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ABSTRACT

APTAMER MEDIATED CYTOTOXICITY OF DRUG CARRYING SILICA
NANOPARTICLES

Aptamers are single stranded DNA or RNA molecules which have high affinity and
specificity against their targets. Aptamer AS1411 targets nucleolin protein which is
upregulated on cell surface of variety of cancer types. AS1411 aptamer capped MCM-41
mesoporous silica nanoparticles can be utilized as a targeted drug delivery system. This
study aims to assess the targeting ability, localization, and cytotoxicity of drug loaded
AS1411 aptamer capped MCM-41 type silica nanoparticles (Apta-NP) on nucleolin positive
triple negative murine breast cancer cells, EQ771. Capping of mesoporous silica
nanoparticles with AS1411 aptamer inhibits drug release from pores of nanoparticle in
closed conformation, when AS1411 aptamer interacts with its target, nucleolin,
conformational change on aptamer structure induces drug release. In this study, in order to
show cellular localization and uptake of Apta-NP drug delivery system, first, EO771 cells
were treated with either fluorescein loaded Apta-NP (Apta-NP-FI) delivery system or
fluorescein loaded NP (NP-FI). Increased uptake of fluorescein was measured in cells treated
with Apta-NP-FI in comparison to NP-FI. Later, the same cell line was incubated with either
paclitaxel loaded Apta-NP (Apta-NP-TXL) or free paclitaxel in range of 0-100 uM for 24
or 48 hours and cell viability was measured. 1C50 values for free TXL and Apta-NP-TXL
delivery system were 45.76 uM and 36.41 pM, respectively after 24 hours incubation while
values were 48.87 UM and 35.64 uM after 48 hours incubation. Then, to examine in vivo
targeting ability of Ap-NP system, EQ771 cells were inoculated into right flank of C57bl/6
mice and localization of fluorescein cargo of Apta-NP delivery system was determined using
in vivo fluorescence imaging technique. One hour after the injection, localization of
fluorescence signal around tumor region was observed. 24 hours after injection, fluorescence
signal was cleared off the body. Therefore, Apta-NP complex might be suggested as a good
candidate for targeted breast cancer therapy in respect to lower 1C50 value on murine breast
cancer cell line and ability to localize on allograft breast cancer model.



OZET

ILAC TASIYAN SiLIKA NANOPARTIKULLERIN APTAMER ARACILIGIYLA
OLUSTURDUGU SITOTOKSISITE

Aptamerler, hedeflerine ylksek afinite ve spesifite gosteren, tek zincirli DNA ya da RNA
molekiilleridir. AS1411 aptamer, 6zellikle bircok kanser tipi hiicrelerinin hiicre zarinda
yuksek miktarda gorulen nikleolin proteinini hedefler. AS1411 aptameri MCM-41 tipi
mezoporlu silika nanokirelerine konjlige edilerek, hedefli ilag tasima sistemi olarak
kullanilabilir. Bu amaci, ilag enkapsiile edilmis AS1411 konjiige edilmis MCM-41 tipi silika
nanokdrelerinin (Apta-NP), nlkleolin pozitif triple negatif rodent meme kanseri hiicre
hattinda (E0771) hedefleme yetenegini, lokalizasyonunu ve sadece kanser ilact kullanimina
oranla sitotoksisitesini gostermektir. AS1411 aptamerinin mezoporlu silika nanokdrelere
konjiigasyonu nanokiirelerden ila¢ salinimi durdurmaktadir. Aptamer niikleolin proteini ile
etkilesime girdiginde mezopor acilir ve ilag salinimi gergeklesir. Bu calismada tasima
sisteminin hiicrede lokalizasyon ve hedefleme yetenegini 6lgmek amaci ile EO771 hiicre hatti
oncelikle, floresan yuklu Apta-NP tagima sistemi veya floresan yukli NP ile muamele edildi.
Sadece floresan grubuna gore, floresan boyali hiicre miktarinda artig gézlemlendi. Apta-NP
tasima sisteminin, sadece ilag muamelesine gore artmasi beklenen sitotoksisitesini
gostermek amaci ile, hiicreler esit miktarda (0-100puM) paclitaxel tasiyan, Apta-NP tagima
sistemi veya sadece paclitaxel ile 24 veya 48 saat muamele edildiler ve WST-1 metodu
kullanilarak, ilaglarin sitotoksik etkileri karsilastirildi. Sadece ila¢ kullanimi veya paclitaxel
tastyan, Apta-NP tasima sistemi kullanimi sonucunda hesaplanan IC50 degerleri, 24 saat i¢in
sirastyla, 45.76 uM and 36.41 pM, 48 saat i¢in sirastyla 48.87 uM and 35.64 uM dir. Bu
caligmalar takiben, allograft meme kanseri modeli C57bl/6 farelerinde, sag flank bdlgesine
E0771 hiicre inokiilasyonu ile olusturuldu. Apta-NP tasima sisteminin lokalizasyonu, in vivo
floresan goriintiileme metoduyla gozlendi. Enjeksiyondan bir saat sonra, meme timori
cevresinde floresan lokalizasyonu goziikmeye baslarken, enjeksiyondan 24 saat sonrasinda,
floresanin viicuttan atilmis oldugu gdzlemlendi. Sonug olarak, IC50 degerinin daha diisiik
olmas1 ve in vivo lokalizasyonunun saglanabilmesine dayanarak, Apta-NP tasima sistemi,

hedefli meme kanseri tedavisi igin umut vadettigini 6nerilebilir.
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1. INTRODUCTION

1.1. AIM OF THE STUDY

Aim of this study is to assess the localization, uptake, and cytotoxicity of Apta-NP drug

delivery system on in vitro and in vivo breast cancer models.

For that purpose, in this study, we used paclitaxel as chemotherapeutic agent, then loaded it
within MCM-41 mesoporous silica nanoparticles. As targeting agent, nucleolin targeting
aptamer AS1411 have been used to cap pores on MCM-41 silica nanoparticles which also
provided controlled release by using aptamer as nanovalve on the drug delivery system. By
using this drug delivery system, we assessed the effect of aptamer mediated silica
nanoparticle usage on efficiency of drug delivery and cytotoxic effect in comparison to free

paclitaxel.

1.2. BREAST CANCER

Dramatic increase on the incidence of breast cancer has been reported for both Turkish
population and world population in general [1, 2]. According to reports, breast cancer
incidence in Turkey was 25 per 100 thousand people in 1993 while the incidence was
doubled 20 years later and reported as 50 per 100 thousand people. However, the data
obtained may be less than the real prevalence due to lack of cancer screening system and
different risk factors on eastern and western provinces of Turkey [1, 3]. In addition to the
fact that breast cancer is the most common cancer type for Turkish women, higher incidence
and poorer prognosis was observed on medical cases in Turkey in comparison to developed
countries [4]. Furthermore, age adjusted breast cancer related mortality rate has been

reported as 11.9 per 100 thousand women [5].

As reported by GLOBOCAN project 2012, situation is similar for the world population.
Estimated breast cancer incidence is 17 per 100 thousand women, covering 30.2 per cent of
all estimated new cancer cases. Furthermore, number of new cases and number breast cancer

related death are expected to increase year by year [6, 7]. In addition to new cases, estimated



breast cancer related mortality rate is 4.4 per 100 thousand people per year for women
covering 25.1 per cent of all estimated cancer related mortality [2]. Even though total
mortality rate of breast cancer rate for women decreases year by year in US population [8],
number of estimated new cases and number of death related to breast cancer increases year
by year [6, 7].

Breast tumors are categorized into histological and molecular subtypes to define prognosis
and therapeutic methods of the disease [9]. Histological grades determine differentiation
level of breast cancer cells from normal breast cells. In this grading system, Grade | refers
to breast cancer cells which grow slowly, and those cells are morphologically similar to
normal breast cells. Grade Il breast cancer cells grow and divide rapidly, and they are
morphologically different than normal breast cells [10-12]. A study conducted in Turkey,
including 13,240 breast cancer patients, reports that 50 per cent of patients have been
diagnosed with histological Grade 111 [4]. Histological tumor stages are determined by TNM
categorization method developed by American Joint Committee on Cancer (AJCC) which
considers tumor size (T), node status (N) and metastasis (M). By this method, breast tumors
are divided to stages. Lowest stage is Stage 0 which includes breast tumors with non-invasive
abnormal cells and no node or distant metastasis while highest stage is Stage IV which
includes breast tumors with distant metastasis. Histological stages define the extent of breast
cancer [11, 13]. 44 for per cent of patients in the study stated above have been diagnosed
with Stage Il [4].

