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ABSTRACT

LENGTH-DEPENDENT SELECTIVE KILLING OF BRAIN CANCER CELLS
USING POLYGUANINE MODIFIED GOLD NANOPARTICLES

Gold nanoparticles (AuNPs) are investigated as a promising therapeutic agent in
nanomedicine due to their easy synthesis and surface functionalization. AuNPs also have
extraordinary physicochemical properties such as inertness, being plasmonic and
biocompatible. AuNPs can be modified using variety of molecules including biological
ones, such as deoxyribonucleic acid (DNA), peptides, proteins, carbohydrates for highly
exciting applications in various fields of therapeutic nanomedicine such as drug delivery,
gene therapy, sensing, detection, and imaging. Among these biological molecules,
therapeutic use of oligonucleotides, more specifically guanine-rich (G-rich)
oligonucleotides, gain interest due to their anti-proliferative effects in malignant tumor
cells. Surface functionalization of AuNPs using G-rich oligonucleotides are being studied
in nanomedicine, however, little is known about the cellular response of these hybrid
structures as potential therapeutic agents. In this study, we aimed to investigate length-
dependent cellular responses of oligonucleotide modified-AuNPs. With this goal in mind,
polyadenine-tailed polyguanine sequences (G10 and G20) are used to functionalize the
surface of AuNPs. Resulting nanostructures, G10-AuNPs and G20-AuNPs, are used to
investigate their effect through cell cycle analysis, apoptosis induction, cellular uptake
studies, as well as in vitro cytotoxicity assessments. As a result, increasing number of
guanine bases showed enhanced cellular uptake (1.86 fold), increased cell accumulation in
S phase (1.67-fold) and G»/M phase (1.34-fold), and elevated induction of apoptosis (two-
fold) in glioblastoma (GBM) cells (U87MG and U373) when compared with normal
human astrocytes (NHA). In conclusion, the data suggests length-dependent selective

killing of GBM cells using polyguanine modified-AuNPs.



OZET

POLIGUANIN-MODIFIYE ALTIN NANOPARCACIKLAR iLE BEYIN KANSERI
HUCRELERININ UZUNLUK-BAGIMLI SECICi OLUMU

Sentezi ve yiizey modifikasyon reaksiyonlari1 kolay olmasi1 sebebiyle altin nanopargaciklar
(AuNP) nanotip alaninda gelecek vaadeden bir terapdtik ajan olarak galisilmaktadir. Ayni
zamanda, AuNP’ler, inert, biyouyumlu ve plazmonik olma 0&zelliklerinden kaynakli
olagantistii fiziksel ve kimyasal 6zelliklere sahip nanoparcaciklardir. AuNP’lerin yiizeyleri
deoksiriboniikleik asit (DNA), peptit, protein, karbonhidrat gibi bircok farkli biyolojik
molekiilerle modifiye edilebilir ve yilizeyleri modifiye olmus AuNP’ler ilag tasima, gen
terapisi, algilama, tespit ve goriintiileme gibi terap6tik nanotip alanlarinda olduk¢a merak
uyandiricidirlar.  Bu  biyomolekiiller ~ arasinda  guanince-zengin  (G-zengin)
oligoniikleotitlerin terapdtik kullanimlar1 oldukea ilgi ¢ekmektedir ¢iinkii kanser hiicreleri
tizerinde anti-proliferatif ozellikleri vardir. G-zengin oligoniikleotitle ylizey modifiye
AuNP’ler calisilmakla birlikte, bu potansiyel terapétik tasiyicilarin hiicresel tepkileri
hakkinda az bilgi bilinmektedir. Bu c¢alismada, oligoniikleotit-modifiye AuNP’lerin
uzunluk-bagiml hiicresel tepkilerinin arastirilmasi amaglanmistir. Bu ¢ercevede, AuNP
ylizey modifikasyonlar1 i¢in poliadenin kuyruklu poliguanin (G10 ve G20) sekanslari
kullanilmistir. Elde edilen nanopargaciklar, G10-AuNP ve G20-AuNP, hiicre dongiisii
analizi, apoptoz indiiksiyonu, hiicre iceri alim ¢aligmalari, ve bunlara ek olarak in vitro
sitotoksisite testlerinde kullanilmistir. Artan guanin bazi uzunlugunun glioblastom (GBM)
hiicrelerinde normal hiicrelere kiyasla hiicre i¢ine alimini artirdigr (1.86 kat), S fazinda
(1.67 kat) ve Gy/M (1.34 kat) fazinda hiicre birikimini fazlalastirdigi ve apoptoz
indiiksiyonunu artirdig: (iki kat) bulunmustur. Sonug olarak, elde edilen datalar poliguanin-
modifiye AuNP’lerin GBM hiicrelerinde uzunluk-bagimli secici oliime yol actigim

gostermektedir.
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1. INTRODUCTION

1.1. GOLD NANOPARTICLES

Gold nanoparticles (AuNPs) are transition metal nanoparticles, which are widely used for
therapeutic, imaging and diagnostic purposes due to their several unique properties
including being plasmonic, easy surface chemistry and biocompatibility. Synthesis of pure
gold colloid was first described in 1857 by Michael Faraday [1], and only after 100 years
later, in 1951, first structural studies of AuNPs were performed by Turkevich et al. [2].
Later, the method for AuNPs synthesis was developed by Frens G. in 1973 [3]. In this
method, AuNPs of average diameter ranging from 160 A to 1500 A (1 angstrom is equal to
0.1 nm) are produced by the reduction of gold salts in sodium citrate solution, in which
citrate is used as both reducing and stabilizing agent. The desired size of AuNPs in
colloidal suspension can be synthesized by modifying the concentration of sodium citrate
solution, which is added in nucleation step. According to this method, the monodisperse 13
nm AuNPs can be synthesized by adjusting the sodium citrate solution amount to 10 per

cent of the total volume of the gold chloride solution.

AuNPs in colloidal suspension exhibit unique physical, optical and chemical properties due
to being biologically inert and biocompatible. The synthesized AuNPs are mostly
monodisperse in suspension, and have tunable size and shape [4]. Moreover, AuNPs have
strong optical properties due to LSPR (localized surface plasmon resonance) of AuNPs,
resulting from the interaction of electron system of the particle with incident light [5], in
visible region of electromagnetic spectrum (390-750 nm wavelength), which provide a
suitable platform for biological and biomedical applications of AuNPs in nanomedicine [6,

7].

First, in 1979, Butten and Hopkins used AuNPs as probes for electron microscopy, and
these probes are used in immunohistochemistry techniques [8]. Then, in 2003, a research
group in Rice University, O’Neal and his co-workers, developed gold nanoshells (130 nm)
used for non-invasive breast cancer diagnosis and treatment due to their near-infrared light
absorption property when tuned in size [9]. AuNPs have a great potential to be a powerful

tool in nanomedicine, they can be used as drug carriers (10-100 nm) providing targeted



delivery of drugs by targeting specific tumor markers, ligands and surface receptors, also
by increasing the drug solubility, and improving its half-life while reducing side-effect [10,
11]. Moreover, AuNPs are suitable for their combinations with various electromagnetic
sources provided by ultrasound, microwaves or laser light to perform photothermal
therapies (PTT) [9, 12, 13], as well as with conventional ones; radiotherapy or

chemotherapy [14, 15].

1.1.1. Size, Shape and Surface Chemistry of Gold Nanoparticles

The surface of AuNPs can be modified easily using various biological molecules such as
deoxyribonucleic acid (DNA), peptides, proteins and enzymes, carbohydrates, and lipids
for wide range of biomedical applications since the surface of gold metal has strong
affinity for several functional groups such as thiol group (—SH), amino group (-NH;), and
carboxyl group (—COOH). However, (—SH) provides the strongest affinity for gold
surfaces, and Au-S bond is established on the surface. Easy surface modification of AuNPs
make them intriguing agents in diagnostics, sensing, cellular labeling, and also increase
their use for therapeutic applications such as gene and drug delivery. Engineered AuNPs
can be obtained in different sizes and shapes, as well as different surface chemistries,
which alter their cellular responses such as their cellular internalization, uptake

mechanism, cellular toxicity and apoptosis.

The cellular internalization of AuNPs, which had an average size of ~50 nm, was mainly
achieved by clathrin-mediated endocytosis [16]. Internalized AuNPs accumulated in
lysosomes, in where AuNPs were trapped and alkalize the lysosome, which would restrict
its autophagy process [17, 18]. Size of AuNPs affected its distribution inside of the cell. Oh
et al. demonstrated that 2.4 nm AuNPs entered nucleus, and larger ones, 5.5 nm and 8.2 nm
AuNPs were located outside of the nucleus [19]. In addition, Huang et al. found that 2 nm
and 6 nm AuNPs deeply penetrated into tissues, as well as entered nucleus, while 15 nm
AuNPs only accumulated in cytoplasm [20]. Size of AuNPs also affects its endocytosis
rate and amount. The smaller AuNPs (10-50 nm) entered and removed faster than the
larger AuNPs (74-250 nm) [16, 21]. Based on this, the size of the AuNPs should be chosen
according to its purpose, and also depending on cell type because size also affects the

binding ligand density on AuNPs’ surface; hence, the cellular uptake, the distribution



inside of the cell and cellular responses can be altered when engineered AuNPs are used
[22, 23].

AuNPs can be synthesized in various shapes. However, the most popular ones are
nanospheres [24, 25], nanorods [26, 27], nanocages [28, 29], nanoshells [30], nanostars
[31, 32], and nanoflowers [12, 33]. In Figure 1.1, transmission electron microscopy (TEM)
images of Au nanostructures in various shapes and sized are seen [12]. Among all shapes,
the most preferred ones are monodispersed Au nanorods and nanospheres because the
monodispersity is crucial for their use as therapeutic or diagnostic agents, and surface
functionalization of nanospheres and nanorods is easier than the others. Chithrani et al.
investigated alterations in cellular uptake of protein-coated AuNP, and demonstrated that
both size and shape affected the cellular uptake and removal of these engineered AuNPs
[16, 22]. Shape could alter the cellular internalization due to changed contact area of
AuNPs. Rod-shaped AuNPs have greater surface contact area than sphere-shaped ones,
which in turn reduces the number of interacted surface receptors. In addition, when shape
of the AuNP is not spherical, the surface coating is also not obtained homogenous, which
also weakens the binding of rod-shaped AuNPs on the surface of cells and so reduces the

cellular uptake [22].



Figure 1.1. TEM images of AuNPs with different sizes and shapes. (A) Au nanospheres
[34], (B) Au nanoshells [35], (C) Au nanovesicles [36], (D) Au nanostars [34], (E) Au
nanocages [37], (F) Au nanoprisms [38], (G) Au nanorods [39], (H) Silica-coated Au

nanorods [40], and (I) Au nanocrosses [41].

