur amounts were

found among the more crystalline rod-like particles and the diffuse particle regions (Figure 23).

Contributions to the work:

e STEM and EDX measurements of the TDC:FDC 53:47 MOF.

¢ Review and correction of the final manuscript as co-author.
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Figure 23. STEM image of MOF with a TDC:FDC ratio of 53:47. The area indicated by the red arrows was used to
perform point EDX measurements of the rod and diffuse particles.

3.3.5. Acylselenoureato Bis(chelates) of Lead: Synthesis, Structural
Characterization and Microwave-assisted Formation of PbSe Nano- and
Microstructures

K. Klauke, A. Schmitz, A. C. Swertz, B. B. Beele, B. Giesen, C. Schlisener, C. Janiak, F. Mohr,
New Journal of Chemistry 2020, 44, 7719-7726.

DOI: 10.1039/DONJ01433H, reprinted under a Creative Commons Attribution-NonCommercial
3.0 Unported Licence from reference 256, published by The Royal Society of Chemistry.

Summary:

Three lead(ll) bis(acylselenoureato) complexes were synthesized and confirmed using NMR
spectroscopy, elemental analysis and single crystal XRD. A lead(ll) complex was used as a
single-source precursor for PbSe NPs, synthesized by a microwave-assisted method. For this
purpose, propylene carbonate (PC) and the IL [BMIm][NTf;] were used, as well as mixtures of
trioctylphosphine (TOP), octadecene (ODC) and [BMIm][NTf;] or [BMIm][NTf,] and PC.
Depending on the stabilizer used, small 19 nm PbSe NPs or PbSe cubes between 178 nm and
366 nm were obtained. The PbSe particle suspensions were characterized by PXRD, TEM, EDX
and SAED.
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Contributions to the work:

e TEM, STEM and SAED measurements of the NP samples (Figure 24, as well as Figures
S2, S3, S4, S5 and S6 in reference 256).

e EDX spectroscopy analysis including spectra generation and elemental mapping (Figure
25).

e Review and correction of the final manuscript as co-author.
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Figure 24. TEM images of PbSe cubes in PC(a) and NPs in ODC/TOP and [BMIm][NTf] (b). SAED (c) and EDX
spectrum (d) of PbSe NPs.

Figure 25. STEM-EDX elemental maps of PbSe particles in [BMIm][NTf,]. White: HAADF-STEM image, red: Se,
orange: Pb L-shell, yellow: Pb M-shell.
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3.3.6. Bimetallic Co/Al Nanoparticles in an lonic Liquid: Synthesis and
Application in Alkyne Hydrogenation

L. Schmolke, B. Gregori, B. Giesen, A. Schmitz, J. Barthel, L. Staiger, R. A. Fischer, A. J. von
Wangelin, C. Janiak,

New Journal of Chemistry 2019, 43, 16583-16594.

DOI: 10.1039/CONJ03622A, reprinted from reference 257 by permission of The Royal Society of
Chemistry (RSC) on behalf of the Centre National de la Recherche Scientifique (CNRS) and the
RSC.

Summary:

Cobalt/aluminium nanoalloys with different molar Co/Al ratios were synthesized via microwave-
induced decomposition of different organometallic precursors in [BMIm]NTf,. Dual-source
precursor routes were followed by reacting dicobalt octacarbonyl (Coz(CO)s) and
pentamethylcyclopentadienyl aluminum ([AICp*]4), as well as Co amidinate ([Co('Pr.-MeAMD).])
and Al amidinate ([Me2Al('Pr.-MeAMD)]). While none of the methods resulted in phase-pure Co/Al
NPs, the first combination yielded CoAl NPs with a molar Co/Al ratio of 1:1 and a size of 3 nm.
The second reaction using 1:1 and 3:1 ratios afforded CoAl and CosAl NPs with an average
diameter of 3 and 2 nm, respectively. After characterization with TEM, EDX, SAED, STEM and
XPS, the Co/Al nanoalloys were investigated as potential non-noble catalysts in hydrogenation
reactions. The Co/Al NPs showed a higher catalytic activity in the hydrogenation of
phenylacetylene, compared to monometallic Co NPs, with a without the addition of an activating

co-catalyst.

Contributions to the work:

e TEM, STEM and SAED measurements of the NP samples (Figure 26, as well as Figures
S8, S9, S12, S15, S18, S19, S21, S22, S24 and S27 in reference 257).

e EDX spectroscopy analysis including spectra generation and elemental mapping (Figure
27, as well as Figures S10, S13, S16, S20, S23, S25, S26 and S28 in reference 257).

¢ Review and correction of the final manuscript as co-author.
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Figure 26. TEM images and SAEDs of fcc CoAl (left) and fcc CozAl NPs (right) from the reaction of [Co('Pr2-MeAMD);]
and [Me2Al('Pr>-MeAMD)] in [BMIM]NT,.

Figure 27. TEM image (left), STEM image (middle) and EDX mapping (right) showing cobalt (green) and aluminum
(yellow) of the NPs obtained from the Co2(CO)s and [AICp*]s decomposition in [BMIm]NTf,. Elemental maps were
acquired from the area marked by the orange window and using the yellow window as reference.
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4. Additional Results

In this chapter, further results which have not yet been published in scientific journals will be
described. These experiments were conducted as complementary studies and side projects

during this dissertation.

4.1. Synthesis and Surface Modification of Au NPs

4.1.1. Au NPs with thiol-terminated polyethylenimine (Au-ThioPEl)

Given the known affinity of sulfur for gold, the surface functionalization of Au NPs with a thiol-
containing capping ligand could bring additional advantages for the synthesis of Au
nanomaterials. Compared to using a “sulfur-free” ligand, a thiolation would result in a stronger
bond between the surface coating and the Au NP (see chapter 1.3.1). Therefore, after exploring
the great stabilization potential of the PEI polymer for Au NPs in chapter 3.1, a ThioPEI ligand

was synthesized according to Figure 28:
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Figure 28. Synthesis of ThioPEl, modified from the route described by Thomas et al?® DCC: N,N-
Dicyclohexylcarbodiimide, DMF: dimethylformamide, PEI: polyethylenimine (displayed with simplified polymeric
chains), THF: tetrahydrofuran.
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The product ThioPEI was analyzed by 'H-NMR spectroscopy, as shown in Figure 29. Both
methylene protons from PEI (7 in Figure 29) were located at 3.8 ppm, as well as the ones next to
the carbonyl group (9 in Figure 29) at 3.6 ppm, which formed a triplet. Protons from the CH:
groups (3 and 4 in Figure 29) overlap at 3.0 ppm, as well as those adjacent to the thiol group (9
in Figure 29). Singlets expected for the methyl protons of PEI (1 and 5 in Figure 29) also overlap
in a large multiplet starting at 2.9 ppm. Even though large residual solvent signals from
dimethylformamide used in the reaction were still present in the solution, the spectrum shows
characteristic peaks corresponding to ThioPEI. For a more accurate NMR characterization of
ThioPEI, additional efforts in sample preparation are needed, preferably accompanied by mass

spectral analysis.
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Figure 29. "H-NMR spectrum of ThioPEI in D20.
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The ThioPEI ligand was used to synthesize Au NPs by reduction of the KAuCl, salt with NaBHa:

Figure 30. Synthesis of Au-ThioPEI NPs.
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TEM investigations of the product from Figure 30 revealed the formation of spheric Au-ThioPEI

NPs with a monodisperse distribution and an average size of 12 +3 nm (Figure 31a, b). DLS

measurements showed a hydrodynamic diameter of approximately 21 nm for AuThioPEl NPs

(Figure 31c).
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Figure 31. TEM image (a), size distribution (b) and DLS measurements (c) of Au-ThioPEI NPs.
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4.1.2. Au NPs with polyethylene glycol (Au-PEG)

The polymer polyethylene glycol (PEG) is also widely used as a Au NP capping ligand in
biotechnology applications to enhance their stability and water solubility. PEG is non-toxic,
biocompatible and can provide a longer blood circulation time of NPs, thus improving their cell
internalization potential.?®® Thus, Au NPs coated with PEG were synthesized both using a “one-

pot” method or by a post-synthetic modification of citrate capped NPs.