Molecular subtypes of breast cancer are divided into five groups depending on their hormone
receptor expression on cell surface such as Luminal A-like, Luminal B/[HER2 negative-like,
Luminal B/HER2 positive-like, HER2-type and Triple Negative [14-17]. Presence or
absence of those hormone receptors determine the prognosis of the disease and therapeutic
options [18, 19]. 62 per cent of patients in the study stated above have been diagnosed with

Luminal A-like breast cancer [4].



Table 1.1. Molecular subtypes of breast cancer and incidence in Turkey [4, 17]

Molecular Subtype | ER and/or PR | HER2 receptor | Incidence in Turkey
Luminal A-like + - 62%
Lum_mal B/HER2- + - 15%
Luminal B/[HER2+ +
HER2-type - + 8.50%
Triple Negative - - 15%

1.3. BREAST CANCER THERAPY

Therapeutic options for breast cancer therapy differ in respect to the histological and
molecular subtype of the disease. As the disease progresses, therapeutic efficacy decreases.
Hormone receptor positive subtypes of breast cancer are more common and better prognosis
is expected because of availability of targeting drugs used in clinics. Hormone therapy or
receptor targeting drugs like trastuzumab which targets HER-2 receptor, can be used for
those patients with hormone receptor positive breast tumors. However, hormone receptor
negative subtypes show poor prognosis due to lack of targeting drugs and extent of the
disease [17, 20, 21]. Radiotherapy or other chemotherapeutic drugs like doxorubicin should
be used in addition to surgical therapy for hormone receptor negative breast tumors. [17, 22].
Furthermore, patients with higher histological tumor grades have significantly increased
recurrence rates, even with a successful surgical therapy [23, 24]. Moreover, some patients
develop resistance to chemotherapeutic drugs such as doxorubicin. There are severe side
effects of chemotherapeutic drugs such as cardiotoxicity, hypersensitivity and peripheral
neuropathy. Because of those reason advanced methods which combine multiple agents must
be developed and used in clinics [25]. Early prognosis or prevention of breast cancer would
be the best outcome for future studies [26]. However, as stated above, number of patients
with breast cancer increases day by day. Current therapeutic approaches, as they will be
explained below, are not sufficient enough for breast cancer therapy and more efficient tools
for patients with poor breast cancer prognosis are required. For this purpose, efficiency of a
novel drug delivery system which delivers chemotherapeutic agent to the cancer tissue
selectively and controls pharmacodynamic properties of chemotherapeutic agent actively by
using nucleolin targeting aptamer gated drug delivery system has been researched in this

study.



1.3.1. Current Chemotherapeutic Agents Used in Clinics

1.3.1.1. Paclitaxel (Taxol®)

Taxol® is a product of the antitumor agent screening conducted by National Cancer Institute
(NCI) initiated in 1960. Active compound, paclitaxel, was extracted from western yew,
Taxus Brevifolia, showed toxicity against rodent tumors and cancer cell lines [27]. Studies
showed that cytotoxic effect of Paclitaxel is caused by stabilization of microtubules when
cells are exposed to drug [28, 29]. Microtubules are one of the major classes of cytoskeleton
proteins which take part in many cellular functions including migration, cilia and flagella
formation and chromosome segregation during mitosis. Homologous a and B tubulin
proteins are subunits of microtubules. As concentration of a-f tubulin passes critical
concentration, polymerization event starts. Polymerization is temperature and concentration
dependent and depending on the cellular event, microtubules are polymerized or
depolymerized constantly [30-32]. Paclitaxel decrease critical concentration for
polymerization and stabilizes formed microtubules structures. Thus, cells cannot execute
cellular process like migration and division which require microtubule polymerization and
depolymerization [28, 29]. Anti-proliferative effect of Paclitaxel® has been shown on many
cancer cell lines including HelLa cells [33]. Normally, microtubules destabilize when cells
are treated with CaClz or incubated at +4°C. Paclitaxel exposure can stabilize microtubules
even under physiological destabilization conditions as stated above. To test efficiency of
Paclitaxel under those conditions HeLa cells have been treated with Paclitaxel® and
microtubule structures stayed stable under those conditions [34]. Also in mouse fibroblast
cells similar effects have been shown [33]. Paclitaxel has been approved by FDA in 1994

for breast carcinoma [27], and still is being used for breast cancer therapy [35].

Similar to other anticancer agents, paclitaxel has side effects due to its cytotoxic nature [36].
Peripheral neuropathy, disorders in peripheral nervous system, has been diagnosed in dose
dependent manner on patients taking paclitaxel as medication. That is the main side effect
which prevents application of drugs with higher dosage [37]. Decreasing concentration of
drug also decreases therapeutic efficacy. In addition to peripheral neuropathy, cardiotoxicity
on older women with metastatic breast cancer [38], hypersensitivity [39], hematologic
toxicities like, neutropenia [39], infections like neutropenic enterocolitis [40] and muscle



pain [41] have been reported for patients using paclitaxel. Novel delivery strategies like
stimuli-dependent controlled release of drug to targeted tissue would decrease side effects

and toxicity of Paclitaxel administration [42].

Moreover, studies showed that, paclitaxel’s half-life is around two hours for different types
of solid tumors including breast, lung, ovarian cancers [43, 44]. To overcome short half-life
of paclitaxel, methods such as combination therapy have been used. In their study, Qi et al
showed that, using VEGF inhibitor, monoclonal antibody drug, Avastin in addition to
paclitaxel for non-small cell lung cancer (NSCLC) expands the duration of paclitaxel
exposure around tumor tissue. They hypothesize that this effect is due to combination of
inhibition of angiogenesis around tumor tissue, and therapeutic effect of Avastin. Also, as
we used in this study, nanoparticle-based drug delivery systems also increase half-life of the

drug in circulation [45, 46]

1.3.1.2. Doxorubicin

Doxorubicin is a chemotherapeutic agent in the class of anthracyclines. Doxorubicin firstly
extracted from Streptomyces bacteria as a cytotoxic agent [47]. Doxorubicin has two
different mechanisms of actions as a chemotherapeutic agent. Firstly, doxorubicin inhibits
topoisomerase-11 mediated DNA repair by interacting tightly with minor groove of DNA
[48]. Topoisomerase-II takes part in releasing the tension on DNA strands which formed
during events like transcription and other DNA related cellular processes [49]. Inhibition of
topoisomerase-I1 activity causes DNA damage and cell death [48]. Secondly, doxorubicin
increases oxidative stress within cell by disrupting redox balance and generating reactive

oxygen species [50-52].

Doxorubicin has been approved by FDA for metastatic breast cancer therapy in 1974 and
since then it has been used in clinics [53]. however, doxorubicin has also limitations as a
therapeutic agent for breast cancer therapy. Firstly, doxorubicin resistance is an important
factor which limits efficacy of the drug [54]. Enhanced expression of efflux pumps like
ABCB1, ABCC1 decreases intracellular concentration of drug [55, 56] in which drug is

pumped out of the cell continuously and therapeutic effect decreases [57].



Furthermore, cardiotoxicity like side effects are some of the limiting factors for doxorubicin
treatment in addition to drug resistance [54, 55]. Studies shown that, around two to five per
cent of patients taking doxorubicin as medication, shown evidence for congestive heart
failure or significant decline on left ventricular function which occurs due to effect of
doxorubicin on disruption of redox balance within myocardial cells [58-61]. With targeted
delivery, accumulation of doxorubicin on cardiac tissue can be decreased and more efficient
therapy can be facilitated via controlled release of drug around tumor tissue. Despite many
targeted delivery and controlled release systems were suggested previously, still more
effective, novel methods are demanded.

1.4. TARGETED DELIVERY FOR BREAST CANCER THERAPY

Paul Ehrlich, a Nobel laureate immunologist, provided the idea of “Magische Kugel”, magic
bullet in English, as the definition of ideal drug in early 1900’s which targets only certain
disease-making-pathogens. His idea was that an ideal drug, should be able to target only the
cause of the disease and effected cells in the body and should not be harmful to the healthy
cells of the patient. Currently, drugs being used in clinics like Paclitaxel and doxorubicin,
for breast cancer chemotherapy have side effects due to their inability to differentiate healthy
dividing cells from cancer cells as stated above. Toxicity of those drugs on healthy cells is
one of the dose-limiting factors which decrease efficacy of the drug [62, 63]. Because of that
reason, targeted therapy is a popular method among scientists working on breast cancer
therapeutics. Targeted therapy aims to provide highest concentration of drug to tumor
microenvironment without harming healthy cells [64]. With targeted therapy, in addition to
decreasing side effects of the drugs, problems like resistance against chemotherapeutic agent
can be solved [64]. Protein based monoclonal antibodies and single stranded
oligonucleotide-based aptamers are some of the most promising agents to be used in targeted
therapy against breast cancer [64-66]. Moreover, those agents can also be used for cancer
diagnosis due to their ability to locate their target in vivo [67, 68].