Surface chemistry also changes the cellular internalization and other cellular responses due
to increased amount of uptake of surface functionalized-AuNPs by cells. Modification of
the surface of AuNPs with certain proteins, amino-acid sequences, and oligonucleotides
affects cellular internalization. Jiang et al. demonstrated that 40-50 nm Herceptin-coated
AuNPs increased apoptosis induction by activating caspase enzymes [42]. Moreover,
peptide modifications can be used for targeting purposes because they have strong binding
affinities for specific surface receptors. Integrins are one of the surface receptors used for
tumor targeting, Arginine-Glycine-Aspartic acid (RGD) modified-AuNPs increased
cellular uptake and efficiently used in gene delivery and PTT in several studies [43-45].
RGD-based peptides achieve increased cellular uptake due to their selective cell membrane

penetrating capacity. Targeting delivery is not only achieved by surface modifications, also



AuNPs can enter tumor cells by a passive mechanism, called enhanced permeability and

retention (EPR) effect [46].

Finally, surface charge is also crucial for cellular uptake of NPs, and their stabilization
against aggregation. Surface charge affects corona compositions by nonspecific adsorption
of serum proteins on NP surface, which alters surface interactions with extracellular
proteins when used in cell cultures. For example, citrate-reduced AuNPs have negative
charge on their surface due to citrate molecules, or DNA-functionalized AuNPs also have
negative surface charge, and when these molecules are used in serum-containing media,
serum proteins will adsorb on their surfaces [16, 22]. These negatively charged AuNPs
when interact with serum proteins, their uptake half-life, rate and amount will also be
affected [22]. In a general view, the cellular uptake is higher for cationic NPs than negative
charged NPs, however when oligonucleotides are considered for functionalization of NP
surface, the cellular uptake conditions are altered. Despite the need for cationic lipids and
polymers for achieving cellular internalization of oligonucleotide-coated AuNPs,
Giljohann et al. demonstrated that cellular internalization of Oligo-AuNPs was increased
when loading density was also increased, which led to a large number of serum proteins

adsorbed on the NP surface [47].

Shape and surface chemistry of AuNPs also affect other biological responses by enhancing
the cellular uptake such as induction of apoptosis, damaging DNA, inhibiting angiogenesis,
and arresting cell division [48]. Kang et al. demonstrated that Au nanorods conjugated with
cell penetrating peptides entered cell nucleus and induced apoptosis by damaging DNA
and arresting cytokinesis and cell division [49]. In another study, the surface of AuNPs
modified with antibodies that are recognized by vascular endothelial growth factor receptor
(VEGFR), which is an essential receptor on the cell surface for angiogenesis, induced

tumor cell apoptosis, and inhibited angiogenesis resulted by enhanced cellular uptake [50].

1.2. OLIGONUCLEOTIDE-FUNCTIONALIZED GOLD NANOPARTICLES

AuNPs can be used as a promising delivery vehicle for nucleic acids because of their easy
synthesis, monodispersity in colloidal suspension, tunable size, biocompatibility, and ease

of surface modification. There are two types of AuNP conjugates as in their design



strategies for nucleic acid delivery: covalent and non-covalent AuNP conjugates [6, 51].

The surface modification of AuNPs used in this study was achieved by covalent binding.

Covalent attachment is achieved by using thiolated oligonucleotides using alkyl thiol
adsorption on AuNP surface, which provides a strong S-Au interaction. By using the S-Au
binding, the loading capacity of AuNPs, therefore the delivery efficiency is increased [47].

The biological activity is not inhibited from the surface modifications [51-53].

Delivery of nucleic acids such as DNA, ribonucleic acid (RNA), small interfering RNA
(siRNA), and short hairpin RNA (shRNA) using nanoparticles (NPs) are used in
nanomedicine. One of the most widely studied NPs for nucleic delivery is spherical nucleic
acids (SNAs), which are composed of highly oriented and densely packed nucleic acids on

metal NP core such as Au (Figure 1.2).
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Figure 1.2. SNA nanostructure. Au core is densely functionalized with oligonucleotides,

containing an attachment group, a spacer segment and a desired recognition sequence [54].



1.2.1. Biological Responses to Oligonucleotide-Functionalized Gold Nanoparticles

Oligonucleotide-modified AuNPs (Oligo-AuNPs) are widely investigated in many
applications such as diagnostic [55] and therapeutic assays [52, 56], intracellular detection
[57] and gene regulation [53, 58] due to their enhanced binding and target recognition
properties [47, 53]. The effects of Oligo-AuNPs in vitro and in vivo are being investigated
since their introduction in 1996. In 1996, Mirkin et al. proposed a method for surface
modification of 13 nm AuNPs using thiolating oligonucleotides [52, 53]. The resulted
Oligo-AuNP conjugates had densely packed oligonucleotides on their surfaces, therefore
also referred as polyvalent [59]. The length, sequence and composition of the

oligonucleotides can be controlled [60].

One of the significant advantages of using AuNPs for oligonucleotide delivery is to
prevent or reduce nucleic acid degradation by serum nucleases, and therefore facilitate the
passage of Oligo-AuNPs through cell membrane into cells [53, 61]. The increased cellular
uptake also provides higher and more efficient delivery of oligonucleotides than
conventional transfection agents [53]. The cellular entry of Oligo-AuNPs also affected by
the increased serum adsorption on the surface of the AuNPs, which is provided by
oligonucleotide functionalization. Giljohann et al. investigated the cellular internalization
of Oligo-AuNPs and demonstrated that higher densities of oligonucleotides loaded on the
surface of AuNPs also lead to elevated cellular uptake in HeLa, A549 and C166 cells.
Moreover, NP-associated serum proteins also enhanced this cellular uptake due to
increased number of oligonucleotides attached on the surface of AuNPs [47, 62]. Nucleic
acid functionalization had the greatest cellular uptake of AuNPs in HeLa cells, compared
to other weakly bound surface ligands, and therefore it proved that stability was crucial for
affecting cellular responses, and small changes could have greater impact on cellular level
[62]. Patel et al. demonstrated that the uptake mechanism of Oligo-AuNPs was conserved
across species and it was mediated by scavenger receptors. Scavenger receptor-A (SR-A)

is also a natural binding ligand for poly-G sequences [63].

The increased serum adsorption on Oligo-AuNPs enhanced the cellular uptake, however,
also resulted in greater macrophage uptake [47]. The reason for that is mainly because
protein corona that is formed due to increased serum adsorption on the surface of NPs.

Moreover, the binding of one of the serum protein, opsonin, can be recognized by



macrophages, and lead to increased blood clearance and lower accumulation in target
tissues [64-66]. Chinen et al. also demonstrated that G-rich sequences on SNAs enhanced
serum adsorption and increased cellular uptake, however also increased the macrophage
recognition and uptake when compared to other oligonucleotide sequences. This findings
suggested that tertiary structure of oligonucleotides, that were resulted due to G-
quadruplex formation, affected the chemical composition of SNA protein corona, and

therefore altered cellular response [64].

1.3. NUCLEIC ACID RESEARCH IN NANOMEDICINE

Watson and Crick proposed a simple set of base pairing for four nucleic acid bases:
adenine, thymine, guanine and cytosine [67]. Single-stranded DNA has a random coil
configuration in normal conditions but when it comes to some specific sequences; well-
ordered configurations form [68]. One of the important configurations is that guanine-rich
(G-rich) sequences can form G-quadruplex structure when exposed to stabilizing cations
(K" or Na") [69]. In addition to G-quadruplex, as a complementary sequence of guanine:
cytosine-rich sequences also exhibit a well-ordered motif depending on the pH of the
environment. At an acidic pH, cytosine-rich single-stranded DNA forms i-motif, which is
also thermodynamically favored [70]. These self-assembled and stimuli-responsive
configurations of specific nucleic acids make them interesting for their use in biomedical
applications and nanomedicine [68]. Nanomaterials are intriguing delivery agents for them
because sizes of the nucleic acid double helices are approximately 2 nm [68], 0.34 nm is
the distance between nucleotides [71], and a typical G-quadruplex structure is

approximately 8 nm [72].

For the delivery of nucleic acid using NPs, most preferred ones are carbon-based (carbon
nanotubes), metallic (AuNPs, etc.), and cadmium selenide (CdSe) based semi-conductive
(Quantum dots, QDs) NPs. Among all NPs suitable for nucleic acid research, AuNPs gain
interest due to being inert, biocompatible, and plasmonic. Moreover, using AuNPs as a
delivery agent prevents nucleic acid degradation by nucleases and increases stability of

oligonucleotides in the presence of serum proteases [53, 55, 57, 58, 68].

Oligonucleotides have the potential to recognize specific sequences and are internalized

via clathrin-mediated endocytosis, caveolin-mediated endocytosis and macropinocytosis



[73-75], depending on their charge, shape and sequence-specific interactions [76].
Oligonucleotides have high protein and ligand binding affinity [77-80], they bind to cell
surface receptors [81], and modulate cytokine and growth factor activity [82, 83], inhibit

cell cycle progression [84].

1.3.1. Guanine-rich Oligonucleotides

Guanines have self-assembly and self-recognition properties, and G-rich oligonucleotides
(GROs) have ability to form G-quadruplex structures via Hoogsteen hydrogen bonding in
the presence of a cation (Figure 1.3) [85]. G-quadruplexes (also known as G4-DNA) and
poly-G regions are found in the human genome [86, 87], and are abundantly distributed in
the genome of C.elegans [88], and C. briggsae [89]. G-quadruplex forming sequences are
existed in important regions, such as telomeres [90], regulatory regions of genes such as
immunoglobulin switch regions [91], oncogenic promoters [92, 93], and associated with
many human diseases such as human immunodeficiency virus (HIV), cancer, and diabetes
[94]. They are also highly stable in the presence of cations [95, 96], and resistant to

nuclease activity [88, 89], which provide their use for therapeutic medicine.
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Figure 1.3. The chemical structure of G-quartet. The molecule was drawn by

MarvinSketch, Version 15.11.30 (©2015 ChemAxon Ltd.).
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One of the important roles of GROs for their use in therapy comes from their ability to
prevent telomerase activity, which in turn alter cell cycle progression and selectively
induce apoptosis in tumor cells and demonstrate an anti-proliferative effect [78]. GROs
were reported previously to show anti-proliferative effects on tumor cells by inhibiting
tumor cell growth and recognizing surface receptors for targeting [97-100], as well as
nuclease resistance [100], enhanced cellular uptake [100], and alteration of cell cycle
progression [101]. Schwartz et al. demonstrated selective killing of malignant esophageal
tumor cells and alteration of cell cycle progression using GROs, which consists of
monomeric sequence of guanosine [78]. It was found that cells formed sub-G1 population

and induced apoptosis when treated with monomeric guanine sequence, while not affected

by monomeric A20, T20 or C20.

Above mentioned anti-proliferative effects of GROs are related to their ability to bind to
specific surface receptor, and anti-nucleolin antbodies recognize this GRO binding protein.
GRO binding protein is defined as nucleolin, or other proteins on the surface of cells which
may have same size or similar structure with nucleolin [76]. Nucleolin (110 kDa) is an
abundant multifunctional phospho-protein, overexpressed in cancer cells because its level
is related to cellular proliferation rate, which is elevated in rapidly proliferating cells such
as malignant tumor cells. Hence, nucleolin is a tumor-selective target and it is located
predominantly in the nucleus of proliferating cells, as well as GBM, both on the cell
surface and in the cell [102, 103]. One of the anti-proliferative G-rich phosphodiester
oligonucleotide, AS1411, functions as aptamer (26-mer, 7.8 kDa) to nucleolin, which is
developed by Antisoma PLC (London, UK) as an anti-cancer agent and is currently being
tested in clinical trials (Phase II) [80]. Bates et al. investigated internalization mechanism
of AS1411, and found that AS1411 stimulated macropinocytosis in cancer cells, which is a
form of endocytosis, and was found to be mainly dependent on nucleolin [104]. In many
studied macropinocytosis was reported as an abundant internalization mechanism of
oligonucleotides such as naked DNA, and RNA, also aptamer conjugates [105]. Moreover,
normal cells were not stimulated by this type of endocytosis when treated with AS1411,
suggesting a cancer-selective uptake of this aptamer [104]. After internalization, AS1411
was accumulated in cancer cells, especially malignant ones, while gradually cleared from

normal cells by efflux or exocytosis. In addition, some of the internalized aptamers were
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subjected to lysosomal degradation, where selective-accumulation was achieved in cancer

cells due to increased retention and enhanced cellular uptake of AS1411 [74].