In the first approach, KAuCls was reduced with sodium citrate and combined with PEG in a
microwave-assisted reaction, yielding spheric Au NPs with a core size of 9 +1nm and a
hydrodynamic diameter of approximately 34 nm (Figure 32). DLS measurements additionally

showed a formation of agglomerates with sizes over 1000 nm (Figure 32c).

10
Size (nm)
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Figure 32. TEM image (a), size distribution (b) and DLS measurements (c) of Au-PEG NPs via "one-pot" synthesis.
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For the second approach, Au-Citrate NPs with a core size of 15 £ 2 nm and a diameter of 24 nm
were synthesized according to the Turkevich method®* (Figure 33). UV-VIS spectra of Au-Citrate
NPs revealed an absorbance at 520 nm, corresponding to the characteristic surface plasmon
peak (SPR) of Au NPs (Figure 33d).
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Figure 33. TEM image (a), size distribution (b), DLS measurements (c) and UV-VIS spectrum (d) of Au-Citrate NPs.

In order to confirm the PEGylation of Au-citrate NPs, their hydrodynamic diameter, zeta potential
and UV-VIS absorbance was studied before and after reaction with PEG. As Table 1 displays,
the overall size of Au-citrate NPs significantly increased after reaction with the PEG polymer from
24 to 296 nm. Moreover, the negative surface charge of citrate slightly decreased after
PEGylation, while the SPR peak of Au-PEG NPs remained similar to that of Au-citrate NPs,
according to UV-VIS measurements. Although both the “one-pot” and two-step method can be
used for synthesis of Au-PEG NPs with sizes between 9 and 15 nm, additional purification steps

are needed to separate agglomerates and unreacted polymers from the final NP solution.
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Table 1. DLS, zeta potential and UV-VIS spectra comparison of Au-citrate and Au-PEG NPs synthesized using the

two-step method.

Au-citrate NPs Au-PEG NPs
Hydrodynamic Diameter (nm) 24 296
Zeta Potential (mV) -45 -38
SPR peak (nm) 520 521

4.1.3. Au NPs with thiol-terminated polyethylene glycol (Au-ThioPEG)

The in-situ formation of Au NPs coated by a thiol-functionalized PEG polymer was attempted

based on the synthesis route published by Joh et al.?%° Through reduction of KAuCls with sodium

citrate in the presence of methoxy-terminated PEG thiol, Au NPs of two different sizes (31 £ 7 nm

and 8 + 2 nm) were formed as seen in Figure 34. The presence of the two separate NP species

was also evident through DLS measurements in solution, with sizes of approximately 3 nm and

68 nm.
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Figure 34. TEM images (a, b), size distribution (c, d) and DLS measurements (d) of Au-ThioPEG NPs.
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While organic surface coatings are generally not visible from TEM measurements at 200 kV, an
HR-TEM image made of two isolated Au-ThioPEG NPs (Figure 34b) was able to capture the Au
cores of ~ 31 nm NPs surrounded by polymer shells. Using this image, the diameter of the core
and ligand, was estimated to be approximately 80 nm, in agreement with DLS measurements
made of the Au-ThioPEG NP solution. Hence, it can be possible to capture a glimpse of the
surface of Au NPs by using the appropriate high-resolution electron microscope and a fast
handling when acquiring the image. This allows further understanding of the NP nature without
compromising the image resolution of the metal core by lowering the electron current of the

microscope.

4.1.4. Au NPs with thiol-terminated polyethylene glycol and polyethylenimine
(Au-PEI-ThioPEG)

To combine the advantages of using both PEI and PEG polymers, Au-PEIl NPs (see AuPEIG in
publication from chapter 3.1) were reacted with methoxy PEG thiol in aqueous medium (Figure
35). After purification using dialysis, at least two different sized NP species were detected in DLS

measurements. The average NP core size was 5 £ 1 nm, similar to AuPEI6 NPs.

Size (d.nm)

Size (nm)

Figure 35. TEM images (a, b), size distribution (c) and DLS measurements (d) of Au-PEI-ThioPEG NPs.
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4.1.5. Au NPs with polyethylenimine and fluorescein isothiocyanate (Au-PEI-
FITC)

Further TEM studies of Au-PEI NPs functionalized with fluorescein isothiocyanate (AuPEI-FITC2
in publication from chapter 3.1) revealed the formation of unique leaf-like structures after the NP
solution is dropped onto the copper carbon grid (Figure 36a). This network is most likely formed
due to the interaction of FITC with the polymer and does not affect the size or agglomeration
degree of the AUPEI-FITC NPs, compared to their size prior to the reaction with FITC (Figure 36,
Fig. 5b from publication in chapter 3.1). While most NPs were found embedded into the network

(Figure 36b), some “free” particles are visible in Figure 36c¢.

Figure 36. TEM images of Au-PEI-FITC NPs.

4.1.6. Au Nanorods

Besides spherical particles, Au nanomaterials with a rod-like morphology have also been
exploited in the fields of biodiagnostics and photothermal therapy due to their additional surface
plasmon resonance (SPR) in longitudinal mode.?8' This second resonance occurring at longer
wavelengths than the transverse signal due to electron oscillation in the length direction of the rod
may enhance the extinction coefficient and light absorption of the material, compared to that of

Au nanospheres with a single SPR at ~520 nm.262.263

Au nanorods (Au-NRs) were synthesized with cetyltrimethylammonium bromide (CTAB) using
seed-mediated growth via underpotential deposition with Ag* (Figure 37).2%4
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Figure 37. Synthesis reaction of Au-NRs.

After UV-VIS analysis of the solution, the transversal absorbance maximum was found at 536 nm
and the longitudinal at 745 nm, which corresponds to an Au-NR length of approximately 50 nm?2%5
(Figure 38). Besides these two expected signals, an additional absorbance was detected at
580 nm, which could mean a possible formation of further morphologies such as Au spheres,
cubes or prisms.?®® Thus, TEM studies and optimization of the reaction parameters are needed
before using these Au-NRs in further applications.
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Figure 38. UV-VIS spectrum of Au-NRs.
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4.2. Au NPs as Gene Carriers

Due to its high cationic charge density, PEl is an ideal capping ligand to attach negatively charged
nucleic acids on the surface of Au NPs (see chapter 1.4.3.1.2.). This ability to bind DNA molecules
through electrostatic interactions was studied using Au-PEl NPs (AuPEIG in publication from
chapter 3.1) and a plasmid containing a green fluorescent protein (GFP) (Figure 39). If attached
to Au, this protein can be used as a reporter gene to monitor the successful NP transfection into
eukaryotic cells, as it can be easily identified and measured through fluorescence assays after
exposure to blue UV light.?%” Additionally, the use of NPs as transfection agents can overcome
the disadvantages of other gene carriers such as their increased cytotoxicity, non-special

interaction and aggregation in cells.?%%2%9

®
PAAC GFP ® O

®
©of © ® PEI
e © n— ¢

® ®® ® @@ GFP

Figure 39. Schematic representation of the attachment of a GFP plasmid on the surface of Au-PEI NPs through
electrostatic interactions.

Experiments were done combining Au-PEI NPs and GFP at weight ratios w(AuPEI):w(GFP) 4:1,
3:1 and 2:1. After purification via centrifugation, the AuPEI-GFP products were subjected to zeta
potential measurements (Figure 40). As expected, the surface charge of the buffered Au-PElI
control (Figure 40, black bar) changed from positive to negative after reaction with the plasmid,
signalizing a successful GFP attachment to the NP surface. The increase of negative charge was
proportional to the amount of GFP added to the sample, as seen for the 2:1 NPs (Au-PEI-GFP2)
with the highest negative surface charge of -17 mV (Figure 40, purple bar). The size and
morphology of the Au-PEI-GFP2 NPs was investigated with TEM analysis, which showed an
increase in sizes from 4 + 1 nm (Au-PEI NPs) to 16 + 3 nm after addition of GFP to the Au solution
(Figure 41). This increase was also evident by a color change of the solution from light red to

purple (Figure 41c).
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Figure 40. Zeta potential measurements of Au-PEI NPs (control) and Au-PEI-GFP NPs at different ratios.
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Figure 41. TEM image (a) and size distribution of Au-PEI-GFP2 NPs (b). Color change of Au-PEI NPs after addition of
GFP (c).