1.4.1. Monoclonal Antibodies

Ehrlich’s magic bullet idea substantiated in second half of the 20™" century by production of
monoclonal antibodies. In 1975, Georges Kohler and Cesar Milstein produced monoclonal
antibodies by using hybridoma technique in which mouse myeloma and mouse spleen cells
are fused and monoclonal antibodies are procured from those cells [69].

Monoclonal antibodies are immunoglobin shaped proteins which are produced by immune
cells originated from single parent cell, against certain targets. Their size is around 150kDa
[70]. Monoclonal antibodies recognize certain span of amino acids on their target and their
target area is called as epitope. [69, 71, 72]. Due to their ability to target specific “markers”,
monoclonal antibodies took attention of many researchers as a tool for developing new
targeting drugs for many diseases. Currently there are more than fifty monoclonal antibody-
based drugs approved by FDA [72, 73].

First monoclonal antibody approved by FDA for breast cancer therapy was trastuzumab,
Herceptin®. Trastuzumab targets HER-2, a growth factor receptor overexpressed in HER-2
positive breast cancer cells while lowly expressed on healthy cells of the patient [74, 75]. It
has been shown that free trastuzumab improves patient outcomes on early breast cancer [75,
76]. However, trastuzumab resistance has been observed in clinical cases. Around 35 per
cent of the HER-2 positive breast cancer patients respond free trastuzumab therapy [77, 78].
Moreover, side effects including cardiotoxicity have been observed on patients taking
trastuzumab as medication [77, 79]. In addition to its efficacy as a free drug, trastuzumab
has been used as a guiding agent for chemotherapeutic drugs loaded by nanoparticles. Even
though those methods are not in the clinics yet, higher efficacy of trastuzumab functionalized
nanoparticles against breast cancer cells in comparison to free trastuzumab has been reported
[80-83].

1.4.2. Aptamers

Aptamers are single stranded DNA or RNA oligonucleotides which have high affinity to
their specific targets. In 1990, Tuerk et al reported that, from a population of random
sequences, 65,536 different oligonucleotides in their case, a specific RNA ligand with high

affinity to a certain protein can be chosen by applying multiple rounds of selection/evolution,



as itis called Systematic Evolution of Ligands by Exponential Enrichment (SELEX) by them
[84]. In the same year, Ellington et al reported that, from 10 random RNA sequences,
specific RNA oligonucleotides have ability to bind a variety of organic dyes [85]. In the
same paper, those specific oligonucleotides have been named as “aptamers” from Latin word
“aptus” in the meaning of -to fit- and from Greek word “meros” in the meaning of -part- [85,
86]. Currently there are lots of aptamers being studied. And studies showed that aptamers

can target a variety of molecules from ions to cell types [86].

Pegaptanib sodium, Macugen®, is the first FDA approved aptamer-drug in 2004 [87, 88],
manufactured for the disease age related macular degeneration (AMD). This disease is one
of the important reasons for blindness for older individuals [88]. Pegaptanib sodium is a
Vascular Endothelial Growth Factor (VEGF) antagonist and it binds to pathological isoform
of extracellular VEGF. Interaction of pegaptanib and VEGF inhibits pathological
neovascularization [89]. Pegaptanib sodium is currently being used in clinics efficiently as

a beneficial and safe drug [90, 91].

Following Macugen® there are many aptamer-drug candidates on clinical trials. As a
promising antithrombic agent, ARC-1779 aptamer is targeting von Willebrand factor (VWF)
is a glycoprotein taking part in thrombosis procedure in which VWF interacts with pro-
coagulant factor VIII and mediates platelet adhesion on wound surface [92, 93]. Also, high
levels of VWF has been shown on acute coronary syndromes [94], acute myocardial
infarction [94] and ischemic stroke [95]. ARC-1779 aptamer completed phase Il trials as a
promising antithrombotic agent due to ability of ARC-1779 to target and inhibit VWF to
interact with pro-coagulant factor VII and reduce platelet adhesion and thrombus growth
[96].

Aptamers are promising agents for drug development field for many diseases including
cancer and aptamer-drug candidates against known biomarkers for cancer diagnosis and
therapy are being developed [97, 98]. One of those aptamer-drug candidates is NOX-A12
which is in phase Il clinical trials [99]. NOX-A12 was developed against stromal-cell
derived factor-1 (CXCL-12) as a drug for chronic lymphocytic leukemia. CXCL-12 is a
chemokine which is secreted by bone marrow stromal cells, for CXCR-4 and CXCR-7
receptors on leukemia cells which are shown to be upregulated in many cancer types [100-
102]. Leukemia cells adhere on bone marrow stromal cells and via CXCL-12 signaling they

develop resistance to drug induced apoptosis in the protective niche [102, 103]. Even though



chemotherapeutic agents can kill cancer cells in blood via drug induced apoptosis, adhered
cancer cells are protected from this effect [104]. By inhibiting CXCL-12, NOX-A12
remobilizes adhered leukemia cells and they are sensitized against drug induced apoptosis
[102].

Aptamers are oligonucleotides with a specific three-dimensional shape with high affinity
against their targets as stated above. In addition to aptamer-drugs and aptamer-functionalized
nanoparticle-based drugs like the delivery complex of this study, aptamers can also be used
in various fields such as for diagnosis for diseases and for detection of chemicals [105].
Aptamer for epithelial cell adhesion molecule (EpCAM) [106], DHX9 [107] for colorectal
cancer diagnosis, HER-2 [108], nucleolin [109] for breast cancer diagnosis, troponin
aptamer for acute myocardial infarction diagnosis[110], immunodeficiency virus (HIV)
aptamer for acquired immune deficiency syndrome (AIDS) [111] and many other aptamer

candidates are being studied for diagnostic and imaging tools [112-114].

In addition to therapeutics field, aptamers are promising agents due to many benefits
provided by nucleotide structure, and they can be used as aptasensors in many fields like
food inspection and safety [115, 116] and analyte detection [117, 118]. Chen et al developed
aptamer conjugated gold nanoparticle modified glassy electrode to inspect fumonisin B toxin
[119] while Mejri-Omrani et al developed aptamer conjugated dendrimer coated gold
nanoparticle to inspect Orhradoxin A [120]. Both studies reached detection level around 2-
5 10° M via electrochemical impedance spectroscopy [121].

1.4.2.1. Systemic Evolution of Ligands by Exponential Enrichment (SELEX)

Majority of aptamers are the result of successive SELEX cycles [122]. Since description of
first aptamer selections reported by Tuerk et al [84] and Ellington et al [85], SELEX
procedure has been modified depending on the outcome expected from resulting aptamer. In
general, SELEX requires a random library of aptamer candidates including high number of
different oligonucleotides, Ellington et al used 10*2 candidates in their research in 1990 [85]
while some studies use a library containing around 10'° candidates with conservative
sequences on 3’ and 5’ terminals of aptamer candidates [122, 123]. For DNA aptamers,
firstly target molecules are incubated with aptamer library. Since aptamers have their

specific three-dimensional structures on SELEX conditions, some aptamer candidates
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interact with target molecules while unbound candidates are washed away. Bound aptamers
are amplified by PCR method and then, this procedure is repeated several times. After total
10-15 cycles, a specific aptamer with high affinity to its target can be obtained [122-124].
Even though the SELEX procedure generally follows steps stated above, depending on the
requirement of the researcher different methods are developed. To illustrate, negative
SELEX recruits an additional step in which a similar molecule to the target molecule is
incubated with aptamer library after primary incubation with the target molecule, and
aptamer candidates which interact with similar molecule are removed from the pool to
increase specificity to the main target [123, 125] while Covalent SELEX recruits functional
group modified aptamer candidates in the aptamer library and they can covalently interact
with target molecules [125, 126]. One of the limitations of aptamers is the effect of the target
environment. Traditional SELEX procedure is performed with purified targets, however in
a cell or tissue, environmental conditions like pH, temperature and effect of other molecules
in the environment may change [86, 122, 123]. To overcome this problem, CELL-SELEX
can be used to select aptamers which are specific to different cell types thereby, aptamer
candidates’ reaction in live cells can be tested during SELEX [86, 127, 128]. Even more,
SELEX can be applied in vivo. In this way, effect of aptamer candidates in even more
complicated environment can be seen. Cheng et al used in vivo SELEX to examine aptamers

passing through Blood-Brain-Barrier [129].