G-quadruplex forming sequences, and GROs also involve monomeric guanine sequences,
and demonstrated to be taken up by cells in increased numbers comparing to other non-
guanine sequences, and internalized monomeric guanine sequences (20-mer linear
polyguanine, G20) were shown to alter cellular responses such as cell cycle progression,
and induction of apoptosis in cancer cells [78]. Narayan et al. studied sequence-specific
cellular uptake of SNAs, and showed enhanced cellular uptake of SNAs when modified
with linear polyguanine sequences [106]. Moreover, G-quadruplex forming G15-mer
oligonucleotides were demonstrated as promising therapeutic carriers when used to form
thin multilayer films and microcapsules [107]. Sengar et al. further investigated the
structure of various long polyguanine sequences, and suggested a well-resolved structural
characterization of G15-mer sequences using nuclear magnetic resonance (NMR) due to
well-defined G-quadruplex structure formed by poly-G sequences [108]. In addition to
these structural chemical studies, Lubitz et al. studied G4-DNA (G5, G10, and G20)
functionalized AuNPs, and demonstrated highly stable NPs, and these NPs assembled into
unique structures, NP-flower due to increased G-tetrad numbers and interparticle

separation distance [109, 110].

1.4. BRAIN TUMORS AND GLIOBLASTOMA

Brain tumors are approximately 1.4 per cent of all cancers, and cause for 2.3 per cent of all
cancer-related death [111]. According to World Health Organization (WHO), brain tumors
are classified depending on their invasiveness and malignancy from I to IV, where grade |
refers to benign tumors and IV malignant ones. Types of brain tumors are gliomas
(astrocytomas, oligodendrogliomas, ependymomas), meningiomas, medulloblastomas,
gangliogliomas, schwannomas, and chordomas [112]. Majority of brain tumors are
astrocytomas, which are also called glioblastoma (GBM), grade IV, according to WHO
[113].

Novel therapeutic targets for drug and small molecule delivery, gene and viral therapy, as
well as immunotherapy gain interest for brain tumor research last two decades. Especially,

BBB-targeted delivery and combined therapies are being studied for delivery of the
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cytostatic drugs such as doxorubicin (DOX), temozolomide (TMZ), paclitaxel, cisplatin,
carboplatin, etc. to tumor locations using novel technologies. In high-grade tumors BBB
becomes leaky so drugs can pass, but in low-grade tumors drug delivery is crucial due to
intact BBB. Hence, enhanced targeting and efficient delivery of drugs are needed and
achieved by lipidizing drugs, using liposomes as nanocarriers, etc. for the delivery of

cytostatic drugs such as DOX, TMZ, and paclitaxel [114, 115].

1.4.1. Glioblastoma

Among all primary brain tumors, gliomas are the most abundant ones and 70-75 per cent of
these tumors developed from astrocytes, which are the most numerous and diverse glial
cells in the central nervous systems (CNS) [111, 116]. Glioblastoma (GBM) is a highly
aggressive brain tumor, which is mostly seen in adults, and have poor prognosis with a
rapidly growing neoplasms that can cause death in a year [117-119]. The characteristics of

GBM includes dense cellularity, high proliferation and necrosis [111].

Telomerase activity is also important characteristics of malignant cancer types, and
therefore telomerase activity is therefore crucial for differentiation of cancer cells [120], as
well as for tumor immortalization [121]. Telomerase is a ribonucleoprotein and a
restrictive enzyme, which prevents telomeres from being shortened. Telomeric
chromosome regions contain G-rich repeats (TTAGGG,), which is added by telomerase
and stabilizes the chromosome [122]. In cancer therapy, G-quadruplex forming sequences,
therefore, become important for preventing both telomerase activity and alternative
lengthening of telomere (ALT), which is a much less common mechanism for telomere

shortening [123].

Telomerase activity has been identified in cancer cells, mostly in malignant cancer types
including GBM [124-126], where normal adjacent tissues are negative for telomerase
activity [127, 128]. However, telomerase activity depends on the tumor type; for example
some pediatric GBM lack telomerase activity and maintain telomeres via ALT [129]. In
2003, Hakin-Smith et al. found that ALT phenotype is a good prognostic marker in GBM
[130].
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Current therapies of GBM involve neurosurgical resection of tumor lesions, radiotherapy
and chemotherapy with the drug TMZ, and other combinations of cytostatic drugs [131].
The poor prognosis of GBM is mainly related to disrupted BBB, which becomes leaky and
lesions are resistant to many conventional therapeutic drugs and complete removal of the
tumor is very difficult without damaging any surrounding normal tissues. The integrity of
brain is altered with the disrupted intercellular junctions, enzyme systems and selective
transport of BBB (Figure 1.4). The leaky and disturbed BBB in GBM is a major obstacle
for its therapy even if drugs can pass through the barrier in high-grade tumors, tumor cells

gain resistance to chemotherapy [111, 132].
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Figure 1.4. Disruption of BBB caused by glioma cells. (a) Intact BBB in healthy brain;
blood vessels are surrounded by astrocytic end-feet, and BBB is formed by vascular
endothelial cells through tight junctions, (b) Disrupted and leaky BBB in GBM; astrocytic
end-feet is displaced by invading glioma cell, results in loss of tight junctions and BBB

structure is altered [133].

Nanomedicine aims to overcome this issue by using NPs for enhanced targeting of tumors,
selective targeting of receptors, selective killing of the tumors, and tagging the NPs with
fluorescent marker for the simplified imaging of tumors [111, 134, 135]. For achieving the
facilitated delivery across BBB, and enhanced targeting delivery with minimum
elimination of NPs from bloodstream via reticuloendothelial system (RES), NPs should

have important characteristics such as size, hydrophobicity, and surface charge [136].
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1.5. GOLD NANOPARTICLES AND GLIOBLASTOMA

1.5.1. Gold Nanoparticles and Brain

The brain is isolated from general blood circulation via blood-brain barrier (BBB), which
is composed of astrocytes, neurons, pericytes, and vascular endothelial cells connected by
tight junctions [137]. The BBB maintains homeostasis of central nervous system (CNS)
and regulates the passage of circulating macromolecules from brain-to-blood or vice versa

depending on their physical properties such as size, charge and hydrophobicity [111].

Lipid-soluble, hydrophobic molecules can diffuse across BBB using endothelial cells,
while water-soluble, hydrophilic molecules transport across BBB through tight junctions.
Additionally, small molecules can penetrate the BBB through carrier- mediated transport
easily, while large molecule transportation needs receptor-mediated transcytosis.
Moreover, when surface charge is considered, cationic molecules can enter easily by
adsorptive-mediated transcytosis or endocytosis, while the entry of negative molecules are

mainly inhibited [111, 137].

The BBB is permeable to AuNPs having size up to 200 nm, according to several studies
[138-142]. Particle size, as well as the surface chemistry of these nanoparticles affects their
biodistribution and accumulation in different tissues [48, 142, 143]. When size of AuNPs
increased (100 to 200 nm), only trace amounts of AuNPs were detected in brain, and the
maximum accumulation in brain was achieved by 15 nm AuNPs [138, 144]. The reason for
that can be related to the distance between astrocytic end-feet of brain astrocytes and the
capillary endothelium, which is only 20 nm [145]. In the case of 50 nm, accumulation of

AuNPs in brain was also detected, but with a decreased amount [138].

1.5.2. Gold Nanoparticles for Glioblastoma Therapy

AuNPs are the most widely adopted nanomaterials for GBM therapy, and one of the most
preferred technique for GBM therapy is to introduce AuNPs with either X-rays or gamma-
rays to increase the effectiveness of radiation therapy [146]. By using this targeted

radiation, Joh et al. showed enhanced accumulation of AuNPs in GBM tumors via the
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disrupted BBB (Figure 1.5) [139]. Hainfeld et al. also used this approach in vivo for glioma
treatment, compared with radiation-only group, and demostrated that X-rays combined

with non targeted AuNPs was a better therapy than that of only radiation [140].
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Figure 1.5. Schematic of radiation-induced disruption of BBB [139].

Combinational therapies other than the use of electromagnetic radiation include PTT and
drug delivery. PTT utilize visible, infrared, or radiofrequency pulses in order to heat
AuNPs to cause damage on tumor cells [147-149]. There are several studies in which brain
tumors are studied for PTT, and radiation therapy using AuNPs. Kang et al. studied PTT
for brain cancer therapy using pH-sensitive AuNPs, and demostrated enhanced targeting
and anti-cancer effect upon heat generation in glioma-bering mice in vivo [150]. In a
previous study, Madsen et al. used macrophage-loaded gold nanoshells for PTT of glioma,
and also showed anti-proliferative effects, and enhanced targeting within glioma spheroids
in vitro [151]. Bobyk et al. showed distinctive DNA damage in F98 glioma cells in vitro
when AuNPs were applied prior to radiation, and resulted in increased survival of glioma-
bearing rats after the combinational treatment of AuNPs and electromagnetic radiation in

vivo [152].

An AuNP-based drug delivery for glioma therapy was demonstrated in a recent study
[153]. Ruan et al. showed an effective accumulation of polymer-coated and DOX-loaded
AuNPs in glioma cells in vitro. Additionally, the group also demostrated that glioma-
bearing mice, which were treated with the same nanoparticles had longer survival time
than control group. Another research group used silica-coated AuNPs for the delivery of

TMZ and DOX into US7MG cells, and showed an effective delivery to GBM cells than
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direct delivery of the drugs [154]. Meyers et al. combined peptide-targeted AuNPs and
photodynamic drug, Pc 4, in order to improve drug delivery, and increase efficiacy of
targeted delivery over untargeted drug delivery. The study suggested peptide-modified
AuNPs could successfully target brain tumor in a mouse model of GBM, hindered tumor

growth, hence, resulted in a decrease in tumor size [155].

Surface chemistry of AuNPs is crucial for their use in nanomedicine, and for GBM
therapy, AuNPs can be modified with various types of biomolecules such as cell
penetrating peptides, proteins, antibodies, enzymes, carbohydrates, and oligonucleotides
[156-158]. Ruan et al., used peptide-modified AuNPs to improve their accumulation in
GBM, and showed that RGD-modified AuNPs transcytosized across BBB via integrin a,[3;
receptor which was located on BBB, and efficiently accumulated in GBM site. After NPs
entered into cells, they formed aggregates in the extracellular matrix and in the
endosome/lysosome via overexpressed legumain (a protease expressed in tumor cells),
which in turn limited their exocytosis by cells [159]. The same group previously
demostrated legumain-triggered aggregation of AuNPs in glioma cells both in vitro and in
vivo, and this aggregation resulted in enhanced retention of chemotherapeutics and

provided higher accumulation of NPs in glioma site [160].