The transfection of the AUPEI-GFP2 NPs into GSCS was investigated by incubation in different
cell lines, followed by a qualitative analysis using bright-field and fluorescence microscopy (Figure
42). Results summarized in Table 2 reveal that a successful transfection of Au-PEI-GFP2 NPs -
visible by a fluorescent signal inside the cells - is dependant on the cell line used. Although Au-
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PEI-GFP2 NPs are transfected into most cell types, (BTSC)407 cells show almost no effect after
treatment with NPs. Similar observations were made when the (BTSC)407 cell line was treated
with AuPEI-FITC and AuPVA NPs (publications from chapters 3.1 and 3.2).

Figure 42. Bright-field (left) and fluorescent microscopic images (right) of HEK cells incubated with AUPEI-GFP2 NPs.

Because a negative surface charge of the NPs can result in low cellular uptake in GSCs,
functionalization with an additional capping ligand (e.g. PEG or SiO,) should be performed on Au-
PEI-GFP NPs to obtain an optimal “weakly positive” surface. Furthermore, the incorporation of a
specific receptor-mediated binding should enhance the internalization and transfection of AuPEI-
GFP NPs.%°

Table 2. Qualitative studies indicating transfection of Au-PEI-GFP2 NPs into cells based on visible fluorescence under
the microscope. Green tick: fluorescence signal was detected, red ex: no fluorescence visible.

Cell line HEK | JHH520 | RAV19 | 233 | Sf188 | BTSC407
Visible fluorescence X X
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4.3. Au-Cyclodextrin NPs for Drug Delivery

As stated in chapter 1.4.3.1, host-guest system such as cyclodextrins can be combined with NPs
to efficiently attach and release water insoluble drugs in a non-covalent matter. To this end, an in
situ Au NPs formation and simultaneous functionalization with cyclodextrin was attempted based
on five different synthesis routes described in the literature.?’2”® The synthesis parameters used
for each reaction and results of DLS measurements are displayed in Table 3. For all reactions,
KAuCls was used instead of chloroauric acid (HAuCls), as a more affordable solid precursor. From
all synthesis methods, the reduction of KAuCls using NaBH4, based on the work of Brugnerotto et
al.?’? yielded the most monodisperse solution with a single NP species of approximately 159 nm
(Table 3, entry 3). The other NP solutions (Table 3, entries 1, 2, 4 and 5) presented two or three
different sized NPs, most likely due to the effect of the parameter changes made on the final

result, and were not used for further applications.

Table 3. Synthesis of cyclodextrin-modified Au NPs. Size and size distribution were determined via DLS measurements
of aqueous solutions after purification.

Enti Reaction parameters Size Size distribution
y P (nm) y scale: Intensity (%), x scale: Size (nm)
: : VAN
R-Cyclodextrin, pH 7.4 . e : : f; \
1 KAuCl, > Au-Cyclodextrin NPs 66, 263 ~ : i foA
H,0, 100°C, 30 min l : : VAN
° T T T T e T T e T Tobee
o .
3-Cyclodextrin, NaOH = A
2 |KAuCl, Y » Au-Cyclodextrin NPs | 12,61,246 | = AV
H,0, 70°C, 20 min : ,f i \\ PN
3-Cyclodextrin, NaBH . “’
3 KAUCI, y 4 Au-Cyclodextrin NPs 159 . )
H,0, rt, 12h .
z S

R-Cyclodextrin, Na-Citrate i : : » :
4 KAuCI . » Au-Cyclodextrin NPs | 330, 5062 DS JURRURNE SR SR fN L
o H,0, 100°C, 1 h Y i+ : ey

...............................

R-Cyclodextrin, NaBH., , S S .‘|
5 KAuCl, = Au-Cyclodextrin NPs | 43, 205, 5662 AT
H0, rt, 18h spo e

The most monodisperse Au-Cyclodextrin NPs (Table 3, entry 3) were examined with TEM

analysis, which showed the formation of flower-like Au nanostructures of approximately
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60 £ 16 nm (Figure 43), instead of the expected spherical morphology. To test their ability as drug
delivery probes, these nanostructures were later reacted with the GLS1 inhibitor CB839 (see
section 1.6.2). In accordance with the method described in the publication in chapter 3.2, the
unreacted drug was separated from the NP-drug product using centrifugation and the amount of
CB839 in the supernatant was quantified using HPLC. As Figure 44 shows, the HPLC
chromatogram of the supernatant from the reaction of Au-Cyclodextrin NPs with CB839 displayed
the peak corresponding to CB839 after a retention time of 9 min, as seen for Au-polymer NPs
(chapter 3.2). Additionally, a new peak of lower intensity was found after 12 min. A possible
explanation for this new detected signal may be that the cyclodextrin-CB839 complex can detach
from the Au “nanoflower” and is collected in the supernatant after centrifugation. However, further

studies are needed to identify the substance detected at 12 min and prove this hypothesis.
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Figure 43. TEM image and size distribution of Au-Cyclodextrin nanostructures.
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Figure 44. HPLC chromatogram of the supernatant of the reaction of Au-Cyclodextrin NPs and CB839.
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With the purpose of forming a stronger bond between Au NPs and cyclodextrin, a thiol function

was incorporated to the latter by replacing its terminal -OH groups with -SH ones (Figure 45).

/HS‘\J . \ Hsﬁ
Hc,/ SheS el
AUNPS > Au-S-Cyclodextrin > Au-S-Cyclodextrin-CB839

Figure 45. Schematic representation of Au NPs functionalized with thio-cyclodextrins for delivery of CB839.

Furthermore, pre-formed Au NPs of known stability and drug loading capacity can be employed
in a ligand combination strategy to increase the loading efficiency of the nanocarrier. This
approach was tested using AuPVA NPs, which were able to load the highest amount of CB839
on its surface of all Au-polymer NPs tested (see publication, chapter 3.2). After the reaction of
AuPVA NPs with heptakis(6-deoxy-6-thio)-p-cyclodextrin (SH-cyclodextrin, resulting in AUPVA-S-
Cyclodextrin NPs), the NP size increased from 21 to 290 nm, which was visible from the solution
color change from red to deep purple (Figure 46 a,b). After measuring the absorbance of CB839
at the same concentration used for the synthesis of AuPVA-S-Cyclodextrin-CB839 NPs and that
of the supernatant collected, the drug loading efficiency was estimated to be around 60% (Figure
46c¢, for calculation details see publication, chapter 3.2). While repetitions and additional analysis
using HPLC are needed for an exact quantification, this value represents the potential of ligand
combination approaches to increase the drug loading capabilities of nanocarriers. Since the
agglomeration state of NPs can have a significant effect on their reactivity and toxicity in vivo (see
chapter 1.5.2), their dispersity and size have to be closely monitored after each functionalization

step.
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Figure 46. Reaction of AuPVA NPs with SH-Cyclodextrin and CB839. Solution and DLS size distribution of AuPVA
NPs (a) and AuPVA-S-Cyclodextrin NPs (b). UV-VIS spectra of CB839 and of supernatant collected after reaction of
AuPVA-S-Cyclodextrin NPs with CB839 (c). * Drug loading efficiency was estimated from the absorbance of the CB839
added to the reaction, compared to the absorbance of the supernatant.

4.4. Au NPs for Photodynamic Therapy

Photodynamic therapy, a promising minimally invasive strategy to treat cancer, consists of
administering a photosensitive drug (also called photosensitizer) to tumor tissues, which are later
destroyed through reactive oxygen species produced by irradiation with an external light
source.?’* 5-Aminolevulinic acid (5-ALA) is an example of a photosensitizer widely used in clinical
applications. Even though 5-ALA has good biocompatibility, its zwitterionic nature hinders efficient
penetration into cell membranes and therefore a sufficient accumulation in tumors.?”® The use of
5-ALA-conjugated Au NPs have already demonstrated to specifically accumulate in tumor
vasculature, resulting in an enhanced ROS formation and high destruction efficacy of cancer cells

with minimal damage to healthy cells.?"®

Using the previously described AuPEI NPs (AuPEI6 in publication from chapter 3.1), 5-ALA can
be immobilized on the surface of the positively charged nanocarriers using electrostatic
interactions. Based on the synthesis published by Oo et al.,?® 5-ALA was combined with AuPEI
NPs at a concentration of 1 mmol/L in Dulbecco's Modified Eagle Medium (DMEM).
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UV-VIS spectroscopy measurements (Figure 47) showed no apparent shift in the absorption peak
of AUPEI NPs at 520 nm, and thus no NP agglomeration after conjugation with 5-ALA:
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0.006
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0.002
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Figure 47. UV-VIS measurements of AUPEI (grey line) and AuPEI-5-ALA (red line) NPs.