1.4.3. Comparison of Aptamers and Monoclonal Antibodies

More than fifty monoclonal antibodies are being used as a therapeutic agent which have been
approved by FDA [74, 75]. Even though, only one aptamer drug was approved by FDA,
several aptamer drug candidates for many diseases including cancer, are in clinical trials
[130, 131]. Aptamers have several superior characteristics against monoclonal antibodies.
Aptamers are nucleotide-based compounds unlike monoclonal antibodies which are protein-
based compounds. Aptamers are 20-25 times smaller than monoclonal antibodies which
provides higher tissue penetration and increased ability to target smaller compounds like
ions [132, 133]. Due to oligonucleotide structure of aptamers, they are more resistant against
changing environmental conditions like pH and temperature. While antibodies denature on
extreme conditions, aptamers regain their structure when conditions are reversed [132, 134,

135]. Because of those properties shelf life of aptamers are also higher than monoclonal
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antibodies [135]. However, aptamers are sensitive against nucleases due to their nucleotide-
based structure. Modifications on backbone of nucleotides or nucleotide modifications on 3’
or 5’ terminals of aptamers increase aptamers’ resistance against nucleases [136]. Moreover,
using modified nucleotides during SELEX procedure also overcomes this problem [137]. In
addition to those, renal filtration is a problem for aptamers being developed as a potential
drug, addition of protective groups such as polyethylene glycol (PEG) on aptamer increases
half-life. This strategy can also be used for monoclonal antibodies [136, 137]. In addition
to those, due to protein structure of monoclonal antibodies, mild immune response can be

seen while aptamers do not show any reported immune response [132].

Current monoclonal antibody production methods require living cells or animals while
aptamers can be produced simply by SELEX procedure, and production of a known aptamer
requires simple chemical reactions while each batch of monoclonal antibody production
shows differences and requires optimization [105, 138]. Those differences also affect the
production cost [105]. Theoretically aptamers can be produced against unlimited targets
however antibodies require immune response against target protein from the parent cell [105,
139].

1.5. APTAMER-NANOPARTICLE COMPLEX (Apta-NP)

MCM-41 AS1411 Nucleolin Taxol

Figure 1.1. AS1411 conjugated Paclitaxel loaded MCM-41 nanoparticle complex



12

1.5.1. AS1411 Aptamer

G-quadruplex structures are formed by guanine-rich oligonucleotides in which tetrads of
guanine bases with hydrogen bonds an example for which can be seen on telomeres [140].
Studies showed that specific topology of g-quadruplex structure, and not anti-sense
mechanism due to nucleic acid-based structure, leads new properties like resistance against
nucleases, enhanced cellular uptake and most importantly for this study, anti-proliferative
effect on cancer cells [141]. Due to those properties of g-quadruplex structures, some
researches applied this information to SELEX by alternating nucleotide ratio for the primary
library to obtain aptamer candidates with the g-quadruplex properties stated above [142].
Several studies reported that, guanine-rich oligonucleotides exposure to cancer cells

suppresses growth and induces apoptosis [141-145].

In their study for cancer specific drug development, Bates et al used different guanine rich
phosphodiester oligonucleotides, GRO’s as researchers called them [145]. This study
revealed that, their candidate GRO’s are able to produce antiproliferative effect on breast
cancer cell lines due to the specific structure of GRO’s and not because of anti-sense
mechanism as researchers’ primary hypothesis [145]. 26-mer aptamer sequence, 5'-
GGTGGTGGTGGTTGTGGTGGTGGTGG named as AGRO100 by researchers, later
named as AS1411 by Antisoma, PLC., is a modified product of the research conducted in
1999 unlike other aptamers which are generated by SELEX [146]. Further studies reported
that, AS1411 shows a specific anti-proliferative effect against cancer cell lines while on non-
malignant cells this effect could not be detected [146, 147]. Following those, it has been
identified that, aptamer AS1411 targets nucleolin protein [145, 148, 149]

Nucleolin is a conserved protein forming around 10 per cent of proteins found in nucleolus
which suggests that nucleolin takes part in early ribosome biogenesis since it is found in
bound form to pre-ribosomal RNA [149-153]. Later it has been shown that overexpression
of nucleolin is linked with upregulation of RNA polymerase I, which takes part in
transcription of ribosomal RNA [154, 155]. In addition to that, downregulation of nucleolin
causes growth arrest or increased apoptosis rate [156, 157]. Later studies revealed that,
especially on cancer cells, upregulated expression of nucleolin has been reported on the cell
membrane in addition to nucleolus [146, 152, 158, 159].
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As stated above, cancer cell specific anti-proliferative effect of GRO’s has been shown.
Later, effect of GRO’s on S-phase arrest on cancer cells has been reported [160]. When
AS1411 interacts with nucleolin on cell surface, it is internalized and its interaction with
nuclear factor-kB (NF- kB) essential modulator, which is a regulatory subunit of the inhibitor
of kB kinase complex, has been shown [147, 161]. Girvan et al. reported that, by inhibition
of IKK complex, apoptosis is induced [147]. In addition to that, while in cancer cells bcl-2
MRNAs are stabilized by overexpressed nucleolin protein, on AS1411 exposed cancer cells,
decreased half-life of bcl-2 mMRNA has been shown. Similar results also obtained by
nucleolin knockdown on same cell lines [162-164].

Aptamer AS1411 is uptaken into the cell via macropinocytosis pathway on cancer cells in
which cell engulfs surrounding medium with its content with a signal dependent process
mediated by AS1411 internalization by nucleolin in this case, while it is uptaken into healthy
cells by non-macropinocytosis. Internalization of AS1411 by macropinocytosis causes more
macropinocytosis due to increased activation of Racl. Reyes-Reyes et al has shown that,
specific anti-proliferative effect of aptamer on cancer cells is in relation with the
internalization method [165, 166]. Same research group later showed that, nucleolin
inhibition by siRNA or aptamer AS1411 increases activation of Racl, which is a protein
from Ras superfamily taking part in cell growth and cytoskeletal reorganization, also
upregulated in breast cancer [167], and increased Racl activation upregulates
macropinocytosis pathway and leads methuosis, a non-apoptotic cell death occurring due to

excess macropinocytosis [167-170].
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Figure 1.2. AS1411 mechanism of action [170]

In addition to cancer cell specific anti-proliferative effect, aptamer AS1411 also used as a
targeting agent in conjugation to nanostructures like drugs, gold nanoparticles, micelles, and
mesoporous silica [141]. In this study, aptamer AS1411 will be used as both a targeting agent
in conjugation to mesoporous silica which carries anti-cancer drug and a nanovalve system

controlling actively drug concentration by cancer cells.

1.5.2. Controlled Release

Current cancer therapeutics like doxorubicin and paclitaxel have severe side effects due to
accumulation of drug on healthy tissue and lack of targeting as stated above. With the usage
of nanotechnology in medicine in recent years, drug carrying nanoparticles, ranging from 1-
100nm in size [171-173], have been developed and used to decrease those side effects and
provide more efficient therapy. Nanoparticles have been studied extensively by
encapsulation of drugs and facilitating release of drugs around the targeted tissue which also
provides better imaging tools for cancer diagnosis [174-179]. For those purposes
nanoparticles with different chemical properties such as carbon nanotubes [180], liposome
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based carriers [181, 182], hydrogels [183], polymeric nanoparticles [184], dendrimers [185],

micelles [186] and mesoporous silica nanoparticles [187-189] have been studied.

Studies showed that, using those nanoparticles as drug carriers contributes higher efficacy
and decreases side effects. Moreover, nanoparticle usage increases solubility of poorly
soluble drugs [190, 191], increases half-life of drug [46, 192] increases uptake of drugs into
target cells [193] and overcomes drug resistance [194]. In addition to benefits of nanoparticle
usage, to keep drug concentration in therapeutic range, several strategies for controlled
release have been used [195, 196]. Controlled release profile can be obtained by several
methods like pH dependent release [197], temperature dependent release [198], light
dependent release[198]. To illustrate those concepts, few studies using those strategies are
explained below. In this thesis study, for the first time, the efficiency of stimuli dependent
switchable aptamer nanovalve system was determined on cancer cells and targeting

capability of this switchable system was tested in vivo.

Carbon nanotubes are formed by sheets of benzene rings resulting in single or multi-walled
carbon nanotubes. Due to unique physicochemical properties of carbon nanotubes, they have
been used for diagnosis, drug delivery and imaging studies [192]. Those properties include
ultralight weight, high surface area, thermal and electrical conductivity due to carbon-based
structure [180, 194, 199]. Liu et al showed that, paclitaxel release from carbon nanotubes
was significantly higher in mouse serum, and significant reduction on tumor growth on mice
treated with paclitaxel-carbon nanotubes [192, 200]. However, studies showed that, carbon
nanotubes also induced DNA damage and cell death in normal human dermal fibroblast cells
[201, 202]. Moreover, carbon nanotubes show poor solubility with common solvents such

water and organic solvents [203].