For an effective treatment of GBM, BBB and blood tumor barrier (BTB) permeability is a
major issue, and AuNPs are crucial for GBM research due to their penetration across these
biological barriers (Figure 1.6) [137]. Moreover, one of the most BBB permeable and
widely studied approach in nanomedicine for cancer therapy is the delivery of nucleic
acids using AuNPs [161]. SNAs are more efficient than the traditional nucleic acid
delivery, resistant to degradation by serum nucleases, and no other transfection agents are
necessary for their delivery. SNAs, also known as polyvalent oligonucleotide-modified
AuNPs, are used to deliver double stranded DNA (dsDNA), single-stranded DNA
(ssDNA), microRNA (miRNA) and siRNA [162-164]. Jensen et al. used Bcl2L12-specific
SNAs (siL12-SNAs) as an RNAi-based therapy for GBM. Bcl2L12 is targeted because it is
overexpressed in GBM, and results demostrated an effective gene silencing (knock down
of Bcl2L12 mRNA), reduced protein levels, and induced apoptosis via p53 and effector
caspase activity [158]. In addition, Kouri et al. synthesized miR-182 functionalized AuNPs
(182-SNAs), which penetrated through BBB and BTB in GBM xenograft models and

reduced tumor burden, resulting the number of survived animals. These studies of using
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SNA-based transfers suggests a promising strategy for targeting multiple oncogenes such

as Bcl2L12, c-Met, and hypoxia-inducible factor 2o (HIF2A4) [165].
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Figure 1.6. GBM tumor niche, and a possible strategy to reach glioma cells using targeted
nanocarriers through the BBB [132]. AuNPs are used for targeting brain markers [132],
gene therapy [158], imaging [140], and PTT [152, 166].

Using G-rich aptamers as therapeutic agents, has some advantages over other
oligonucleotide-based approaches due to their enhanced cellular uptake and highly heat-
stable stucture [64, 123]. G-rich aptamers are also non-immunogenic, and show increased
resistance to serum nucleases [74]. One of the important G-rich phosphodiester
oligonucleotide is AS1411, which is developed by Antisoma PLC (London, UK) and is
being tested as an anti-cancer agent in Phase II clinical trials. AS1411 functions as aptamer
to nucleolin, and US7MG [167], and SF-268 cells [168] (GBM cell lines) are shown to be
responsive to AS1411. In a recent study, Dam et al. functionalized the surface of gold
nanostars with nucleolin-specific AS1411 DNA aptamer, and demostrated apoptosis
induction and increased cell death via caspase 3/7 activity in cancer cells, incuding GBM
[169]. Mirkin and colleagues, reported AS1411-coated AuNPs enhanced cellular uptake
and increased serum adsorption, when compared to both unconjugated oligonucleotides

and other non-G-rich oligonucleotides [64]. However, G-rich oligonucleotide modified



18

AuNPs or AuNPs modified with G-quadruplex forming sequences have not been studied

for GBM therapy yet.

1.6. AIM OF THE STUDY

Surface functionalization of AuNPs using GROs and G-quadruplex forming sequences are
being studied, however, little is known about the biological responses of these potential
therapeutic carriers. In this study, cellular responses such as cell viability, cell cycle
alteration, apoptosis induction, and cellular uptake of polyguanine-modified
oligonucleotides were investigated in NHA, U373 and US7MG cells. Moreover, in order to
demonstrate how slight changes in surface chemistry of AuNPs can significantly impact its
cellular response, AuNPs were modified with two different monomeric guanine sequences,
which differ only in length. Length-dependent cellular responses using polyguanine-
modified AuNPs revealed S-phase arrest, enhanced cellular uptake, and increased
apoptosis induction in GBM cells while normal cells were not affected, demonstrating
selective killing of GBM cells. This study highlights small changes on the surface of
nanoparticles such as guanine base length can significantly affect its biological response in
GBM cells, and these findings are crucial for the use of monomeric polyguanine-modified

AuNPs as therapeutic carriers in GBM therapy.
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2. MATERIALS

2.1. CHEMICALS AND REAGENTS

Gold (III) chloride trihydrate (HAuCls-3H,O, MW: 393.83 g/mol; Sigma-Aldrich #520918
USA), trisodium citrate dihydrate (C¢HsNa3;O7;-2H,O0, MW: 294.10 g/mol; Merck
#A829748 Germany), ortho-phosphoric acid (H;PO4, 85 per cent, d: 1.71 g/em’, stock:
14.8 M; Merck #100573 Germany), potassium phosphate dibasic (K;HPO4, MW: 174.18
g/mol; Sigma-Aldrich P3786 USA), sodium dodecyl sulfate (SDS, C;,H»504SNa, MW:
288.38g/mol; Bio Basic Inc. #151213 Canada), sodium chloride (NaCl, MW: 58.44 g/mol;
Sigma-Aldrich #31434 USA) were used for chemical synthesis, characterization and
functionalization of gold nanoparticle surface. All glassware were cleaned using aqua regia
(HCLI:HNOs of 3:1). For the preparation of aqua regia, nitric acid (HNOs, 65 per cent;
#84378) and hydrochloric acid (HCI, 37 per cent; #30721) were purchased from Sigma-
Aldrich, USA.

Dulbecco’s modified Eagle medium (1X DMEM, 4.5g/LL D-Glucose, L-glutamine, sodium
pyruvate; Gibco #11965092 USA), Dulbecco’s modified Eagle’s medium Nutrient mixture
F-12 Ham (DMEM/F-12, 1:1 mixture; Sigma-Aldrich #D6421 USA), Dulbecco’s modified
Eagle medium (1X DMEM, 4.5g/L, D-Glucose, L-glutamine, 25 mM HEPES, no phenol
red; Gibco #21063029 USA), fetal bovine serum (FBS, Gibco #10270 UK), HyClone
phosphate buffered saline (10 X PBS, w/o calcium, magnesium Gibco #SH30256 USA),
Pen-Strep (10,000 Units/ml penicillin, 10,000 pg/ml streptomycin; Gibco #15140122
USA), L-glutamine (200 mM; Gibco #25030024 UK), 0.25 per cent trypsin-EDTA (1X,
Gibco #25200056 UK), sodium pyruvate (100 mM, Gibco #11360070 USA), dimethyl
sulfoxide (DMSO, >99.9 per cent; Sigma-Aldrich #472301 USA), colchicine (>95 per cent
(HPLC); MW: 399.44 g/mol; Sigma-Aldrich #C9754 USA), propidium iodide solution (PI,
1.0 mg/ml in water; Sigma-Aldrich #P4864 USA) Ribonuclease A (from Bovine pancreas,
>70 Kunitz units/mg protein; Sigma-Aldrich #R6513 USA), ethanol (>99.8 per cent (GC);
Sigma-Aldrich #32221, USA) and 2-propanol (99.5 per cent; Sigma-Aldrich #24137 USA)

were used for further cell culture maintenance and cellular assays.
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For in vitro cellular toxicity experiments, Annexin V-FITC Early Apoptosis Detection Kit
(Cell Signaling Technologies #6592 USA) and Cell Proliferation Reagent WST-1 (Roche
#05015944001 USA) were used in this study. Annexin V-FITC Early Apoptosis Detection
Kit #6592 included PI staining solution #20X11733S, Annexin V-FITC Conjugate #4984S
and 10X Annexin V Binding Buffer #11732S.

Ultrapure water (18.2 MQ.cm at 25°C) used for glassware cleaning and gold nanoparticle
synthesis was purified using a Millipore Direct-Q® water purification system throughout

this study.

2.2. OLIGONUCLEOTIDES

All oligonucleotide sequences used in this study for surface modification, were synthesized
by Alpha DNA (Montreal, QC, Canada). Sequences used for AuNPs surface modification

were listed in Table 2.1.

Table 2.1. Oligonucleotide sequences used for surface modification.

Sequence

No Name Sequence (5’ to 3°) Length | Modification
GGG GGG GGG GAA , .
1 G10-AuNPs AAA AAA AA 20 3’-end thiol
GGG GGG GGG GGG
2 G20-AuNPs GGG GGG GGA AAA 30 3’-end thiol
AAA AAA

Lyophilized oligonucleotides were used to prepare 100 uM stock solutions.

2.3. INSTRUMENTATION

Autoflow IR direct heat CO, incubator (37°C, CO, five per cent, Nuaire, USA), Biohazard
safety cabinet (Esco Class II type A2, USA), waterbath (Isolab Laborgerite GmbH,
Germany), light microscope (Nikon Eclipse TS100, UK), Sigma 2-5 centrifuge (UK),
mikro 22 R centrifuge (Hettich, UK), programmable mini-shaker (BioSan, Latvia), vortex

(Heidolph Instruments, Germany), ultrasonic bath (Bandelin Sonorex, Germany), pH meter
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(HI2211, Hanna Instruments, UK), mini centrifuge (Galaxy MiniStar, VWR, Korea),
heater (Isolab Laborgerite GmbH, Germany), PowerPac™ Basic power supply (Bio-Rad,
USA), horizontal gel electrophoresis tank (Cleaver Scientific, UK), UV/Vis Spectrometer
(Lambda 25, Pelkin Elmer, USA), Zetasizer Nano ZS (Malvern Instruments, UK), Atomic
Force Microscopy (AFM, Park Systems XE-100, Korea), Transmission Electron
Microscopy (TEM, JEM-2100, Jeol USA, Inc., USA), Nicolet™ iS50 FT-IR
(ThermoFisher Scientific, USA), ELx800 Absorbance Reader (Biotek, USA) and Guava
easyCyte™ flow cytometer (Millipore, USA) were used in this study.

2.4. CELL LINES

NHA (normal human astrocytes) was provided by Assist. Prof. Dr. Hiiseyin Cimen,
Proteomics and Mass Spectrometry (YediPROT) Laboratory, Yeditepe University Faculty
of Engineering and Architecture, Department of Genetics and Bioengineering, Istanbul,
Turkey. US87MG and U373 GBM cell lines were kindly provided by Assist. Prof. Dr.
Tugba Bagc1 Onder, Brain Cancer Research and Therapy Laboratory, Kog¢ University
School of Medicine, Istanbul, Turkey.
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3. METHODS

3.1. SYNTHESIS OF GOLD NANOPARTICLES

Synthesis of 13 nm gold nanoparticles (AuNPs) was performed according to Turkevich
method [2]. 160 pl from 500 mg/ml stock solution of gold (III) chloride trihydrate
(400pg/ml; 1 mM) was added into 200 ml ultrapure water and the solution was heated.
Meanwhile, 38.8 mM trisodium citrate solution was freshly prepared. When, boiling point
was reached, 20 ml (10 per cent v/v) of 38.8 mM trisodium citrate solution was quickly
added into the boiling solution, while it was stirred. The volume of final trisodium citrate
added into the solution was approximately 10 per cent of the total volume of the solution
for the synthesis of AuNPs with an average size of 13 nm [3]. The color of the solution
was first turned into colorless from pale yellow when trisodium citrate solution was added,
then colorless turned into black. When the color of the solution turned into ruby red from
black, and started boiling again, it was kept under reflux for 15 min. Then, gold

nanoparticle suspension was allowed to cool to the room temperature (RT).