DLS measurements of AuPEIl in DMEM (Figure 48, red line) showed NPs of two different sizes,
most likely corresponding to “bare” AuPEl NPs (smaller size of ~15 nm) and AuPEl NPs
presenting an additional protein corona formed after the NPs come in contact with the different
proteins contained in the medium'®(~ 83 nm). After conjugation with 5-ALA, the hydrodynamic
diameter of AUPEI NPs increased from 83 nm to approximately 134 nm (Figure 48, green line),
which speaks for a successful addition of 5-ALA to the gold surface.

114



Size Distribution by Intensity

BB o 10 A
. WO S S — AuPEI
2 - AuPEI-5-ALA
R o . L I
£
| TR U W - i T, T N
o
01 1 10 100 1000 10000

Size (d.nm}

Figure 48. DLS measurements of AUPEI (red line) and AuPEI-5-ALA (green line) NPs.

TEM investigations of the AuPEI-5-ALA NPs revealed a slight size increase in some cases from

the starting 4 + 1 nm (AuPEI NPs) to an average of 7 £+ 2 nm after reaction with 5-ALA (Figure

49). The functionalization of the Au nanospheres with a PEI-5-ALA surface shell was also visible

in high resolution images (Figure 49b) of AuPEI-5-ALA NPs.

Figure 49. TEM images (a, b) and size distribution (c) of AuPEI-5-ALA NPs.

Experiments to test the effect of AUPEI-5-ALA NPs in combination with photodynamic therapy for

the treatment of cancerous cells are underway.
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4.5. Loading of Other Anticancer Drugs onto Au NPs

Besides loading of the GLS1 inhibitor CB839 onto Au NPs (publication in chapter 3.2), additional
efforts were made to immobilize other anticancer therapeutic agents onto Au nanocarriers. Due
to the favorable results involving the decrease of cell proliferation and migration mechanism in
GB cells, experiments were conducted with the compounds known as MSAB and LGK974. Both
molecules are inhibitors of the Wingless (Wnt) signaling pathway, which is thought to be
responsible for promoting stem cell properties and resistance to both radio- and chemotherapy in
GB.277’278

3-[[(4-Methylphenyl)sulfonyllamino]-benzoic acid methyl ester (MSAB) can be synthesized in an
one-step reaction forming N-S bonds from the direct coupling of sodium p-toluenesulfunic acid
with methyl-3-nitrobenzoate (Figure 50). In this Fe?* catalyzed reaction, NaHSO; acts as a

reductant and DMDACH as an additive to provide MSAB in good yields under mild conditions.?”®

NaHSO; o /O
o O_N FeCl, (10 %mol) \\s/\ o
// + o Dimethyl-1,2-diaminocyclohexane(DMDACH) ”
S ® ~ . 0
0© DMSO, 60°C

Na
0

Sodium p-Toluenesulfunic acid Methyl-3-Nitrobenzoate 3-[[(4-Methylphenyl)sulfonylJamino]-benzoic
acid methyl ester
(MSAB)

Figure 50. Synthesis reaction of MSAB, based on ref. 279.

MSAB formation was confirmed using 'H-NMR spectroscopy (Figure 51), which showed the
methylene protons of the -CHs group at 2.3 ppm (1 in Figure 51), as well as aromatic protons at
7.4 ppm (2 in Figure 51). The single proton of the sulfoamide group was located at 3.3 ppm (3 in
Figure 51). Methine protons with chemical shifts of 10.5, 7.6 and 7.6 ppm correspond to number
4,5 and 6 in Figure 51. Lastly, the methylene protons of the ester groups, with an integral of three,

appeared at 3.8 ppm (7 in Figure 51).

Besides the expected signals corresponding to the product, unidentified peaks were also found
in the spectrum. Therefore, optimization of the synthesis parameters and of the flash

chromatography purification method is needed before combining the MSAB product with Au NPs.
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Figure 51. "H-NMR spectrum of MSAB in DMSO-d6.

For the reaction of LGK974 with Au NPs, a stock of the inhibitor dissolved in DMSO was added
to the aqueous solution of previously prepared Au-Citrate NPs (described in chapter 4.1.2),
according to Figure 52a. TEM investigations of the product suspension revealed the appearance
of elongated structures, most likely corresponding to the LGK974 stock, after depositing the
water-DMSO mixture onto the TEM grid. As the images b-d (Figure 52) show, the Au NPs are not
homogeneously dispersed anymore (as seen in Figure 33) but seem to be gathered around these
“bars”, which could be a sign of insufficient miscibility of the DMSO stock with the rest of the water

solution.
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P Au-LGK9I74 NPs

Figure 52. Reaction of LGK974 and Au-Citrate NPs. Synthesis scheme (a) and TEM images (b-d).

Subsequently, the Au-LGK974 NPs were isolated from the solvent mixture via centrifugation,
washed and resuspended with DMSO to remove unreacted LGK974 and studied again with IR
spectroscopy and TEM. The characteristic IR bands of the LGK974 (Figure 53, blue line) are only
visible to some extent in the spectrum of Au-LGK974 NPs (Figure 53, black line), showing only
the C=0 stretch at 1685 cm™ and the C-N stretch (1536 cm™")?® with low transmittance.
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Figure 53. IR spectra of LGK974 (blue line) and Au-LGK974 NPs (black line).
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The solvent change of the NPs from water to DMSO caused the Au-LGK974 NPs to agglomerate,
as displayed in Figure 54a. This agglomeration effect when using DMSO was also found in the
reaction of MSAB and CB839 with Au-Citrate NPs (Figure 54b,c), which is why further
experiments were done dissolving inhibitors in ethanol (as described in the publication of chapter
3.2). Thus, even though the solubility of MSAB, LGK974 and CB839 is higher in DMSO, an
ethanol stock of lower concentration is more suitable for reactions with Au NPs to avoid losing the
intrinsic properties of the nanomaterials.

Figure 54. TEM images of Au-Citrate NPs reacted with DMSO stocks of LGK974 (a), MSAB (b) and CB839 (c).
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5. Summary and Outlook

The aim of this work was the synthesis of biocompatible Au NPs to efficiently deliver
pharmacological therapeutics and enhance their effect for the treatment of GB, particularly

eradicating the most therapy resistant cell population of tumor stem cells.

This task was initially approached by developing rapid and straight-forward reaction routes able
to produce monodisperse small-sized Au nanospheres in aqueous solutions. A microwave-
assisted method was selected as a time-efficient and energy-saving alternative compared to
conventional decomposition methods, as it allows the simultaneous optimization of different
reaction parameters through fast serial experiments. Using this technique, “hot spots” surpassing
the boiling point of water and minimizing the heating phase of the solution®'282 were exploited to
create Au NPs with a narrow size distribution. This microwave “superheating effect” supported
the efficient reduction of the precursor KAuCl, after only 2 min. The PEI polymer was added to
the reaction to serve as a capping ligand to the formed NPs, able to protect them against
agglomeration and potentially serve as a surface matrix to conjugate therapeutic compounds, as
commonly seen in gene therapy.'® Additionally, PEI served as a reducing agent in the synthesis
through a redox reaction involving the oxidation of the alpha carbon of its amine group and the

reduction of the Au" salt to Au®.
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Figure 55. Synthesis of AUPEI NPs. Size and polydispersity depending on KAuCl4:PEI ratio (a), size distribution of
AuPEI6 NPs (b) and size increase of AUPEI6 NPs depending on dialysis time (c).

120



Even though the alteration of precursor-to-ligand ratio can provide moderate size control in the
formation of Au NPs, the experiments done with KAuCls and PEI showed that a stochiometric
variation not only affected the NP size distribution but also their polydispersity. DLS
measurements of the Au NPs synthesized with the nkauciu/nper molar ratios of 1 to 10 resulted in
diameters between 24 and 67 nm (Figure 55a) with the lowest polydispersity and smallest size of
the AuPEI corresponding to nkaucu/neer = 6 (AUPEI6 NPs, Figure 55b). Furthermore, the dialysis
purification process to remove unbound PEI also played an important role on the size of AuPEI

NPs, causing agglomeration of the Au cores if 24 h were exceeded (Figure 55c).