Liposomes are formed by one or more lipid bilayers with aquatic phase in between each
layer [46]. Due to presence of both hydrophilic and hydrophobic layers, liposome-based
nanoparticles can transfer wide range of substances in respective layer. Moreover, liposomes
are self-assembled, biocompatible, and biodegradable [182, 204]. Liposomes are extensively
studied, and several liposome-based drugs have been approved by FDA [182]. Layek et al
reported that, tamoxifen citrate release on sustained release profile has been observed form
liposome based delivery system [205].With the surface modifications, liposome derivatives
are developed to release their cargo on certain pH or temperature. Even though liposome

surface can be also modified via targeting agents, active targeting could not be achieved in
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clinics via liposome-based nanoparticles due to clearance of drug and limited accumulation

on tumor site [182].

In the present study, Mobile crystalline material (MCM-41 type) mesoporous silica
nanoparticles are used to encapsulate anti-cancer agent. MCM-41 type silica nanoparticles
are Silicon dioxide based and they have hexagonal structure. They have several advantages
over other nanoparticles such as high surface area/volume ratio, structured pore size,
stability, and biocompatibility in addition to silanol containing surface which facilitates
functionalization of nanoparticle via surface modifications [206, 207]. Numerous studies
showed that, therapeutic drug loaded MCM-41 type silica nanoparticles increase uptake and
provide better drug encapsulation and release profiles [208-214].

Mamaeva et al recruited y-secretase inhibitor loaded mesoporous silica nanoparticles to
target notch signaling which is upregulated on breast cancer [177]. Even though y-secretase
inhibitors show severe side effects when used as a free drug due to active notch signaling on
many tissues, researchers successfully targeted breast tumor with the nanoparticle. In

comparison to free drug, enhanced therapeutic effect has been reported.

External stimuli Internal stimuli

Photons Nanovalves pH, redox

Drug
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Figure 1.3. Controlled release strategies for silica nanoparticles [188]

In addition to properties of MCM-41 type silica nanoparticles by themselves, controlled
release profile can be obtained by molecular gates which prevents drug release before

extrinsic signal acquired by the carrier molecule. Control release of drug aims to minimize
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premature release of drug in the body before nanoparticles reach the targeted tissue. In this
way, highest efficacy with minimum drug concentration can be achieved [215]. For MCM-
41 type silica nanoparticles, multiple strategies are being followed to reach targeted drug
release. Mainly, surface modifications work as nanovalves by closing pores on silica
nanoparticles and preventing drug release in absence of stimuli. When targeting molecules
on the surface of silica nanoparticles interact with target molecule, pores open and drug
release occurs depending on the stimuli. Primary methods developed for targeted and
controlled release are irreversible due to chemical reactions or weakened interactions of
targeting molecules [216]. Newer methods provide controlled release via reversible
nanovalves, thus providing higher control over release profile [216-219]. Also, there are
some studies conjugating drug to silica surface instead of encapsulating, then provide release

by disrupting conjugation between drug and silica nanoparticle via stimuli [220].

pH dependent controlled drug release has been studied due to acidic pH of tumor
microenvironment and intracellular lysosomal compartments [220]. While Zhang et al
recruited doxorubicin conjugated silica nanoparticles, Zhao et al used pH (low) insertion
peptide silica nanoparticle conjugates for pH dependent controlled release. Both studies
showed that, as nanoparticles enter acidic tumor microenvironment, pH change disrupts
bonds on silica nanoparticle and controlled doxorubicin release profile can be obtained. By
those methods decrease on viability of breast cancer cells reported with controlled drug
release [220, 221]. However, both strategies use nanoparticles which release doxorubicin in
an irreversible manner. This release profile may not be efficient for doxorubicin resistant
breast cancer cells as shown by Zhao et al, efficacy is less for doxorubicin resistant MCF-
7/ADR cells in comparison to doxorubicin sensitive MCF-7 cell line [221].

Moreover, silica nanoparticles can be functionalized with magnetic field sensitive capping
[222], thermoresponsive capping [223], UV light sensitive capping [224] strategies have
been researched. However, similar to pH sensitive drug release systems, majority of surface

modifications do not provide reversible controlled release properties.

Aptamers have been also used as molecular gates by several studies due to their ability to
target specific molecules and their nucleotide based flexible structure [225, 226]. In this
study, previously developed AS1411 aptamer- MCM-41 type silica nanoparticle conjugate
will be further studied. In the study of Hernandez et al, engineered AS1411 aptamer was

used as a molecular gate on drug loaded mesoporous silica nanoparticle [227]. Additional 7
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nucleotides on 5* end of AS1411 aptamer provided capability to act as a nanovalve on pores
of MCM-41 type silica nanoparticles. Obtained hairpin structure prevented drug release from
mesoporous silica nanoparticles in natural conformation of aptamer. When modified
AS1411 aptamer interacts with its target, nucleolin protein, due to conformational change
on modified aptamer, cargo of silica nanoparticles was released as it has been shown with
fluorescein in their study. Hernandez et al successfully showed the ability of delivery
complex to target nucleolin positive MDA-MB-231 cells in comparison to nucleolin
negative MCF-10A cells.

Therefore, in the present study, firstly we examined targeting ability and cellular uptake of
AS1411 Aptamer-MCM-41 type silica nanoparticle (Apta-NP) complex on nucleolin
positive triple negative murine breast cancer cells, E0771, by fluorescence microscopy and
flow cytometry. Then we showed cytotoxic effect of Apta-NP complex on EQ771 cells in
comparison to free drug via WST-1 cell viability assay. Thereupon we evaluated the in vivo
controlled drug delivery and release potential of Apta-NP complex via in vivo fluorescence
imaging on EQ771 allograft breast cancer model we constructed on mice.



2. MATERIALS AND METHODS

2.1. MATERIALS

2.1.1. Consumables

Table 2.1. Consumables used for cell culture experiments

# Brand Item Catalog No

1 TPP Cell culture Flask T75, T25 90075-25

2 SPL Serological Pipette 5ml, 10ml, 25ml 91005,10,25

3 CAPP Microcentrifuge tubes 1.5ml, 2ml 5101550C, 52000C
4 Axygen Micropipette tips 10ul, 200ul,1000ul 301-03-051

5 Axygen Falcon 15ml, 50ml SCT15ML25S
6 SSI BIO Falcon 5ml 1410-09

7 Isolab Cryotube (2ml) 1.091.11.102.100
8 FinnPipette | Micropipette (2ul, 20ul, 200ul, 1000ul) 4642010,50,80,90
9 Corning 6 Well plate, 3516

10 Costar 96 Well plate 3596

11 Sigma Haemocytometer Z359629

12 Isolab Pipette Pump 010.01.006

2.1.2. Chemicals

Table 2.2. Chemicals used for cell culture experiments

# Brand Item Catalogue No
1 Gibco RPMI1640 21875034

2 Gibco FBS 10500064

3 Gibco PBS 13190094
4 Gibco Pen/Strep 15140122

5 Gibco Trypsin 25200056

6 Sigma DMSO D8418

7 Vectashield DAPI H-1200

8 Roche WST-1 11644807001
9 Honeywell Fluka Fluorescein 28803

10 Sigma Paclitaxel T7402
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2.1.3. Instruments
Table 2.3. Instruments used in experiments
# Brand Item Catalogue No
1 Esco Cell Culture Hood Class Il BSC
2 Sigma Centrifuge 3-18K
3 Haier -86 UltraFreezer UltraFreezer DW86L338
4 Panasonic -20 Freezer MDF-U731M
5 Arcelik Fridge No-Frost
6 Esco Cell culture Incubator CCL-050B-8
7 | American Optical Corporation Light Microscope 1810
8 Zeiss Fluorescent Microscope | Discovery.V20
9 ThermoFisher Scientific Spectrophotometer VLOLOODO
10 Beckman Coulter Flow cytometry CytoFLEX S
11 IVIS In vivo imaging Illumina Series I11
12 Leytemed Water bath DK-420-CE
13 Nalgene Cell freezing 5100-0001
2.1.4. Cell Line

e EO0771 Murine Triple Negative Breast Cancer (CH3-Biosystems, 940001)

2.2. STUDY DESIGN

In this study, effects of aptamer mediated drug carrying silica nanoparticles (Apta-NP
complex) on targeting, uptake, localization, and cytotoxicity were examined in nucleolin
positive murine breast cancer EQ771 cells. To investigate effect of Apta-NP complex on
cellular uptake, flow cytometry was utilized on cells treated with either Apta-NP-FI complex
or NP-FI. Then, cells were exposed to same delivery complexes to visualize localization of
fluorescein cargo released from Apta-NP-FI and NP-FI using fluorescence microscopy. To
examine the cytotoxicity of aptamer-gated drug delivery complex on murine triple negative
breast cancer cells, EO771 cells were incubated with either Apta-NP-TXL delivery system
or free TXL with equal amount of paclitaxel concentration in the range of 0 to 100 uM. In

addition, to investigate in vivo targeting ability of aptamer-gated drug delivery complex,
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EQ771 cells were inoculated into right flank of female C57BL/6 mice and tumor growth was
examined. When tumors reach palpable size (=150mm?®), Apta-NP-FI was injected
subcutaneously, and localization of fluorescein was performed using in vivo imaging
techniques with one-hour intervals up to four hours. Also, one final image of the fluorescent
signal was acquired after 24 hours of Apta-NP-Fl injection.