UV/Vis spectroscopy was used for estimation of colloidal concentration of synthesized
nanoparticles. The concentration of resulting 13 nm colloidal gold was calculated as 14 nM
according to Beer’s Law. Extinction coefficient of 13 nm AuNPs at 520 nm is 2.7x 10° M

cm’ [143, 170-172].

3.2. SURFACE FUNCTIONALIZATION OF GOLD NANOPARTICLES

Lyophilized oligonucleotides were used to prepare 100 uM stock solutions using ultrapure
water and stored at -20°C. Lyophilized oligonucleotides were first spun down and then

dissolved in ultrapure water. The stock solutions were sterilized at 65°C for 10 min.

Prior to surface functionalization studies, the optimizations for SDS percentage, phosphate
buffer (pH 7.4) amount and NaCl concentration were performed. The modification method,
which had reproducible spectral bands for Oligo-AuNPs was considered as optimized. SDS

was used to prevent the AuNPs from adhering either to each other or to the wall of the
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reaction tubes, and NaCl additions were used to increase the loading capacity of

oligonucleotides [172].

Gold colloidal suspension (approximately 14 nM) was adjusted to 0.01 M phosphate buffer
(pH 7.4) and 0.1 per cent SDS before performing oligonucleotide addition. Approximately
2 nmol thiol-modified G10-AuNPs and G20-AuNPs (20 ul) were added to citrate stabilized
13 nm gold nanoparticles. After the addition of 20 pl from 100 uM stock solutions of
oligonucleotides, the colloidal suspensions were sonicated for 30 seconds and gently
shaken for 30 min. After 30 min, step-by-step salt addition was performed using 2.0 M
NaCl for salt stabilization. First, the resulting salt concentrations in colloidal suspensions
were brought to 0.15 M. Then, two more salt additions were performed in 30-min intervals
to bring the final salt concentration to 0.25 M while colloidal suspensions were gently
shaken throughout these processes and sonicated for 30 seconds after each salt addition.
Resulting oligonucleotide modified-AuNPs were gently shaken overnight. To remove
unbound oligonucleotides, colloidal suspensions were centrifuged at 13,000 rpm at 25°C
for 30 min for three times and each time washing was performed using sterile 1X PBS
solution (Figure 3.1). The surface modified-AuNPs did not show any aggregation after five
days, confirming its stability after the NaCl additions.
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Figure 3.1. Schematic drawing of the fast salt aging method for surface functionalization of
13 nm citrate-stabilized AuNPs using thiolated poly-G sequences. Poly-A-tailed G10 and
G20 sequences were added to citrate-stabilized gold colloid, and attached on gold surface

via alkyl thiol adsorption. Prior to the addition of oligonucleotides, gold colloid was
adjusted to 0.01% SDS and to 0.01M phosphate buffer (pH 7.4) for maximized surface

functionalization. For further purification, centrifugation was performed.
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3.3. CHARACTERIZATION OF GOLD NANOPARTICLES

3.3.1. UV/Vis Spectroscopy

Synthesized citrate-reduced 13 nm AuNPs and oligonucleotide-functionalized AuNPs were
characterized by UV/Vis Spectrometer (Lambda 25). Samples were diluted in water and
transferred into 1.5-ml quartz cuvette, which has 1-cm path length. Their SPR absorption

spectra were recorded in the range from 300 to 800 nm.

3.3.2. Dynamic Light Scattering and Zeta-Potential Measurements

Zeta (C) potential distribution and average hydrodynamic size measurements were
conducted using Malvern Zetasizer Nano ZS at 25°C, and the refractive index and
absorption of AuNPs were adjusted to 2.0 and 0.32, respectively. Disposable polystyrene
cuvettes were used for DLS measurements, and cuvettes were washed with ethanol and

pure water prior to {-potential measurements.

3.3.3. Transmission Electron Microscopy

The size, morphology and monodispersity of citrate-reduced 1343 nm AuNPs were
examined using High Resolution Transmission Electron Microscopy measurements (TEM)
at 200 kV. Samples were placed on a holey carbon TEM grid and were imaged by TEM
(JEOL-2100 HRTEM).

3.4. CELL CULTURE MAINTENANCE

U87MG (passage 13 to 19) and U373 (passage 15 to 22) GBM cells were maintained in
DMEM containing 10 per cent v/v FBS and one per cent v/v Pen-Strep. On the other hand,
for NHA (passage 12 to 18), DMEM/F-12 containing 50 per cent v/v FBS and one per cent
v/v Pen-Strep was used. Cells were incubated in CO, incubator at 37°C, which is supplied
with five per cent CO,. Cells were cultured in T25 and T75 flasks at different seeding

densities.
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3.5. INVITRO CELL PROLIFERATION ASSAY

Cells were seeded at density of 1.0 x 10" cells/well in a 96-well tissue culture plate. Cells
were allowed to attach for 24 h prior to treatment. Media was replaced with freshly
prepared NPs and cells were treated with various concentrations of AuNPs, G10-AuNPs,
and G20-AuNPs for 24, 48 and 72 h. DMSO (10 per cent) was used as positive control.
Cell viability was determined using WST-1 Cell Proliferation Reagent kit, according to
manufacturer’s protocol. This method of determining cell viability is based on the cleavage
of WST-1, which is a tetrazolium salt, and formation of formazan by mitochondrial
dehydrogenases. Briefly, after 24, 48, and 72 h of treatments were accomplished, media in
each well was replaced by 100 pl of fresh one, including 10 per cent v/v of WST-1 in it.
After well were incubated at 37°C in CO, incubator (CO; five per cent) for approximately
40 minutes, absorbance values at optical density (OD) of 450 nm were measured using

microplate reader. Experiments were performed in triplicate.

3.6. DETECTION OF THE CELL CYCLE DISTRIBUTION

To determine the cell cycle distribution, U§7MG and U373 GBM cells and NHA were
seeded at a density of 2.5 x 10* cells/well in a 24-well tissue culture plate and collected
after 24 h treatment of 2.5 nM AuNPs, G10-AuNPs, and G20-AuNPs. As a positive
control, cells were also treated with 0.1 uM colchicine (a mitotic inhibitor [173]) to arrest
the cells in G/M phase, and as negative controls, untreated cells were used for gating.
Collected cells were washed twice with sterile 1X PBS and fixed in 70 per cent ice-cold
ethanol at -20°C overnight. Fixation was performed drop-by-drop addition of 300 ul of cell
suspensions in 700 ul 100 per cent ethanol. During the fixation process addition of cell
suspensions was performed under gentle vortexing in order to prevent clumping of the
cells. Fixed cells were centrifuged twice at 3,000 rpm for 10 min at 4°C. After removal of
ethanol, cells were labeled with 0.05 per cent PI (from 1 mg/ml stock) in the presence of
0.1 per cent Rnase A (from 1 mg/ml stock) for 30 min on ice. Cell populations in Go/Gj, S
and G»/M phases were analyzed by Guava easyCyte™ flow cytometer. Experiments were

performed in triplicate.
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3.7. CELLULAR UPTAKE STUDIES AND NANOPARTICLE CALCULATIONS

For cellular uptake studies, a spectroscopic method was performed [174]. Cells were
seeded at a density of 2.5 x 10" cells/well in a 24-well tissue culture plate. Next day, 2.5
nM G10-AuNPs and G20-AuNPs were prepared in phenol red-free media, and prior to any
incubation, prepared media were used for UV-Vis measurements. Phenol red-free media
(complete; with antibiotics and FBS) was used as a background. Cells were washed with
1X PBS to remove phenol, and treated with these NPs, and after 24 h media, and two extra
washes were collected to collect all loosely bound-NPs on the cell surface, and used for a
second UV/Vis measurement. Cells were also trypsinized and counted with
hemocytometer for further cellular uptake calculations. The experiments were performed
in triplicate, and unmodified AuNPs were not used in this uptake study due to its
aggregation, and the black-purple color resulted from this aggregation interfered the

spectroscopic uptake measurements.

Nanoparticles taken per cell (N) were calculated using a basic knowledge about gold
colloidal suspensions. According to literature, AuNPs (~13 nm) has an average number of
10" nanoparticles per ml, which was calculated using Avogadro’s number (6x10*
particles/liter) [22, 175-177]. Moreover, the concentration of gold colloidal suspension was

calculated as approximately 14 nM via Beer’s Law, using extinction coefficient of 13 nm

AuNPs at 520 nm.

3.8. DETECTION OF APOPTOTIC CELLS

To investigate whether AuNPs and Oligo-AuNPs induce apoptosis in U§7MG, U373 GBM
cells and NHA, Annexin V-FITC early apoptosis detection kit was used, according to
manufacturer’s protocol. For this assay, cells were seeded at a density of 2.5 x 10* cell/well
in a 24-well tissue culture plate and treated with 2.5 nM AuNPs and 2.5 nM G10-AuNPs,
and G20-AuNPs for 24 h. Cells were also treated with 10 per cent DMSO as a positive
control, because most of the drugs (TMZ, etc.) used for GBM treatment is soluble in
DMSO, and gating was performed using untreated cells as negative control. After 24 h
treatment, cells were harvested and washed twice with sterile 1X PBS in order to remove

media, and final washing step was performed with ice-cold PBS. Then, cells were stained
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to quantify induction of apoptosis using Annexin V-FITC Early Apoptosis Detection Kit
(CST) following manufacturer’s recommended protocol. Briefly, after washing collected
cells with ice-cold 1X PBS, cells were resuspended in 1X Annexin V Binding Buffer,
following a 10-minute staining procedure on ice with 1:12.5 ratio of Annexin V-FITC
conjugate and Propidium lodide (PI). Then, cells were analyzed by Guava easyCyte™

flow cytometer. Experiments were performed in triplicate.

3.9. STATISTICAL ANALYSIS

All experimental data were expressed as the mean + standard deviation of at least three
independent experiments. Significant differences between two groups were analyzed using
a 2-tailed, paired t-test in Microsoft® Excel® for Mac 2011 Version 14.4.8, and p<0.05

was considered to be statistically significant.
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The synthesized AuNP colloidal suspension was characterized using DLS and UV/Vis

spectroscopy and (Figure 4.1). From UV/Vis spectrum, surface plasmon resonance (SPR)

of AuNPs was characterized, and AuNPs exhibited a distinctive maxima at 520 nm, which

is a characteristic Amax of 13 nm spherical AuNPs (Figure 4.1A). The DLS spectrum of the

colloidal suspension of AuNPs showed an average hydrodynamic size of 13 nm (Figure

4.1B).
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Figure 4.1. Characterization of citrate reduced-AuNPs. (A) UV/Visible spectrum of AuNPs

and (B) DLS datum showing average hydrodynamic size of AuNPs.
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The size, morphology and monodispersity of citrate-reduced AuNPs were examined using
Transmission Electron Microscopy measurements (TEM) and image can be seen in Figure
4.2. Citrate-reduced AuNPs had an average size of 13+3 nm and nanoparticles had high

monodispersity with spherical shapes.