Investigations about a possible uptake of these Au NPs by GSCs were possible by binding the
fluorescent marker FITC on the NP surface. The labelling of the AUPEI NPs with FITC proceeded
by following four different routes, which resulted in fluorescent AuPEI-FITC NPs with sizes
between 3 and 6 nm (Figure 56), as investigated using TEM analysis. Gold and sulfur STEM-EDX
elemental mapping confirmed the attachment of FITC to every NP type, as expected based on
the strong interactions of its isothiocyanate group with the Au metal.'®! While this attachment was
stable in physiologically relevant pH values 6-8 and even after being taken up by cells, the amount
of bound FITC variated between samples as fluorescence measurements of AuPEI-FITC NPs
showed. A comparison between the fluorescence of “free” FITC and the lower intensities found
for the NPs demonstrated the fluorescence quenching abilities of Au. The ratio of fluorescent NPs

was estimated to be at least 50%.

Route 1 Route 2 Route 3
/ & o+ + Y & o+ + e \
KAuCI, PEI FITC KAuCl, PEI PEI FITC

l

|
|

.
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! LA B ) b %
AUPEI-FITC1 KAuCI,
d

Figure 56. Synthesis of AUPEI-FITC NPs using four different reaction routes.
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Qualitative studies about the NP uptake were made after incubating three spheroid GSC lines —
known to adequately recapitulate tumor pathophysiology and being able to create tumors in
mice?27277:283 _ with the AUuPEI-FITC NPs and acquiring several images with a fluorescence
microscope. Among the plated cells, almost all neurospheres displayed a green fluorescence on
their inside, corresponding to internalized AUPEI-FITC NPs. Still, for drug delivery purposes, it is
important to distinguish between NPs which are only bound to the surface of cells (“adsorbed”)
and the ones which are truly internalized. This differentiation was done using Trypan Blue dye,
which is able to quench all extracellular fluorescence after being applied to the cell suspensions.
Quantification experiments using FACS and Trypan Blue quenching revealed that the percentage
of internalized NPs is highly dependent on the NP type and thus the route with which it was

synthesized, as well as on the cell line in which it was tested (Table 4).

Out of all the NP types, AuPEI-FITC1 NPs, synthesized via a novel one-pot reaction (Figure 56,
Route 1), presented the highest internalization after only an hour (~ 53%), making them the most
suitable vector for drug delivery into GSCs out of the four synthesized AuPEI-FITC NPs. While
the difficulty of internalizing NPs into these cells remains, the simple reaction yielding AuPEI-

FITC1 NPs allowed for at least half of the cells of each cell line to get transfected.

Table 4. Fraction of cells with adsorbed and internalized vs. internalized AuPEI-FITC NPs in different GB cell lines.

AuPEI-FITC1 AuPEI-FITC2 AuPEI-FITC3 AuPEI-FITC4
. Adsorbed+ Adsorbed+ Adsorbed+ Adsorbed+
Cell line Internalized Internalized Internalized Internalized
internalized internalized internalized internalized
(%) (%) (%) (%)
(%) (%) (%) (%)
GBM1 63 61 56 29 52 7 65
JHH520 60 51 75 44 77 39 76
407 49 47 53 33 60 9 54
Average
57 53 61 35 63 18 65 7
(all)

A relatively low cytotoxicity at concentrations of 0.25 to 2 mg/L and incubation times shorter than
24 h was found for AUPEI-FITC NPs using the MTT assay. This is a positive result given that Au
NPs should serve as carriers for more specific tumor-killing compounds. Special characterization
of the NPs is needed after their internalization into cells, since pH changes, formation of protein
coronas with medium proteins, polymer degradation and other ionic interactions happening during

uptake processes contribute to NP agglomeration, toxicity and loss of their special properties.
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Given the unsatisfactory current treatment of GB with temozolomide, further pharmacotherapies
which could be delivered by GSC-penetrating Au NPs were examined in this work. Besides short
investigations with the promising cancer-drug candidates MSAB?"® and LGK974,2% special focus
was given to the inhibitor CB839. CB839 is a clinically investigated small molecular inhibitor of
the metabolic enzyme GLS1, known to play crucial roles in GSC biology and glutamine addiction
of rapid growing cancers in general.??® The difficulty of an immobilization of CB839 on the surface
of Au NPs lied in its relatively large size, poor water solubility and chemical inertness. Since the
superior efficacy of this drug candidate has currently been tested in several clinical trials, a CB839
loading should ideally not involve any structure modification, which could jeopardize its action.
Consequently, polymers were chosen again as non-covalent drug binding moieties and stabilizing

agents for Au NPs.

In addition to PEI, Au NPs were functionalized with citrate, PEG, PVA and PVP to provide further
functional groups possibly able to couple CB839 by physical adsorption or other attractive forces.
The Au-polymer NPs were synthesized either through one-pot routes or ligand-exchange
reactions starting from Au-citrate NPs. As seen by TEM, the reaction of these NPs with CB839
dissolved in ethanol did not cause any significant NP agglomeration and the Au core sizes

remained between 8 and 15 nm (Figure 57), depending on the surface ligand.
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Figure 57. TEM images of Au-citrate and Au-polymer NPs before (upper row) and after reaction with CB839 (lower
row).
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Since no detailed information had been published regarding quantification procedures for CB839,
a new HPLC method was developed by testing several ratios of water and methanol as the mobile
phase and a reversed phase C18 column as the stationary phase. An adequate separation of the
compound was attained after a retention time of 9 min with 33% of methanol, 67% of H,O and a
flow rate of 1 mL/min. The UV absorbance detected at 254 nm was used to create a calibration
curve with CB839 standards of different concentrations and subsequently determine the amount
of CB839 embedded to each NP sample.

The AuPVA NPs had the highest loading of CB839 with an efficiency of 12%, compared to the
Au-Citrate (8%), AuThioPEG (4%), AuPEI (1%) and AuPVP NPs (0%). We postulate that the
hydroxyl groups of the PVA chains accept hydrogen bonds from the amide-NH groups of CB839
but are also donors to the aromatic nitrogen atoms and to the amide C=0 groups of CB839. The
AuPEIl NPs were poor carriers for CB839, most likely because both components have similar
sizes (4 nm NPs and ~3 nm long CB839 molecule). Besides the H-bond capabilities and NP size,
other parameters such as chain length and surface arrangement of the polymers might play a role
in the drug loading efficiency. Mathematical calculations considering the drug loading efficiency
and the number of Au NPs and CB839 molecules in the sample were used to estimate that
approximately 60% of the AuPVA NPs carry at least one drug molecule. In general, embedding

such a large molecule to small Au NPs is extremely challenging.

The presence of CB839 on the surface of the AuPVA NPs was further confirmed through UV-VIS
spectra, in which an additional absorbance maximum at 240 nm appeared besides the distinctive
plasmonic peak at 550 nm (Figure 58). Moreover, IR spectra showed characteristic bands of the
CF3 and amide groups of CB839. Even though the detection of fluorine is difficult, STEM-EDX
mapping and EDX spectra of AuPVA-CB839 revealed the presence of F and Au in the same area
(Figure 58) and an elevated EDX signal at 677 eV on and around the Au NPs, corresponding to
the F-K shell.
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Figure 58. UV-VIS spectra and elemental maps (Au in pink, F in green) of AuPVA-CB839.
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The internalization of AUPVA NPs into GSCs was again investigated by functionalization with
FITC. The FITC loading efficiency for AuPVA NPs was about 23%. As seen by fluorescence
microscopy, the green fluorescence of FITC is present in the studied sphere sections (Figure 59),
even after quenching with Trypan Blue. Thus, AuPVA NPs are also suitable for drug delivery into
GSCs.

Figure 59. Fluorescence microscopy images of GB cells containing AuPVA-FITC NPs. Left: cells were stained blue
with DAPI, right: green fluorescence corresponds to the internalized NPs.