2.3. CELL MAINTENANCE

EO771, Triple negative murine breast cancer cell line was kindly provided by Prof. Dr.
Margot P. Cleary at Hormell Institute Medical Research Center, University of Minnesota,
Austin, United States. Frozen cells were thawed at gentle agitation in 37°C water bath. Then
content of cryotube was transferred into 15 ml centrifuge tube with nine ml of RPMI 1640
medium with 10 per cent FBS and one per cent Pen/Strep. Then, cell suspension was
centrifuged at 300 g (1200 rpm) for five minutes. Afterwards, supernatant was removed,
and pellet was dissolved in fresh medium and resuspended in appropriate flasks. Throughout
the study cells were incubated in T75 flasks at 37°C in five per cent CO2 incubator. Cell
culture medium replenished every two or three days and cells were sub-cultured when they
reached up to 80 per cent confluency. For sub-culturing, medium was removed then cells
were washed with PBS and treated with one ml of trypsin to detach them. Later, T75 flask
was shaken gently to spread trypsin on the cell surface. After three to four minutes of
incubation in cell culture incubator at 37°C, cells were resuspended in fresh medium.
Hemocytometer was utilized for cell count. After calculation of cell concentration in the
resuspension, cells were transferred to appropriate centrifuge tubes and centrifuged for
further processes. To freeze and store cells, freezing medium was prepared by mixing 10 per
cent DMSO and 90 per cent complete RPMI 1640 medium. 1.5 million cells were
resuspended in one ml of freezing medium and mixture is transferred into cryotubes.
Cryotubes were stored in cell freezing chamber overnight before they are transferred to ultra-
freezer. For the experiments in this master’s thesis study, cell passage numbers from 5to 15

were used.



22

2.4. CHARACTERIZATION OF APTA-NP DRUG DELIVERY SYSTEM

Characterization of MCM-41 type silica nanoparticles and Apta-NP drug delivery system
were performed by using Transmission Electron Microscopy (TEM), Scanning Electron
Microscopy (SEM), Atomic Force Microscopy (AFM), Dynamic Light Scattering (DLS)
and Fourier-Transform Infrared Spectroscopy (FTIR). Then drug release from Apta-NP-
TXL. Cellular fluorescein uptake in presence of Apta-NP-FI or NP-FI drug delivery systems
were measured by both flow cytometry and fluorescence microscopy. And TXL release from
Apta-NP-TXL drug delivery system in comparison to NP-TXL system was measured via

spectrophotometry.

2.4.1. TEM Analysis

TEM analysis were performed to characterize compositional and crystalline properties of
MCM-41 type silica nanoparticles used in present study. Particles were prepared by
ultrasonication of silica nanoparticle powder in ethanol for 5 minutes. Then, droplet of
suspension was dried on a standard holey carbon TEM grid. Analysis were carried out on
Titan 60-300 electron microscope (FEI, Netherlands) operating at 300kV in TEM mode.

2.4.2. SEM Analysis

SEM analysis of MCM-41 were performed to characterize surface properties. Analysis were
done with Zeiss EVO LS 10 microscope under high vacuum conditions with 30,000 X

magnification.

2.4.3. AFM Analysis

To further analyze surface properties of MCM-41 type mesoporous silica nanoparticles,
AFM was used for nanometric imaging in dry form by using ezAFM (Nanomagnetics

Instruments, Ankara, Turkey).
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2.4.4. DLS Analysis

Average size distribution of MCM-41 type silica nanoparticles, DLS analysis were

performed with Zetasizer Nano-S (Malvern Instruments, Worcestershire, UK).

2.4.5. FTIR Analysis

Amino-functionalization of MCM-41 type mesoporous silica nanoparticles was analyzed via
FTIR.

2.4.6. Measurement of Cellular Uptake of Apta-NP-FI by Flow Cytometry

Nucleolin positive E0771 cells (150x10%cells/well) were cultured in six well plates and
incubated overnight at 37°C. The next day, cells were treated with 0, 10, 25 or 50 pg/ml
fluorescein loaded Apta-NP or fluorescein loaded only NP for two hours. Then, cells were
collected with complete RPMI medium after trypsinization and centrifuged at 1500 rpm for
five minutes. Following that, supernatant was removed, and cells pellet was re-suspended in
500 pl 4 per cent PFA and incubated for 15 minutes. Then cells were centrifuged again at
1500 rpm for five minutes. Supernatant was removed, and pellet was resuspended in 200ul
PBS. Resuspended cells were transferred to 96 well plate for flow cytometry analysis.
Beckman Coulter flow cytometry was used for experiments. At least 5x10° events per well
was read. Sample with no fluorescein treatment was used as unstained negative control.
Experiments were repeated three times and data points were calculated as mean + standard

error. Results were collected as dot plots.

2.4.7. Determination of In Vitro Localization and Targeting Ability of Apta-NP
System by Fluorescence Microscopy

Total of 150 x 10° of E0771 cells in RPMI 1640 medium with 10 per cent FBS and one per
cent Pen/Strep were cultured on six well plates. The next day, cells were incubated with O,
10, 25 or 50 pg/ml either fluorescein loaded Apta-NP-FI or NP-FI for two hours. Then,

medium was removed, and cells were washed with PBS twice. For fixation, cells were
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treated with 4 per cent PFA for 15 minutes. Following that, cells were washed with PBS
again and few drops of DAPI was added to each well. Visualization of Apta-NP-FI uptake
was examined by fluorescence microscope. DAPI and FAM channels were used separately,

and images were merged later on FlJI-Image-J.

2.5. MEASUREMENT OF CYTOTOXICITY OF APTA-NP-TXL ON BREAST
CANCER CELLS

Apta-NP drug delivery system consists of, MCM-41 type mesoporous silica nanoparticle,
AS1411 aptamer and loaded drug. This study aims to show that, paclitaxel loaded aptamer-
gated nanovalve system has higher toxicity in comparison to free paclitaxel at same dose.
To eliminate effect of silica nanoparticle on cytotoxicity of Apta-NP drug delivery system,
total of 5 x 102 E0771 cells were seeded on each well of 96 well plate and exposed to MCM-
41 type silica nanoparticles up to 100 uM after adhesion of cells. All doses were performed
as triplicates. Cells are incubated at 37°C for 24 or 48 hours with drugs. Following that 10
ul of WST-1 reagent was added to each well at the end of incubation period via multichannel
pipette in dark. 96 well plate was gently shaken to mix WST-1 reagent with the medium and
incubated at 37°C for one more hour. Then, 96 well plate was covered with aluminum foil
to prevent light exposure and absorbance was measured at 440nm using spectrophotometry.
For each concentration, average absorbance values of the samples were normalized to
average absorbance values of control group (0.1 per cent DMSO, complete medium). Then
percent survival in comparison to control group for each treatment was calculated.
Experiments were repeated three times and data points were calculated as mean + standard

error.

Following that, effect of paclitaxel loaded Apta-NP drug delivery system (Apta-NP-TXL)
on cytotoxicity was examined in comparison to free drug. Paclitaxel (TXL) powder was
dissolved in DMSO as a stock solution and diluted in complete RPMI medium in the range
of 0-100uM concentration for in vitro cytotoxicity study. The same Paclitaxel (TXL) stock
solution was also used to prepare Apta-NP-TXL solution. To measure cell viability, total of
5 x 10% EQ771 cells were seeded in each well of 96 well plate and then cells were incubated
at 37°C in complete medium overnight. WST-1 procedure applied for cytotoxicity of silica
nanoparticles stated above was also followed for this experiment. In order to detect dose
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dependent cytotoxicity of Apta-NP-TXL, eight different concentrations of TXL at 0, 1, 2.5,
5, 10, 25, 50, 100 uM was used. Experiments were performed as triplicates for each

concentration. After either 24 or 48 hours of incubation in 37°C incubator.