Figure 4.2. TEM image of 13 nm citrate reduced-AuNPs.

4.2. CHARACTERIZATION OF OLIGONUCLEOTIDE-FUNCTIONALIZED
GOLD NANOPARTICLES

After the surface modification of AuNPs using G10 and G20 polyguanine sequences,
UV/Vis spectroscopy and DLS were used for the nanoparticle (NP) characterization.
According to UV-Visible spectra of polyguanine-modified AuNPs (G10-AuNPs and G20-
AuNPs), maximum absorption of surface-modified NPs showed 4 nm band shifts to longer
wavelength when compared to unmodified citrate-reduced AuNPs (Figure 4.3A). G10-
AuNPs and G20-AuNPs showed an average hydrodynamic size of 26 nm and 32 nm,
respectively (Figure 4.3B).
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Figure 4.3. Characterization of Oligo-AuNPs. (A) UV/Visible spectra of unmodified
AuNPs and polyguanine-modified AuNPs (G10-AuNPs: polyadenine-tailed G10 sequence,

G20: polyadenine-tailed G20 sequence), (B) DLS data showing average hydrodynamic
size of AuNPs, G10-AuNPs, and G20-AuNPs.

The surface charge of unmodified AuNPs and polyguanine-modified AuNPs was evaluated
by measuring their {-potentials using Malvern ZetaSizer Nano ZS (Figure 4.4). Citrate-
reduced AuNPs, having negative surface charge, exhibit increased surface negativity when
modified with two different polyguanine sequences. The colloidal suspension of G10-
AuNPs and G20-AuNPs showed an average surface charge of -34.1 and -37.6 mV,

respectively.
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Figure 4.4. Zeta potential measurements of unmodified AuNPs, G10-AuNPs and G20-

AuNPs. Data were obtained from three separate experiments + standard deviations.

The surface modified-AuNPs were dispersed in 1X PBS, after three centrifugation steps, in
order to remove the unbound oligonucleotides from the colloidal suspensions. UV/Vis
spectroscopy and DLS measurements were used to evaluate Amax, average hydrodynamic
size, polydispersity index (PDI), and surface charge of the NPs before and after
centrifugation (Table 4.1). Maximum absorption of G10-AuNPs and G20-AuNPs did not
show any band shift, and average hydrodynamic size of surface-modified AuNPs did not
change, however, according to {-potential measurements, average surface charges of G10-

AuNPs and G20-AuNPs were observed as -24.4 and -30.1 mV, respectively.

The resulting purified G10-AuNPs and G20-AuNPs were also dispersed in the cell culture
medium in order to evaluate their physicochemical characteristics after incubation inside
an environment consisting of serum proteins, glucose, sodium pyruvate, antibiotics, etc.
(Table 4.1). When the surface-modified AuNPs were dispersed in cell culture medium
including FBS, their maximum absorption slightly shifted to longer wavelengths, and DLS
data showed increased average hydrodynamic sizes, 59.14 nm for G10-AuNPs, and 64.79
nm for G20-AuNPs with an increased polydispersity. Moreover, according to {-potential
measurements, surface charges of G10-AuNPs and G20-AuNPs exhibited much more

positive values such as -12.5 and -12.6 mV, respectively.

When unmodified, citrate-reduced 13 nm AuNPs were dispersed in cell culture medium,

maximum absorption band, which was centered at 520 nm, were also shifted to 531 nm,
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with an average hydrodynamic size of 34.95 nm. The surface charge of AuNPs was also

changed to -12.8 mV from -28.4 nm.

Table 4.1. Characterization of AuNPs, G10-AuNPs and G20-AuNPs.

DLS
uv

Size Surface Charge

Amax (nm) d.nm PDI C-Potential (mV)
AuNPs 520 13.29+3.36 0.218 -28.4+5.95
G10-AuNPs 524 26.12+7.32 0.299 -34.1+6.80
G20-AuNPs 524 32.06+8.62 0.298 -37.6+£7.47
G10-AuNPs, 524 26.44+8.18 0.373 -24.449.14
G20-AuNPs, 525 32.89+13.64 | 0.275 -30.1+9.51
AuNPs, 531 34.95+7.24 0.433 -12.8+10.1
G10-AuNPs;, 528 59.14+3.96 0.423 -12.5+4.03
G20-AuNPs;, 531 64.79+1.33 0.426 -12.6+5.26

a: after centrifugation, when samples were dispersed in 1X PBS, b: samples dispersed in

culture medium

4.3. IN VITRO CYTOTOXICITY OF OLIGONUCLEOTIDE-FUNCTIONALIZED
GOLD NANOPARTICLES ON TUMOR CELLS AND NORMAL CELLS

U373 and US7MG cells were incubated with six different concentrations of AuNPs, G10-
AuNPs, and G20-AuNPs, ranging from 0.1 to 5 nM for 24 hours and cell viability was
evaluated via WST-1 cell proliferation assay (Figure 4.5). The AuNPs did not show any
significant decrease in cell viability of both U373 and U887MG cells until the highest
concentration of 5 nM, cell viability was reduced to 72.49 in U373 cells and 75.33 in
U87MG cells (Figure 4.5A). On the other hand, G10-AuNPs and G20-AuNPs affected cell
viability of U373 and US7MG cells at the concentrations of 2.5 nM and 5 nM. Cell
viability of 5 nM G10-AuNPs treated cells was reduced to 69.59 in U373 cells, whereas
72.32 in U87MG cells (Figure 4.5B). Cell viability of 2.5 nM and 5 nM G20-AuNPs
treated cells was reduced to 79.98 and 68.43 in U373 cells, respectively, whereas 76.89
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and 71.11 in US7MG cells, respectively (Figure 4.5C). Since no significant reduction in

cell viability was observed at AuNPs and Oligo-AuNPs concentrations higher than 2.5 nM,

this dose of treatment was chosen for further cell viability assessments.
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Figure 4.5. Cell viability of U373 and US7MG cells after 24 h incubations of different NP
concentrations. (A) AuNPs, (B) G10-AuNPs, and (C) G20-AuNPs. DMSO (10 per cent)

was used as a positive control. Data were obtained from three separate experiments +

standard deviations.

In addition to U373 and U87MG cells, NHA were also incubated with 2.5 nM AuNPs,
G10-AuNPs, and G20-AuNPs for 24 hours. Relative cell viability of NHA, U373 and

U87MG cells were shown in Figure 4.6. No significant reduction of cell viability was seen

in NHA when cells were treated with 2.5 nM AuNPs, G10-AuNPs and G20-AuNPs for 24

hours.
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Figure 4.6. Cell viability of NHA, U373 and U887MG cells after 24 h incubations of 2.5 nM
NPs. DMSO (10 per cent) was used as a positive control. Data were obtained from three

separate experiments = standard deviations.

For further cell viability assessments, NHA, U373 and U87MG cells were treated with 2.5
nM AuNPs, G10-AuNPs and G20-AuNPs up to 72 hours. Three days of incubation with
2.5 nM AuNPs showed reduced cell viability in NHA, where incubations with 2.5 nM
G10-AuNPs and G20-AuNPs did not exhibit this reduction in cell viability (Figure 4.7A).
U373 cells showed similar cell viability reduction for three days of incubations with G10-
AuNPs and G20-AuNPs, where incubation with unmodified AuNPs did not show any
significant reduction in cell viability (Figure 4.7B). On the other hand, both AuNPs and
G10-AuNPs showed similar reduction in cell viability in U87MG cells when cells, where
G20-AuNPs significantly affected cell viability when compared with AuNPs and G10-
AuNPs (Figure 4.7C). As a result, polyguanine-modified AuNPs affected cell viability of

GBM cells, where reducing harm to normal cells when compared with unmodified AuNPs.
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Figure 4.7. Cell viability for three days of incubations with 2.5 nM AuNPs, G10-AuNPs,
and G20-AuNPs. (A) NHA, (B) U373, and (C) U87MG cells. Data were obtained from

three separate experiments + standard deviations.

Cell viability of GBM cells after three days of incubation with 2.5 nM G10-AuNPs and
G20-AuNPs was also compared to the normal cells in order to examine length-dependent
cellular viability, and its selective effect in normal and GBM cells (Figure 4.8). According
to results, both G10-AuNPs (Figure 4.8A) and G20-AuNPs (Figure 4.8B) significantly
reduced cell viability for all three days of incubations when compared to NHA. Moreover,
G20-AuNPs affected the cellular viability more significantly than G10-AuNPs in both
GBM cell lines.
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Figure 4.8. Cell viability of NHA, U373 and U887MG cells after three days of incubations
with NPs. (A) 2.5 nM G10-AuNPs, and (B) 2.5 nM G20-AuNPs. Data were obtained from
three separate experiments + standard deviations. Treated cells were compared with NHA
cells using a paired two-tailed Student’s t test. A p-value < 0.05 was considered as a
significance level, and the data were labeled with * for p < 0.05, ** for p <0.01, and ***

for p <0.001, respectively.

44. DETECTION OF THE CELL CYCLE DISTRIBUTION OF
OLIGONUCLEOTIDE-FUNCTIONALIZED GOLD NANOPARTICLES

Cell cycle analysis was performed to evaluate the distribution of cell populations in Go/Gj,
S and G»/M phase following 24 h treatment of AuNPs, G10-AuNPs and G20-AuNPs.
While there were no significant changes in cell distribution in NHA after NP treatments

(Figure 4.9A), surface modified-AuNPs with G10 and G20 polyguanine sequences showed
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increased S and G,/M phase arrest in U373 and US7MG cells (Figure 4.9B and Figure
4.9C).
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Figure 4.9. Cell cycle analysis following a 24 h treatment period with 2.5 nM AuNPs,
G10-AuNPs and G20-AuNPs. (A) NHA, (B) U373, and (C) US7MG cells. As a control,
cells were also treated with 0.1 uM colchicine to arrest the cells at Go/M phase. Data were
obtained from three separate experiments + standard deviations. Treated cells were
compared with control cells using a paired two-tailed Student’s t test. A p-value < 0.05 was
considered as a significance level, and the data were labeled with * for p < 0.05, ** for p <

0.01, and *** for p < 0.001, respectively.

To determine the alterations of cell cycle arrests in GBM and normal cells, distribution of
cells in different phases of cell cycle were compared with normal cells after 24 hours of
treatment with 2.5 nM G10-AuNPs and G20-AuNPs (Figure 4.10). Treatment of U373 and
U87MG cells with 2.5 nM G10-AuNPs for 24 h resulted a significant accumulation of cells
in Go/M phase when compared to normal cells (Figure 4.10A). Additionally, the treatment
with 2.5 nM G20-AuNPs for 24 h significantly affected GBM cells, and resulted cell
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accumulations in both S phase and G,/M phase (Figure 4.10B). In U373 cells, it is clearly
seen that G20-AuNPs significantly arrested cells in S and G2/M phase, while significantly

reduced cell accumulation in Gy/Gj.
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Figure 4.10. Cell cycle analysis of NHA, U373 and U87MG cells following a 24 h
treatment period with NPs. (A) 2.5 nM G10-AuNPs, and (B) 2.5 nM G20-AuNPs. Data
were obtained from three separate experiments + standard deviations. Treated cells were

compared with NHA cells using a paired two-tailed Student’s t test. A p-value < 0.05 was
considered as a significance level, and the data were labeled with * for p < 0.05, and ** for

p <0.01, respectively.