After the characterization of AuUPVA-CB839 NPs, the effect of the nano-delivered drug on GSCs
was evaluated using the colony formation assay. Compared to the previously employed MTT
assay, the colony assay did not require additional efforts to remove remaining Au before
measurements, as it does not rely on optical detection. Hence, there were no interferences with
the Au NPs. The ability to form monolayer and spheroidic colonies after treatment with CB839
and AuPVA-CB839 NPs was investigated in vitro with four different GB cell lines. For each
treatment, cells were grown in two conditions: either adherently with poly-D-lysine or in solution
with agarose media (Figure 60). Even though both methods presented different susceptibilities to
the treatment, the AuPVA-CB839 NPs enhanced the therapeutic effect in all cells tested with both
assays, compared to unmodified CB839. The smallest difference in colony formation with CB839
and AuPVA-CB839 NPs was seen for the glutaminase-high expressing U87 and JHH520 cell
lines, while the strongest effect was seen in agarose for BTSC407 cells, thought to be resistant
to CB839 due to their lower glutaminase activation levels. Thus, the abundancy of the glutaminase
enzyme might predict the sensitivity of GB cells towards CB839 and AuPVA-CB839 NPs.
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Figure 60. Colony Formation of U87 (a), JHH520 (b), GBM1 (c) and BTSC407 (d) cells after incubation with CB839
and AuPVA-CB839 NPs, using both the 2D poly-D-lysine and the 3D agarose method.

In addition to the effect of CB839-loaded Au NPs on colony formation, a quantification of the
amount of CB839 delivered into the cells is pending. Similarly, the effect of Au-CB839 NPs on
enzyme activity inhibition still needs to be investigated. Nevertheless, the use of physiological
relevant model systems and the functional data on diminished colony formation, unequivocally
proves the enhanced therapeutic potential of our nanodelivered CB839 drug, thereby presenting
a cornerstone for justifying the further exploitation of this approach in dedicated follow-up studies

in animals.

Experiments with AuPEl and AuPVA-CB839 NPs summarize the potential of tackling the
molecular heterogeneity of GB with nanotechnology given the subtype specific susceptibilities of
GSCs to the NPs. However, further studies concerning a possible association of delivery
resistance and molecular subtype are still needed. Furthermore, tests in animal models would
enhance the clinical prediction of the efficacy of drug-loaded Au NPs. To create a more targeted
therapy, the Au NPs could be additionally equipped with GSC-specific targeting moieties such as

antibodies, aptamers or peptides, e. g. CD133 and CD44 - directed anchor molecules.
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This work raises hope of finding alternatives treatments for GB patients, combining novel
pharmaceutics with potent easy-to-adjust theranostic nanoprobes. In the future, the results gained
here about drug delivery with Au NPs aim to improve neurooncology care by increasing the
bioavailability of drugs with durable anti-cancer effects at relevant tumor sites, while ideally
decreasing therapy-induced side effects observed with non-targeted treatments.
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6. Experimental Section

In this section, experimental details concerning the results from chapter 4 are listed. For materials

and methods used in the publications from chapters 3.1, 3.2 and 3.3 each individual publication

should be consulted.

6.1. Chemicals and Solvents

Chemicals and solvents used in experiments from chapter 4 are described in Table 5 in

alphabetical order. These were used without further purification unless specifically stated for each

reaction.

Table 5. Chemicals and solvents used.

Chemical Purity (%) Source
r?;ﬁ:glnh?éeréu;i?; Aaff) 98 Sigma Aldrich, Germany
Antibiotic-Antimycotic - Gsii?:ﬁt}l;ir;e,r(rane()r;ias:;r

L-Ascorbic acid 99 Sigma Aldrich, Germany
B27 supplement i Gibc_:o, '_I'_hermo Fisher
Scientific, Germany
Cetyg:io%eiéfleyzzrprgé);l fum 98 Sigma Aldrich, Germany
Chloroauric acid (HAuCl4) 99.99 Sigma Aldrich, Germany
B-Cyclodextrin (CD) 100 BLD Pharmatech, Germany
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Dichloromethane (DCM) 99.8 Fisher Scientific, Germany
Dicyclohexylcarbodiimide , .
(DCC) 99 Sigma Aldrich, Germany
Dimethyl-1,2-
diaminocyclohexane 95 Fluorochem, United Kingdom
(DMDACH)

Dimethylformamide (DMF) 99.9 Fisher Scientific, Germany
Dimethyl sulfoxide (DMSO) 99.5 Fisher Scientific, Germany
4,4’-Dithiodibutyric acid 95 Sigma Aldrich, Germany

Dulbecco's Modified Eagle : .
Medium (DMEM) without ; Gibco, Thermo Fisher
Scientific, Germany
pyruvate
Ethyl acetate 99.5 Sigma Aldrich, Germany
Gibco, Thermo Fisher
Fetal calf serum (FBS) - Scientific, USA
Ham's F12 Nutrient Mix i Gibco, Thermo Fisher
Scientific, Germany
Heparin - Sigma Aldrich, Germany
Heptakls-(6-deoxy.-6-th|0)-B- 95 Carbosynth, United Kingdom
cyclodextrin
Human basic fibroblast i Peprotech, USA
growth factor
N-Hydroxysuccinimide 98 Sigma Aldrich, Germany
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Iron(Il) chloride anhydrous

(FeCly) 99.5 Fisher Scientific, Germany
Methyl-3-nitrobenzoate 99 Sigma Aldrich, Germany
2-Mercaptoethanol 99 Carl Roth, Germany
Phosphate buffer saline ] Gibco, Thermo Fisher
cientific, German
(PBS) Scientific. G y
pmaxGFP plasmid, 3486 bp.
(GFP) - Lonza, Germany
Polyethylene glycol )
M.~10000 g/mol (PEG10000) - Fluka Chemie, Germany
Polyethylene glycol _
M.~600 g/mol (PEG600) - Fluka Chemie, Germany
Polyethylene glycol-
methyletherthiol - Sigma Aldrich, Germany
M.~800 g/mol (ThioPEG)
Polyethylenimine 25 kDa
branched (PEI) 99 Sigma Aldrich, Germany
Potassium Carbonate
(K2CO3) 99 Fisher Scientific, Germany
Potassium tetrachloridoaurate
98 Sigma Aldrich, Germany

(Ill) (KAuCls)
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Silver nitrate (AgNOs) 99.0 Sigma Aldrich, Germany
Sodium bisulfite (NaHSOs) >58.5 (SO2) Acros Organics, Germany
Sodium borohydride (NaBH4) 96 Merck, Germany
Sodium chloride (NaCl) 99.5 Carl Roth, Germany
Sodium citrate dihydrate 99.7 T Baer Ghomicals, The
Sodium hydroxide (NaOH) 99 AppliChem, Germany
Sodium sulfate (Na;SO.) 99.5 TCI Europe, Belgium
anhydrous ' ’
Tetrahydrofuran (THF) 99.9 Sigma Aldrich, Germany
p-Toluenesulfunic acid
sodium salt 96 J&K Scientific, Germany
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6.2. Instruments and Methods

6.2.1. Laboratory microwave

Nanoparticle synthesis was conducted in a Discovery laboratory microwave (CEM, Germany)
equipped with a reflux condenser. Solutions were irradiated for 2 min at 100 °C and 300 W while

stirring.

6.2.2. Dialysis

Purification of the NP solutions with dialysis was done against H,O using Spectra/Por®
membranes (Spectrum Laboratories, Germany) with a molecular weight cutoff of 3.5 kDa or
50 kDa.

6.2.3. Centrifugation

Purification of the NP solutions via centrifugation was done using an Allegra 64R centrifuge from
Beckman Coulter, Germany. Samples were centrifuged at 10000 rpm and 4 °C for 20 min in a

C0650 conical rotor.

6.2.4. Nuclear magnetic resonance (NMR)

All "TH-NMR spectra were measured at 298 K on an Avance 111-600 NMR spectrometer from

Bruker, Germany.

6.2.5. Transmission electron microscopy (TEM)

TEM images were recorded on a FEI Tecnai G2 F20 microscope®® operated at 200 kV
accelerating voltage using a Gatan UltraScan 1000P camera. Liquid samples were dropped onto
a 200 uym carbon-coated copper grid (Electron Microscopy Sciences #CF200-CU, Germany) and
dried in air prior to measurements. Analysis of size and size distribution was done counting over

50 particles with the Gatan Digital Micrograph software.
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6.2.6. Dynamic light scattering (DLS) and zeta potential

A Nano S Zetasizer instrument (Malvern, Germany) with a HeNe laser was used to determine the
hydrodynamic diameter and zeta potential of Au NPs at a wavelength of 633 nm. Three

measurements with four runs were done per sample.

6.2.7. Ultraviolet—visible spectroscopy (UV-VIS)

UV-VIS spectra were measured with a UV-2450 spectrometer (Shimadzu, Japan) between 200

and 800 nm. Spectra were analyzed using the UVProbe software.