2.6. INVIVO EXPERIMENTS

2.6.1. Animals

All animal experiments in this study has been approved by Yeditepe University Ethical
committee (Decision no: 22.7.2016/554). For the study, eight to ten-week-old female
C57BL/6 mice were cared under the supervision of Yeditepe University Medical School,
Experimental Research Center (YUDETAM). All animals were fed with ad libitum food and

water.

2.6.2. Allograft Tumor Model

After primary body weight measurement, healthy eight to ten-week-old female mice were
subcutaneously inoculated on right flank region with 100 pl, with 1x108 freshly trypsinized
E0771 cells by using one ml sterile insulin injector. After cell inoculation, animals were

examined every three days for body weight changes and tumor growth.

2.6.3. In Vivo Imaging

When tumor growth reaches palpable size (around 150mm?3, measured by a x b x ¢ /2). Due
to dark hair color of mice, front region was shaved with a razor. Then, Apta-NP-FI complex
was subcutaneously injected to mice. After Apta-NP-FI injection (t=0h), an in vivo
fluorescent image from both dorsa-ventral and ventra-dorsal directions has been acquired
for four hours following injection with one-hour intervals at 480-580nm by IVIS llumina
Series III at Bogazici University Center for Life Sciences and Technologies (Vivarium). At
the end of 24 hours, one last image was acquired then animals were sacrificed and organs
like brain, hearth, liver, and tumor were collected for histopathologic analysis.
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2.7. STATISTICAL ANALYSIS

Prism Software version 7.00. was utilized to perform statistical analysis of the present study.
Results of the experiments of this study were shown as mean + SD. For cytotoxicity assay,
two-way ANOVA test was done. For multiple comparisons, Tukey’s Test was performed as
post-hoc test. For IC50 calculation, log (TXL concentration) vs response (per cent survival)
was used in Prism. “n” value represents the number of the repeated experiments as it has
been stated in figure legends and figure captions. In addition to that, samples were used as
triplicated during each experiment. Means of the triplicated were used during statistical
analysis. P value is equal or smaller than 0.05 (p<0.05) was accepted as statistically

significant.
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3. RESULTS

Specific targeting ability of MCM-41 type mesoporous silica nanoparticles functionalized
with nucleolin targeting aptamer, AS1411, as nanovalves (Apta-NP) has been shown on
nucleolin positive breast cancer cells [227]. In this study, cytotoxic effect of drug loaded
Apta-NP drug delivery system was shown on EQ771, triple negative, nucleolin positive
murine breast cancer cell line. Then, in vivo targeting ability of the Apta-NP system was

shown on allograft mouse breast cancer model.

3.1. CHARACTERIZATION OF APTA-NP DRUG DELIVERY SYSTEM

In this study, Apta-NP drug delivery complex was synthesized as previously described [227].
Characterization of MCM-41 type mesoporous silica nanoparticles were done by using
several methods. Firstly, TEM images showed that, silica nanoparticles show typical

hexagonal nanopores (Figure 3.1) [228].

Figure 3.1. TEM images MCM-41 type mesoporous silica nanoparticles used in current
study [228, 229]
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Figure 3.2. SEM images of MCM-41 type mesoporous silica nanoparticles used in current
study [228, 229].

SEM was used to examine surface properties and size of the MCM-41 type silica
nanoparticles, round, spherical particles have been observed (Figure 3.2) [228]. Following
SEM analysis, AFM was utilized to examine particles. Maximum height of particles was
ranging from 20-200 nm (Figure 3.3) [228]. Average hydrodynamic diameter of MCM-41
type nanoparticles was measured via DLS was 191 + 1.3 nm (Figure 3.4) [228]. Following
those, amino functionalization of silica nanoparticles was shown via FTIR spectra (Figure
3.5) [228]. Bands on 1460 and 690 nm seen on FTIR spectra shows N-H asymmetric bending
vibrations and N-H bending which are typical to amino group addition on silica nanoparticle
surface [230].
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Figure 3.3. Nanometric imaging of MCM-41 type mesoporous silica nanoparticles used in
current study by AFM [228, 229].
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Figure 3.4. Average diameter of MCM-41 type mesoporous silica nanoparticles used in
current study by DLS [228, 229].
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Figure 3.5. FTIR spectra of MCM-41 type mesoporous silica nanoparticles after amino
grafting [228, 229].

3.1.1. In Vitro Uptake

To demonstrate targeting ability of aptamer gated drug delivery system, firstly we utilized
flow cytometry after treating E0071 cells with 0-50 pg/ml Apta-NP-FI or NP-FI for two
hours. Then, fluorescein stained cell percentage was measured quantitatively by flow
cytometry. Representative results are shown in Figure 3.7. As the fluorescein concentration
increased, increased uptake on both Apta-NP-FI and NP-FI groups were measured. Higher
uptake on cells incubated with Apt-NP-FI was shown in comparison to cells incubated with

same concentration of fluorescein carrying NP-FI (p>0.05) (Figure 3.8).
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Figure 3.6. Representative dot plots of fluorescein uptake of EO771 cells incubated with
NP-FI or Apta-NP-FI delivery system. Top panel refers to incubation of cells with NP-Apt-
FI while bottom panel refers to NP-FI incubation with equal concentration of fluorescein
(20, 20 or 50 pg/ml). Untreated cells were used as unstained negative control.
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Figure 3.7. Quantification of in vitro fluorescence uptake of E0771 cells. (Green: NP-FI
treatment, Red: Apta-NP-FI treatment). For statistical analysis, t-test was performed.
(p>0.05, n=3).

3.1.2. In Vitro Localization

To examine cellular localization and uptake of fluorescein by aptamer gated drug delivery
system in comparison to NP-FI, fluorescence microscopy was used. Similar to in vitro uptake
experiment, EQ771 cells were incubated with 10, 25 or 50 pg/ml fluorescein carrying Apta-
NP-FI or NP-FI drug delivery complexes for two hours. Representative fluorescence
microscopy images are shown in Figure 3.9. DAPI channel and FAM channel were used
separately during experiments, merged DAPI/FAM images are shown below. Intense
fluorescence signal was detected on cells treated with Apta-NP-FI even in 10 pg/ml and
increasing fluorescence intensity was observed in higher doses for this treatment. In
comparison to Apt-NP-FI treatment, lower fluorescence intensity was observed on cells
treated with NP-FI. With this experiment, increased uptake of fluorescein by Apta-NP-FI

treated cells and localization of fluorescein around the nucleus has been shown.
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Figure 3.8. In vitro uptake and localization of Fluorescein (10, 25 and 50 pg/ml). Images
obtained from NP-FI treatment are shown on top panel as images from Apt-NP-FI

treatment are shown on the bottom panel.
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3.1.3. Measurement of Drug Release from Apta-NP-TXL Drug Delivery System

For time dependent drug release experiment, Apta-NP-TXL and NP-TXL drug delivery
systems were used. It has been shown that, drug release from NP-TXL occurs immediately
in high percentage, which decreases the efficiency of drug delivery, while, effective capping
of Apta-NP-TXL drug delivery system inhibits drug release from the system. When Apta-
NP-TXL complex is exposed to target protein, nucleolin, drug release occurs as shown in
Figure 3.6.
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Figure 3.9. Time dependent drug release from Apta-NP-TXL complex in the presence of

target in comparison to NP-TXL.



3.1.4. Cytotoxicity of MCM-41 Type Silica Nanoparticles
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Figure 3.10. Effect of MCM-41 type NP exposure on cell viability in comparison to 0.1%
DMSO treated control group. E0771 cells were treated with increasing concentration of
MCM-41 type silica nanoparticles up to 100 uM. a) Cell survival after 24 hours of MCM-
41 type silica nanoparticle exposure. B) Cell survival after 48 hours of MCM-41 type silica
nanoparticle exposure. * indicates significant difference in comparison to control group.

*p<0.05, by one-way ANOVA compared to control group, n=3.

To evaluate possible cytotoxic effect of MCM-41 type silica nanoparticles on E0771 cells,
WST-1 assay was performed to compare cell viability in comparison to non-treated group.
Cells were exposed up to 100 uM MCM-41 type silica nanoparticles for 24 or 48 hours.
Assays were performed as triplicates and obtained data was normalized to cells incubated
without MCM-41 type silica nanoparticles. In Figure 3.4 we demonstrated that, there is no
significant difference between viability of cells incubated with silica nanoparticles and 0.1%
DMSO treated control group. Those results show that, mesoporous silica particles do not
show any cytotoxicity on EQ771 cells. Thus, increased cytotoxicity of aptamer-gated
nanovalve complex on E0771 cells as shown below is not due to the presence of silica

nanoparticles and caused by aptamer-gated nanovalve.
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3.1.5. Cytotoxicity of Paclitaxel Loaded Aptamer-Nanoparticle Complex
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Figure 3.11. Effect of Apta-NP -TXL exposure on cell viability. EO771 cells were treated

with increasing concentration of Apta-NP -TXL complex or free TXL up to 100 uM. A)
Cell survival after 24 hours of free TXL. B) Cell survival after 24 hours of Apta-NP-TXL.