Fold increase in cell accumulations in both S and G»/M phase in cell cycle analysis were
seen in Table 4.2. Treated cells were compared with both GBM control cells and NHA,
and according to results, it was found that G20-AuNPs arrested cells in S phase in U373

(1.57 fold increase), where US7MG cells did not show that much significant progression in
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S phase. On the other hand, when cell distribution of polyguanine-modified treated GBM
cells were compared with normal cells, it was revealed that G20-AuNPs increased cell
population in both S and G»/M phase while the highest cell accumulation in S phase was
seen in U373 cells, with a 1.64 fold increase. In addition, in US7MG cells G20-AuNPs
arrested cells in Go/M phase with a 1.34-fold increase when compared to healthy cells
(Table 4.2).

Table 4.2. Fold increase of S and G,M phase in cell cycle analysis.

Fold Increase
G10-AuNPs G20-AuNPs
S G,/M S G,M

U373, | 142 | 105 | 157 | 1.14

U8TMG, | 1.33 1.01 1.37 1.12

U373, | 136 | 128 | 164 | 132

USTMG, | 121 | 128 | 136 | 134

Data were obtained from three separate experiments + standard deviations. Treated cells
were compared with a: control cells and b: NHA, using a paired two-tailed Student’s t test.
A p-value < 0.05 was considered as a significance level for both analysis, and the data
were labeled with * for p < 0.05 (Group a), | for p <0.05 and ' for p < 0.01 (Group b),

respectively.

4.5. CELLULAR UPTAKE STUDIES AND NANOPARTICLE CALCULATIONS

Cellular uptake studies were performed via UV/Vis spectroscopic measurements of NPs
prepared in phenol red-free media. NHA, U373 and U887MG cells were used for 24 h
cellular uptake studies of 2.5 nM GI10-AuNPs and G20-AuNPs, and number of
nanoparticles per cells were shown in Table 4.3. The concentrations of G10-AuNPs and
G20-AuNPs were first determined by UV/Vis measurements, and then converted to the
number of G10-AuNPs and G20-AuNPs per cell using the number of cells in each well.



41

Table 4.3. Average number of polyguanine-modified AuNPs taken up per NHA, U373 and

U87MG cells.
N(x10 cell) | G10-AuNPs | G20-AuNPs
Cells
NHA 1.50:£0.04 2.01+0.10
U373 1.88+0.15 3.12+0.21
US7MG 2.06+0.07 3.73+0.41

Data were obtained from three separate experiments + standard deviations. NN is the number

of NPs taken up per cell.

Quantification of NP uptake by NHA, U373 and U87MG were seen in Figure 4.11, and

results were compared with NPs, and between GBM cells and normal cells. According to
results, cellular uptake of G20-AuNPs was higher than G10-AuNPs for all three cell lines.
When G20-AuNPs and G10-AuNPs were compared, the fold-increases in number of
nanoparticles taken up per cell were 1.34, 1.81, and 1.66 for NHA, U373 and US7MG,

respectively. Additionally, for cellular uptake of G20-AuNPs by GBM cells, results were

compared with NHA, and it was found that number of nanoparticles taken up per cells
were increased in 1.55-fold and 1.86-fold, in U373 and U87MG cells, respectively. The
highest uptake was calculated as 3.7x10° G20-AuNPs per cell (US7MQG).
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Figure 4.11. Quantification of nanoparticle uptake by NHA, U373 and US7MG cells
following a 24 h-treatment period with 2.5 nM G10-AuNPs and G20-AuNPs. (N represents
nanoparticles per cell). Data were obtained from three separate experiments + standard
deviations. Treated cells were compared with control cells using a paired two-tailed
Student’s t test. A p-value < 0.05 was considered as a significance level, and the data were

labeled with * for p < 0.05, and ** for p < 0.01, respectively.

The relationship between cell viability and cellular uptake of NHA, U373 and US87MG
cells after 24 h of incubations with G10-AuNPs and G20-AuNPs were seen in Figure 4.12.
Cell viability was decreased with increased NP uptake per cell. Additionally, G20-AuNPs
entered cells in much higher numbers, and showed much more reduced cell viability.
Finally, GBM cells when compared to NHA showed reduced cell viability and enhanced
cellular uptake for both polyguanine-modified AuNPs.
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Figure 4.12. Relationship between cell viability and cellular uptake (Nx10*) of NHA, U373

and U87MG cells after 24 h treatment of G10-AuNPs and G20-AuNPs. Data were

obtained from three separate experiments + standard deviations.

4.6. DETECTION OF APOPTOTIC CELLS

The distribution of cells in early and late apoptosis, and necrosis was detected by using

Annexin V Early Detection kit (Figure 4.13). Cells scored as healthy, live cells (Annexin

V-/PI-), early apoptotic (Annexin V+/PI-), late apoptotic and necrotic cells (Annexin
V+/PI+). Concentration at 2.5 nM of G10-AuNPs and G20-AuNPs did not induce
apoptosis in NHA (Figure 4.13A), whereas in U373 and U887MG cells, G10-AuNPs and
G20-AuNPs induced early and late apoptosis. According to results, G10-AuNPs and G20-

AuNPs showed 2.4 and four-fold increase in early apoptosis in U373 cells, respectively

(Figure 4.13B). Moreover, G10-AuNPs and G20-AuNPs showed two and three-fold

increase in early apoptosis in US7MG cells, respectively (Figure 4.13C).
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Figure 4.13. Flow cytometric analysis following a 24 h treatment period with 2.5 nM
AuNPs, G10-AuNPs and G20-AuNPs. (A) NHA, (B) U373, and (C) US7MG cells. As a
control, cells were treated with DMSO 10 per cent to induce apoptosis in cells. Data were

obtained from three separate experiments + standard deviations. Treated cells were
compared with control cells using a paired two-tailed Student’s t test. A p-value < 0.05 was
considered as a significance level, and the data were labeled with * for p <0.05, ** for p <

0.01, and *** for p < 0.001, respectively.

Apoptosis induction by 24-hour treatment of 2.5 nM AuNPs, G10-AuNPs and G20-AuNPs
was quantified using flow cytometry (Figure 4.14). According to results, polyguanine-
modified AuNPs did not induce apoptosis in NHA, while unmodified AuNPs did. On the
other hand, G10-AuNPs and G20-AuNPs induced apoptosis in U373 and US7MG cells.
Apoptosis induction using G10-AuNPs showed five and three per cent increase in U373
cells and US7MG cells, respectively whereas apoptosis induction of G20-AuNPs showed
10 per cent increase in both U373 and U87MG cells. The difference in quantification
apoptosis induction of G20-AuNPs and G10-AuNPs revealed two fold increase in both cell
lines when cells were treated with G20-AuNPs.
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When apoptosis induction was compared between NHA and cancerous cells, it was
revealed that for both GBM cell lines, 24-hour treatment with G20-AuNPs showed
significant increase, while unmodified AuNPs showed decreased apoptotic cells population

(Figure 4.14).
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Figure 4.14. Quantification of apoptosis induction of NHA, U373 and U887MG cells
following a 24 h treatment period with 2.5 nM AuNPs, G10-AuNPs and G20-AuNPs. Data
were obtained from three separate experiments + standard deviations. Treated cells were
compared with control cells and GBM cells were compared with NHA using a paired two-
tailed Student’s t test. A p-value < 0.05 was considered as a significance level, and the data

were labeled with * for p < 0.05, and ** for p <0.01, respectively.

The relationship between apoptosis and cellular uptake of NHA, U373 and US7MG cells
after 24 h of incubations with G10-AuNPs and G20-AuNPs were seen in Figure 4.15.
Cellular uptake was directly proportional to apoptosis induction in all cell lines.
Additionally, G20-AuNPs entered cells in higher numbers, and showed more induced
apoptosis in GBM cells, while normal cells did not exhibit this apoptosis induction despite

the number of polyguanine-modified AuNPs taken up per cells.
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Figure 4.15. Relationship between apoptosis induction and cellular uptake (Nx10%) of
NHA, U373 and U87MG cells after 24 h treatment of G10-AuNPs and G20-AuNPs. Data

were obtained from three separate experiments + standard deviations.
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S. DISCUSSION

Therapeutic nanomedicine focuses on using AuNPs as a potential agent for various
reasons. First, AuNPs are inert nanomaterials and they are considered as biocompatible as
a consensus. Second, AuNPs have extraordinary physical, chemical, and optical properties
resulting mostly because of being plasmonic [4, 5]. Finally, synthesis and surface
functionalization of AuNPs are easy compared to other nanoparticles, and their resulted
colloidal suspension contains mostly monodispersed nanoparticles [3, 24]. AuNPs and
surface modified-AuNPs have been investigated as delivery, and targeting agent, as well as

imaging agent in nanomedicine [6, 178-180].

The surface of AuNPs can be modified using various biomolecules, and one of the most
crucial Dbiological molecules that are widely investigated in nanomedicine is
oligonucleotide. Oligonucleotides can be delivered into cells efficiently when attached on
the surface of AuNPs by alkyl thiol adsorption [51]. Among all nucleic acids, delivery of
G-rich oligonucleotides into cells gain interest due to their anti-proliferative effects, and
their unique formation allows the facilitated entry through the cellular membrane.
Moreover, monomeric guanine sequences also studied, and G15 demonstrated as a

promising agent [107, 108].

In addition, the chemistry on the surface of AuNPs can have significant effect on the
cellular response such as increased uptake and induced apoptosis, reduced viability, and
alterations of cell cycle that lead to cellular arrest in different phases [49, 78, 106]. By
using polyguanine sequences that differ only in length, length-dependent cellular responses
were investigated in NHA, U373 and U87MG cell lines to understand how slight change in
guanine base number can affect cellular viability, uptake, apoptosis, and cell cycle. As a
number of guanine bases, 10 and 20 homopolymeric guanine bases were chosen and
sequences were synthesized with a polyadenine tail consisting of 10 adenine bases, that

acts as a spacer, and with a thiol end, that provide S-Au binding [59].

As a functionalization method, fast salt aging was preferred because when optimized SDS
amount, and phosphate buffer was used DNA loading was achieved maximized on the
surface of AuNPs [172]. After the surface modification of 13 nm AuNPs, modified-
nanoparticles were characterized by using DLS, and UV/Vis spectroscopy (Figure 4.3).
Surface-modified AuNPs exhibited SPR band shift to higher wavelegth and displaying
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higher average hydrodynamic size demostrating the successful functionalization. G20-
AuNPs had higher hydrodynamic size than G10-AuNPs, which was expected because of
increased number of bases in oligonucleotide sequences (Figure 4.3B). Moreover, surface
charge of the modified AuNPs were evaluated by measuring their {-potentials, and
exhibited increase negativity on the surface of AuNPs when modified with polyguanine
sequences, and also G20-AuNPs showed more negative surface charge than G10-AuNPs,
which was expected due to increased number of bases, more negative charge resulted from

increased number phosphate groups of the DNA backbone [181].