6.2.8. Fourier transform infrared spectroscopy (IR)

IR spectra were recorded on a TENSOR 37 spectrometer (Bruker, Germany) in attenuated total
reflection mode (Platinum ATR-QL, Diamond) between 550 and 4000 cm~" after removing the

solvent of purified Au NP samples.

6.2.9. High-performance liquid chromatography (HPLC)

HPLC measurement were made with a LC 20AT prominence instrument (Shimadzu, Japan) with
an SPD-M20A detector and a Luna C18(2) (250 x 4.60 mm, 5 micron) column from
Phenomenex®. The sample loop volume was 20 pL, the flow rate was 1 mL/min and absorbance
was detected at a wavelength of 254 nm. Before each measurement, the column was flushed
with the methanol/H>-O mobile phase (33% methanol/67% H-0) for 30 min. The run time for each
measurement was 13 min. Quantification of the compound of interest was done by peak

integration using a calibration curve of the standard substance.
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6.3. Ligand and NP Synthesis
6.3.1. ThioPEl

The thiol-functionalized polymer ThioPEI was synthesized according to a procedure described by

Thomas et al.?58

O‘H O (@]
HO OH + o N DCC
WS*SW \V\_?§O - N—O o—N
i i DMF Y\/\S*SW
o) 0o o 0

Figure 61. Synthesis of bis-(N-hydroxysuccinimido)-4,4’-dithiodibutyrate.

The compounds 4,4’-dithiodibutyric acid (5.96 g, 25 mmol) and N-hydroxysuccinimide (7.48 g,
65 mmol) were dissolved in 25mL dimethylformamide (DMF). While stirring,
dicyclohexylcarbodiimide (DCC, 11.35 g, 55 mmol) dissolved in 20 mL DMF was added. The thick
yellowish suspension was stirred for 12 h at 5°C until the dicyclohexylurea by-product
precipitated. After addition of 10 mL of ethyl acetate, the precipitated white solid
(dicyclohexylurea) was filtered off and the ethyl acetate filtrate was washed twice with a saturated
NaCl aqueous solution and dried over anhydrous Na,SO.. After ethyl acetate evaporation, the
product was dissolved in dichloromethane (DCM), filtered to remove remaining dicyclohexylurea,
washed three times with a saturated K»CO3 aqueous solution, once with a saturated NaCl solution
and dried over NaxS0O4. 8.0 g (19 mmol) of bis-(N-hydroxysuccinimido)-4,4’-dithiodibutyrate were

obtained as a light-yellow solid after evaporation of DCM.
Yield: 74%.

"H-NMR (Acetone-d6, 600 MHz, 298 K): & = 2.8 ppm (s, —CH2, 8H), 2.6 ppm (m, —CH2, 4H),
2.2 ppm (m, —CHz, 4H), 1.7 ppm (m, —CHz, 4H).
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Figure 62. Synthesis of ThioPEI through reduction of the disulfides with 2-mercaptoethanol.

PEI (10 g, 0.4 mmol) was dissolved in 100 mL of a mixture of DCM:THF 5:3. 2 g (4.6

mmol) of

the obtained bis-(N-hydroxysuccinimido)-4,4’-dithiodibutyrate dissolved in 30 mL THF was then

added drop-wise over 3 min to the PEI solution and stirred for 15 h. After solvent evaporation, the

remaining viscous product was suspended in 100 mL of water. 4.8 mL of 2-mercaptoeth

anol was

added to this suspension and stirred for 2 h. The solution was filtered, and the filtrate was dialyzed

against water using a 50 kDa dialysis tube. After drying, 5 g of ThioPEI were obtained.

Yield: 42%.

"H-NMR (D20, 600 MHz, 298 K): & = 3.8 ppm (t, —CH2, 2H), 3.2 ppm (t, -CH2, 2H), 3.0 ppm (m,

—CHz, 4H), 2.9 ppm (s, —CHz, 2H), 2.8 ppm (m, —CHs, 6H).

6.3.2. Au-ThioPEI NPs

Y

KAuCl, + (0] Thio-PEl
H,O

N SH Au-Th
P \/\N u

Figure 63. Synthesis of Au-ThioPEI NPs.

NaBH, O O

ioPEI NPs
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0.52 g (0.2 mmol) of ThioPEI were dissolved in 12.5 mL H20 and stirred with 0.27 g (0.7 mmol)
KAuCls for 10 min. 1.4 g (37 mmol) of NaBH4 were dissolved in 20 mL H20 and added slowly to
the Au-ThioPEI solution. A direct color change from orange to dark red occurred. After additional
stirring for 24 h, the solution was dialyzed against H-O for 12 h using a 3.5 kDa tube and filtered
through a 0.45 ym syringe filter.

6.3.3. Au-PEG NPs
6.3.3.1. “One-pot” method

Sodium O O O

0 H citrate
KAuCl, + H% \4\0/ - OO
n
PEG

Microwave,
H,0 Au-PEG NPs

Figure 64. "One-pot" synthesis of Au-PEG NPs.

28 mg (2.8 umol) of PEG10000 were dissolved in 50 mL water and added to a round bottom flask
containing 6.3 mg (17 pmol) of KAuCls; and 40 mg (136 umol) of sodium citrate. The solution was
placed in a microwave equipped with a reflux condenser and irradiated for 2 min at 100 °C and

300 W while stirring. The red solution was dialyzed against water for 24 h using a 50 kDa tube.

6.3.3.2. Two-step method

. QU o ] Qo
= Q00 ™" Q
KAUCl, o > O%O ﬁ\ - O

Au-Citrate NPs Au-PEG NPs

Figure 65. Two step synthesis of Au-PEG NPs.
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5 mg (13.2 umol) KAuCls were dissolved in 50 mL H20 and heated to 100 °C on a heating plate.
23 mg (78.2 ymol) of sodium citrate were added and the solution was stirred until the color
changed to dark red. The Au-Citrate NPs were centrifuged (10000 rpm, 20 min, 4 °C) and
resuspended in 50 mL H>O. Subsequently, 2.6 mg (4.3 pmol) of PEG600 were added to the Au-
Citrate NP solution, stirred at room temperature for 12 h, centrifuged (10000 rpm, 20 min, 4 °C)

and resuspended in 50 mL H2O.

6.3.4. Au-ThioPEG NPs

Q
Sodium Q OO

KAUCl, - /%O\/ﬂ\o/\&_| citrate _ OOO

Microwave, .
ThioPEG Hzo Au-ThioPEG NPs

Figure 66. Microwave-assisted synthesis of Au-ThioPEG NPs.

20 mg (33.3 pymol) of ThioPEG were dissolved in 50 mL water and added to a round bottom flask
containing 6.3 mg (17 pmol) of KAuCls and 40 mg (136 umol) of sodium citrate. The solution was
placed in the microwave and irradiated for 2 min at 100 °C and 300 W while stirring. The red

solution was dialyzed against water for 24 h using a 50 kDa tube.

6.3.5. Au-PEI-ThioPEG

Q9 0 Q0D
OO%O + %\/ﬂ:O/\SH — - 080

ThioPEG

Au-PE| NPs Au-PEI-ThioPEG NPs

Figure 67. Synthesis of Au-PEI-ThioPEG NPs.
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20 mg (33.3 pymol) of ThioPEG were added to 10 mL of an Au-PEI NP solution (for synthesis see
AUuPEI6 in publication from chapter 3.1), stirred for 24 h at room temperature and dialyzed against

water for 24 h using a 50 kDa tube.

6.3.6. Au Nanorods

CTAB ,L@ Br -

NaBH,, Ascorbic acid, AGNOs | —_—
HAUCI, >

H,0

Au Nanorods

Figure 68. Synthesis of Au nanorods.

The synthesis of Au nanorods with 10 nm in diameter and 45 nm in length was attempted by
modification of the seed-mediated growth method published by Khanal et al.?®** The method
consists of the preparation of a seed solution and a growth solution by previously dissolving
several compounds in water. All amounts of the chemicals and H,O solvents used for the

synthesis are indicated in Table 6.