The characterization of polyguanine-modified AuNPs after the centrifugation and when
dispersed in cell culture medium were also performed to examine their behavior in
different environments such as PBS, or media consisting serum proteins (Table 4.1). The
unmodified AuNPs were fully aggregated when dispersed in PBS because after
centrifugation the steric repulsion due to citrate adsorption on AuNPs surface was also
disappeared, which resulted in aggregation of AuNPs [182]. However, when the surface of
AuNPs was modified, NPs continue their dispersion in a colloidal form. After
centrifugation, the unbound oligonucleotides were removed from the colloidal suspension
and G10-AuNPs and G20-AuNPs showed similar band shift, surface charge and their
hydrodynamic sizes were not affected significantly, suggesting a successful and stable

surface functionalization.

When G10-AuNPs and G20-AuNPs dispersed in cell culture medium, NPs aggregated due
to adsorbed serum proteins on the surface of AuNPs and showed higher average
hydrodynamic size and SPR band shift to higher wavelength (Table 4.1). The length of the
oligonucleotide sequence affected the aggregation, and G20-AuNPs showed higher values
of maximum absorption with a higher average hydrodynamic size than G10-AuNPs.
Surface charge also affected from serum adsorption, and the effect was also length-
dependent [64]. The unmodified AuNPs and surface modified AuNPs exhibited much
more positive surface charges because of the serum proteins adsorbed on surface, and
DNA loading also affected serum adsorption. Hence, serum adsorption was higher when

(G20-AuNPs were considered, and it can be seen from surface charges (Table 4.1).

After the evaluation of physicochemical characteristics of NPs used in this study, cellular
experiments were performed systematically. For cellular assessments, NHA, U373 and

UK7MG cells were chosen. U373 and US7MG cancerous cell lines and NHA cells were
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preferred to investigate changes in cellular responses between astrocytes and GBM after
cells were treated with G-rich polyguanine-modified AuNPs. According to several studies,
G-rich sequences were known to recognize and bind to nucleolin, which were highly
expressed in cancer cells including GBM [76, 102]. Recent studies also showed that
nucleolin that was expressed on the surface of phagocytes possessed SR-like activity, and
it was also known that poly-G sequences were a natural ligands also for SR-A [183, 184].
The recognition of nucleolin provide increased uptake of G-rich sequences inside of these
cancerous cells, which could also affect biological response [64, 169, 185]. Moreover,
monomeric G-oligonucleotide, 20 bases in length were demonstrated to induced apoptosis
and altered cell cycle progression in tumor cells, and reduced harm to normal cells [78].
Hence, comparison between healthy and cancerous cells would provide crucial knowledge

about cancer therapy.

Cell viability of U373 and U87MG cells, which were incubated with various
concentrations, from 0.1 nM to five nM, of AuNPs, G10-AuNPs and G20-AuNPs for 24
hours, revealed that 2.5 nM could be chosen as a dose of treatment for further treatments
because no significant reduction in cellular viability was observed concentration higher
than the chosen one (Figure 4.5). After determination of the concentration, this dose of
treatment was also used for cell viability evaluation of NHA to compare between normal
and cancerous cells (Figure 4.6). Results demonstrated that dose of treatment was

significantly affected cancerous cells while reducing harm to normal cells.

After the determination of treatment concentration for NHA, and GBM cells, cellular
viability was observed upto three days of incubations with NPs to evaluate their lasting cell
viability effects upto 72 hours. Three-day evaluation of cell viability showed significant
reduction when GBM cells treated with G10-AuNPs and G20-AuNPs, however NHA did
not affected this much of reduction, while unmodified AuNPs reduced the cell viability
(Figure 4.7). Results demostrated that dose of treatment of polyguanine-modified AuNPs
with increased treatment days significantly affect cancerous cells while normal cells did
not affected, demonstrating the retention of NPs inside of the cells or cell-associated state
for at least three days. Moreover, when affected cellular viability of G10-AuNPs and G20-
AuNPs treated GBM cells were compared with normal cells, results suggested both length-
dependent and selective toxicity in GBM cells (Figure 4.8).
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After the evaluation of cell viability with an effective concentration, 24 hours of treatments
with AuNPs, G10-AuNPs, and G20-AuNPs were performed to analyze cell cycle
distribution using flow cytometer. Cell cycle analysis showed an arrest in S and G,/M
phase when GBM cells were treated with 2.5 nM polyguanine-modified AuNPs for 24
hours (Figure 4.9), while normal cells were not affected significantly, demonstrating a
selective cell cycle progression. Additionally, when phase accumulations of GBM cells
treated with polyguanine-modified AuNPs were compared with normal cells, results
showed significant arrests in both S and G»/M phase, with a length-dependent increase
suggesting that guanine base number significantly affected phase distributions, in addition
to previous studies demonstrating effects of G-rich oligonucleotides in cell cycle
progression in tumor cells [78, 99]. The highest cell accumulation was seen in S phase
when U373 cells were treated with G20-AuNPs, demonstrating a selective cell
accumulation in S phase was seen when GBM cells were treated with G20-AuNPs (Table

42).

Prior to quantification of apoptosis induction of polyguanine-modified AuNPs, G10-
AuNPs and G20-AuNPs were used for cellular uptake studies using a simple spectroscopic
method, UV/Vis spectroscopy, to calculate the number of nanoparticles engulfed by cells,
or associated with cells. The unmodified AuNPs were not suitable for this experiment
because they showed aggregation in medium after 24 hours incubation with cells, which
would interfere with UV/Vis spectroscopic measurements for uptake studies [186]. The
method was based on the dispersion of desired concentration of nanoparticles in phenol-red
free media before any incubation with cells because SPR band of phenol red would overlap
with absorbance peaks of G10-AuNPs and G20-AuNPs [174], and phenol red-free media
was used as a blank prior to other UV/Vis measurements. The absorbance difference of
media before and after incubations were considered as NPs taken up or surface-associated
by cells because loosely-bound NPs on the surface of cell membrane were washed off by
three PBS washing steps [174]. Absorbance differences were used for NP concentrations,
which were taken up or surface-associated by cells using Beer’s Law [143, 170, 172], and
additionally, by using the literature knowledge the average number of NPs taken up by
cells were calculated [22, 176]. According to results, cellular uptake was highest when
U87MG cells were treated with G20-AuNPs for 24 hours (Table 4.3 and Figure 4.11).
Moreover, G10-AuNPs showed similar cellular uptake for NHA, U373 and U87MG cells,
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where NHA was the lowest but not significantly. In addition, cellular uptake of G20-
AuNPs was higher than G10-AuNPs for all cell lines while cancerous cells interacted with
significantly higher number of G20-AuNPs than normal cells, which could be the result of
the highly expressed nucleolin receptor on the surface of GBM cells responsible for G-rich
oligonucleotide uptake [76, 102]. Cell cycle results revealed the highest uptake calculated
as 3.7x10° G20-AuNPs per cell for U§7MG, which could be resulted due to upregulation
of nucleolin in US§7MG, and higher expression of nucleolin on the surface of US7MG than
U373 [187].

Distribution of cells in early and late apoptosis, and necrosis was detected by apoptosis
assay using flow cytometer (Figure 4.13). DMSO (10 per cent) was used as a positive
control, and significantly induced apoptosis in GBM cells, while mostly induced necrosis
in NHA. According to results, G20-AuNPs induced early apoptosis more than G10-AuNPs
in U373 cells and US7MG cells, suggesting a length-dependent anti-proliferative effects
and induction of apoptosis in GBM cells. It was known that GROs induced apoptosis in
tumor cells [97, 98], and a recent study demonstrated 20-mer monomeric guanine
selectively induced apoptosis in malignant esophageal cell line, OE19 [78]. In addition to
these studies, in this study it was suggested that AuNPs could be effective nanocarriers for
GRO delivery, and using two monomeric guanine sequences differ in length demonstrating

a length-dependent cell cycle response in GBM cells.

Quantification of apoptosis induction by AuNPs, G10-AuNPs and G20-AuNPs were
performed to compare the results between cell lines, and nanoparticles (Figure 4.14).
Results demonstrated that polyguanine-modified AuNPs induced apoptosis in cancerous
cells, while no induction was quantified in normal cells, except unmodified AuNPs.
Unmodified AuNPs significantly induced apoptosis in normal astrocytes, while not
affected GBM cells to induce any apoptosis. In addition, G10-AuNPs and G20-AuNPs
significantly induced apoptosis in cancerous cells when compared with their untreated
control cells and normal astrocytes, with a higher apoptosis induction when cells were
treated with G20-AuNPs. The reason for that could be the enhanced cellular uptake of
G20-AuNPs when compared with G10-AuNPs, and in GBM cells than normal cells.

For final remarks, relationships between cell viability and cellular uptake, cellular uptake
and apoptosis induction were evaluated (Figure 4.12 and Figure 4.15), and found that

viability and uptake were inversely proportional, while uptake and apoptosis were directly
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proportional. G20-AuNPs significantly enhanced cellular uptake, reduced cell viability,
and induced apoptosis in U373 and US7MG cells, suggesting a length-dependent selective
killing of GBM cells.
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6. CONCLUSION AND FUTURE PERSPECTIVE

In this study, how slight changes in surface chemistry of AuNPs could significantly change
cellular responses in GBM was studied. This study demonstrated that increasing number of
guanine bases enhanced cellular uptake, altered cell cycle progression and increased anti-
proliferative effects and induction of apoptosis in glioblastoma (GBM) cells (U8§7MG and
U373) while reducing harm to normal human astrocytes (NHA). The data in this study
suggests length-dependent selective killing of GBM cells using polyguanine modified-
AuNPs, however, a little more molecular insight is needed to understand the nature of

G20-AuNPs and G10-AuNPs.

In addition to enlightening the molecular structure of monomeric polyguanine sequences,
the uptake mechanism (surface receptors, endocytosis pathway), the subcellular
localization (TEM, Dark-field microscopy, Confocal microscopy), and the apoptotic
pathways (p53, caspase 3/7 activity) should also be investigated. This study is the first
report that shows the length-dependent selective killing of polyguanine-modified AuNPs in
GBM cells. Therefore, G-rich oligonucleotide modified-AuNPs can be suggested as a
promising novel therapeutic agent for drug and small molecule delivery for brain tumor

research.

Further studies may include preparation of in vitro co-culture of the human BBB for
developing BBB-targeted strategies using polyguanine modified-AuNPs, which can be
conjugated with small molecules and drugs, as well as coupled with targeting moieties
such as antibodies. Additionally, further investigations can be directed to telomerase
activity in GBM cells, or other malignant tumor types having highly expressed nucleolin
on their cell surface such as breast cancer cells, when treated with BBB-permeable poly-G
modified-AuNPs. Moreover, by using polyguanine modified-AuNPs gene expression can
be manipulated in GBM cells, and after in vitro trials, in vivo GBM models can be used for

further examine the tumor growth.

Other than cancer therapy, polyguanine-modified AuNPs can also be investigated as
therapeutic agents for other neurological disorders such as Alzheimer’s disease or as
imaging agents. By targeting AP fibrils combined with photothermal therapy, AuNPs can
be used to slow down the progression of Alzheimer’s disease, and with polyguanine or

guanine rich oligonucleotide surface modification of AuNPs can facilitate the delivery
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across BBB. Finally, by targeting telomeres and telomerases, aging can also be studied in

addition to therapy of cancer and other neurological disorders.
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