To prepare the seed solution, A and B (for naming of solutions see Table 6) were mixed and ice-
cold C was added under vigorous stirring. The solution color changed from green/yellow to brown.
Stirring was continued for 5 min. For the growth solution, D and E were combined without stirring
and heated to 25 °C. F was added, followed by G and the mixture became colorless after 5 s of

gently swirling the flask.
Afterwards, 0.8 mL of the seed solution was added to the entire growth solution (~535 mL), stirred

for 30 s and heated to 27 °C. Without stirring, the solution color changed to red/brown and the

growth of the nanorods was complete after 30 min.
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Table 6. Chemicals used for the preparation of the growth and seed solutions. Each compound was dissolved
separately in the indicated H>O volume.

Solution Compound Mass (mg) Amount of substance H20 volume

(umol) (mL)

A CTAB 364.0 998.8 5.0

B HAuCls-3H20 1.0 25 5.0

Cc NaBH. 3.8 100.4 10.0

D AgNO3 8.5 50.0 12.5

E CTAB 18220 499931 250.0

F HAuCls-3H20 98.5 250.1 250.0

G Ascorbic acid 69.4 394.0 5.0

6.3.7. Au-PEI-GFP NPs

Q 950
OOOO + GFP - - %80

Au-PEI-GFP NPs

Au-PEI NPs

Figure 69. Synthesis of Au-PEI-GFP NPs.

Au-PEI NPs were synthesized according to the method described for AUPEIG6 in the publication in
chapter 3.1. Different volumes of the aqueous Au-PEI NP solution were combined with 6.3 uL of
a suspension containing the GFP plasmid (C = 0.5 g/L) at the ratios w(AuPEI):w(GFP) 4:1, 3:1
and 2:1. After purification by centrifugation, HEPES buffer was added to the pellets to give a final
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volume of 1.5 mL. The sample with the ratio w(AuPEI):w(GFP) 2:1 (Au-PEI-GFP2) was chosen

for transfection experiments (see section 6.4).

6.3.8. Au-Cyclodextrin NPs

Methods used to synthesize Au-Cyclodextrin NPs were briefly described in Table 3. Modifications

to the published routes were done as follows:

Table 3, Entry 1 from ref. 270: 113.5 mg (100.0 ymol) of B-cyclodextrin (B-CD) were suspended
in 10 mL of H.O and mixed with 3.8 mg (10.0 uymol) of KAuCl, (dissolved in 1 mL H2O) and 5 mL
PBS. The solution was heated to 100 °C, stirred for 30 min and purified by centrifugation.

Table 3, Entry 2 from ref. 271: 2 g (1.8 mmol) of 3-CD were suspended in 247 mL H>O. 3.8 mg
(10.0 pmol) of KAuCls were dissolved in 1 mL H>O and added to the B-CD. After 2 min, 100 mg
(2.5 mmol) NaOH dissolved in 2.5 mL H>O were added and the solution was heated to 80 °C until

its color changed to pink. The solution was purified by centrifugation.

Table 3, Entry 3 from ref. 272: 3.8 mg (10.0 pmol) of KAuCls were dissolved in 100 uL H.O and
added to a solution containing 50 mg (44.1 umol) B-CD and 10 mL H»O. 600 pL of an aqueous
NaBH4 (C = 0.02 mol/L) solution were added to result in a dark red color. The reaction was stirred

for 12 h and purified by centrifugation.

Table 3, Entry 4 from ref. 273: 37.8 mg (100.0 pymol) of KAuCls were dissolved in 90 mL H»O.
1.5 g (1.3 mmol) of B-CD were added and the solution was heated under reflux. A solution of
117.6 mg (400.0 ymol) sodium citrate in 10 mL H>O was added through a septum and the mixture

was refluxed for additional 15 min. After cooling, the solution was purified by centrifugation.

Table 3, Entry 5 also from ref. 273: 4.7 mg (12.5 pmol) of KAuCls were dissolved in 50 mL H.O
and mixed with 0.5 g (0.5 mmol) of B-CD and 1 mL of a NaBH4 (0.1 mol/L) solution at 22 °C until
the solution turned orange. The reaction was stirred for 18 h at room temperature and purified by

centrifugation.
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6.3.9. Au-5-ALA NPs

Au-PEI NPs 5-ALA

Figure 70. Synthesis of Au-PEI-5-ALA NPs.
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Au-PEI-5-ALA NPs

pH 7.5

16.8 mg (100.0 pmol) of 5-aminolevulinic acid hydrochloride (5-ALA) were dissolved in 100 mL
DMEM and filtered with a 0.2 ym syringe filter. 723 pL (~ 2.3 ymol/L Au) of a solution of Au-PEI
NPs (AuPEI6 in the publication from chapter 3.1) were added and the pH value of the solution

was adjusted to 7.5 using a 1 mol/L NaOH aqueous solution. The final gold concentration of the

sample was approximately Ca, = 317.5 ymol/L.

6.3.10. MSAB

NaHSO;
FeCl, (10 %mol)

Dimethyl-1,2-diaminocyclohexane(DMDACH)

O,N
(0}
// .
—<: :>— (¢}
S\ 5 ® \©\H/ N
O~ Na

(e}

Sodium p-Toluenesulfunic acid Methyl-3-Nitrobenzoate

Figure 71. Synthesis of MSAB.

DMSO, 60°C

)
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3-[[(4-Methylphenyl)sulfonyllamino]-benzoic
acid methyl ester
(MSAB)

7.8 g (75.0 mmol) of NaHSO3, 6.7 g (37.6 mmol) of p-toluenesulfunic acid sodium salt, 4.5 g

(24.8 mmol) methyl-3-nitrobenzoate and 0.3 g (2.4 mmol) FeCl, were dissolved in 100 mL
dimethylsulfoxide (DMSO). 0.7 g (4.9 mmol) of dimethyl-1,2-diaminocyclohexane (DMDACH)
were added and the suspension was stirred at 60 °C for 20 h. After addition of 400 mL H-O, the
product was extracted three times with DCM and dried over anhydrous NaSOg4. After solvent

removal, purification was done by flash chromatography on a silica gel column.

141



Yield: 94%.

"H-NMR (DMSO-d6, 600 MHz, 298 K): 8 = 10.5 ppm (s, —CH, H), 7.7 ppm (t, =CH, H), 7.6 ppm
(m, —CH, 2H), 7.4 ppm (m, —CH, 4H), 3.8 ppm (s, —CHs, 3H), 3.3 ppm (s, —NH, H), 2.3 ppm (s, —
CHs, 3H).

6.3.11. Au-LGK974 NPs

Q9 g Q
Q QQ + |N/\ P " _ ®)
OO H H,O, DMSO

Au-Citrate NPs LGK974 Au-LGK974 NPs

Figure 72. Synthesis of Au-LGK974 NPs.

5 mg (13.2 umol) KAuCls were dissolved in 50 mL H,O and heated to 100 °C on a heating plate.
23 mg (78.2 ymol) of sodium citrate were added and the solution was stirred until the color
changed to dark red. The Au-Citrate NPs were centrifuged and resuspended in 50 mL H»O.
Subsequently, 630 yL of a LGK974 solution in DMSO (10 mmol/L) were added to the Au-Citrate
NP solution, stirred at room temperature for 12 h, centrifuged and resuspended in 50 mL H,O.
After initial TEM analysis, the sample was washed with DMSO, centrifuged and resuspended in
50 mL DMSO for further evaluation.
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6.4. Cell Experiments

GB cells were generously provided as follows: JHH520 (G. Riggins, Johns Hopkins, Baltimore,
USA), Sf188 (E. Raabe, Johns Hopkins, Baltimore, USA), BTSC(407) and 233 (M.S. Carro,
Freiburg University, Germany), RAV19 (M. Proescholdt, Regensburg University, Germany). GB
cells were cultured in DMEM without pyruvate, 30% Ham's F12 Nutrient Mix, 2% B27 supplement,
20 ng/mL human basic fibroblast growth factor, 20 ng/mL human epidermal growth factor and
5 pug/mL heparin. Human embryonic kidney (HEK) cells were cultured in DMEM without pyruvate
supplemented with 10% fetal calf serum. Both media contained 1xAntibiotic-Antimycotic. All cells
were cultured at 37 °C and 5% CO..

For the transfection experiments of Au-PEI-GFP2 NPs (section 6.3.7), 10000 cells were seeded
in 96-well plates and incubated with 50 L of the suspension containing Au-PEI and GFP at a 2:1
ratio for 6 h. The NP-containing medium was removed, and wells were examined under a bright-

field and fluorescence microscope.
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