Two-way ANOVA with Dunnett multiple comparison was performed for statistical

analysis. C) Cell survival after 48 hours of free TXL. D) Cell survival after 48 hours of

Apta- NP-TXL. * indicates significant difference in comparison to control group (*p<0.05,
n=3).

Wst-1 assay was performed to measure cytotoxicity of Apta-NP-TXL complex on EQ771

cells in comparison to free TXL treatment. Cells are incubated with 0-100 uM TXL loaded

Apta-NP-TXL or free TXL for 24 or 48 hours. Assays were performed as triplicates and

obtained data was normalized to cells incubated without drugs. Higher cytotoxicity of Apta-

NP-TXL complex against EO771 cells was shown in Figure 3.11. While percent survival in

comparison to control group is significantly different for all doses from 2.5 uM (except 10
uM) for Apta-NP-TXL treatment, only 50 uM and 100 uM free TXL treatment showed

significant toxicity in comparison to control group for 24 hours of treatment.
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Table 3.1. Comparison of 1C50 values for Apta-NP-TXL or free TXL treatment

IC50 Free TXL (UM) Apta-NP-TXL (uM)
24h 45.76 36.41
48h 48.87 35.64

For 48 treatment, both treatments showed significant toxicity in comparison to control group
for every dose. However, as shown in Table 3.1, IC50 value for free TXL was 45.76 uM and
36.41 uM for Apta-NP-TXL. After total 48 hours of incubation with drugs, 1C 50 value for
free TXL was 48.87 uM while it was 35.64 uM for Apta-NP-TXL. For both experiments
aptamer-based nanovalve system shows superiority on cytotoxicity against free drug

exposure.

3.2. INVIVO EXPERIMENTS

3.2.1. In Vivo Localization

To illustrate targeting ability of aptamer-based nanovalve system in vivo, allograft murine
breast cancer model was used. As soon as tumor volume reached palpable size (150mm?3),
tumor bearing mouse was injected with Apta-NP-FI complex subcutaneously and in vivo
fluorescence image was acquired with one-hour interval after injection. As shown in Figure
3.12, fluorescent signal localizes around tumor region after one hour of injection as aptamer-
based nanovalve system aims. And intensity increases up to four hours after injection.
Fluorescent signal around tumor region shows localized drug release around tumor. After 24

hours fluorescence amount decreases around tumor.
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Figure 3.12. In vivo localization of Apta-NP complex around tumor region. Fluorescence
image was acquired with one-hour interval after subcutaneous Apta-NP-Fl injection was

made.
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4. DISCUSSION

Chemotherapeutic agents used in clinics for breast cancer therapy like doxorubicin and
paclitaxel are given intravenously as free drugs, without any targeted delivery system.
Chemotherapeutic drugs have different mechanisms of actions, such as; doxorubicin inhibit
topoisomerase activity while paclitaxel stabilizes formed microtubule structure [28, 29, 48].
However, they lack the ability to specifically target tumor tissue. Due to incapability of those
drugs to specifically target tumor tissue, drugs accumulate on vital organs like brain and
hearth after they enter systemic circulation as reported in previous studies [36, 58].
Accumulation of those drugs on those organs causes systemic toxicity. Because of that
reason, systemic toxicity is one of the dose limiting factors for current chemotherapeutic
agents [42, 58, 59, 231]. Furthermore, using traditional chemotherapeutic agents yield less
than 50 per cent complete response rate [232, 233]. To increase efficacy of drugs, targeted
delivery strategies recruiting nanoparticles have been studied which also aims to decrease
drug induced systemic toxicity. [174] In addition to those, patients develop drug resistance
to routinely used chemotherapeutic agents in breast cancer [52]. Even though drug is
delivered to the target tissue, high amount of release may induce drug resistance against the
given drug [57, 234].

Aptamers are single stranded DNA or RNA oligonucleotides which have high affinity and
specificity against their targets. Because of their superior properties against monoclonal
antibodies, aptamers are vastly studied as targeting agents or chemotherapeutic agents as
themselves. [97, 98]

To address both issues caused by inefficiency of chemotherapeutic agents used in clinics,
targeted delivery approaches have been used [64]. Many different approaches such as
liposomes [181], dendrimers [185] and polymeric nanoparticles [184]; silica nanoparticles
are one of most intensely studied delivery vehicles due to their advantages such as high
surface area/ volume ratio, structured pores, modification of silanol surface [206, 207]. In
this research, we used nucleolin targeting aptamer functionalized MCM-41 type silica
nanoparticles. Capping of MCM-41 type silica nanoparticles provided aptamer nanovalve
capability to the drug delivery system which aimed to overcome both drug resistance and
low efficacy of current therapeutic approaches.
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Uptake, localization, and cytotoxic effect of chemotherapeutic agent loaded aptamer gated
drug delivery system was studied for its on in vitro and in vivo breast cancer models in this

research.

Characterization of MCM-41 type silica nanoparticle has been made by SEM, TEM and
AFM imaging. TEM imaging showed typical hexagonal nanopores of MCM-41 type
material [228, 229, 235] as SEM imaging showed typical aggregated, spherical, round
nanoparticles as shown in Figure 3.1, 3.2 and 3.3 [228, 229, 236]. Maximum height of
particles was ranging from 20-200 um and average hydrodynamic diameter of nanoparticles
were measured as 191+ 1.3nm by DLS [228, 229] as seen in Figure 3.4. Specific peaks
providing information about amino functionalization on nanoparticles were shown on FTIR
spectra, specifically peaks on 1460 nm and 690 nm shows N-H asymmetric bending

vibrations and N-H bending respectively as shown in Figure 3.5 [228-230].

To determine increased uptake of fluorescein into cells, Apta-NP-FI drug delivery complex
was used on EQ771 cells. Previously, increased uptake of fluorescein by Apta-NP-FI was
shown in comparison to NP-FI on nucleolin positive MDA-MB 231 cells [227]. Current
study showed similar fashion on nucleolin positive EO771 cells. Percentage of fluorescein
stained population of Apta-NP-FI treated cells were two-fold of the percentage of fluorescein
stained population of NP-FI treated cells for all doses. In the current study, AS1411 aptamers
were used to cap pores of mesoporous silica nanoparticles. Studies showed that, uptake of
fluorescein cargo into cells can be increased by surface modifications of MCM-41 type silica
nanoparticles [214]. Moreover, even though exact mechanism is still being researched,
nucleolin mediated uptake of AS1411 aptamer has been shown on nucleolin positive cells
[165]. Thus, further modifications on surface of silica nanoparticle may affect uptake. In
addition to those, cancer cells engulf nanoparticles via endocytosis [237]. Although, higher
uptake of fluorescein cargo was observed on Apta-NP-FI treated cells, properties of cancer
cells to engulf nanoparticles might be the cause of increasing uptake of fluorescein cargo of
NP-FI.

Following flow cytometry experiments, we examined cellular uptake of fluorescein by
fluorescence microscopy. Supporting flow cytometry analysis, intense fluorescence around
nucleus of cells was also observed on E0771 cells treated with Apta-NP-FI while weak signal

obtained from cells treated with NP-FI. Those results are parallel to the previously published



41

similar constructs in which ability of Apta-NP delivery complex to target only nucleolin

positive cells has been shown [227].

After completion of internalization and uptake experiment, we have examined effect of Apt-
NP-TXL usage on EQ0771 murine breast cancer cell viability to validate previous
experiments. Silica nanoparticles by themselves did not show significant toxicity against
E0771 cells (Figure 3.10) (p>0.05). However, increased cytotoxicity was shown on dose
dependent manner on cells treated with Apta-NP-TXL in comparison to free TXL. While 24
hours of Apta-NP-TXL treatment showed significant cytotoxicity in comparison to control
group starting from 2.5 uM, 24 hours of free TXL treatment showed significant cytotoxicity
starting from 50 uM. Even though higher cytotoxicity has been shown for both drugs for 48
hours treatment, Apt-NP-TXL delivery system shows lower 1C50 value still in comparison

to free paclitaxel group.

In vivo localization of Apta-NP complex was examined by injection of fluorescein loaded
Apta-NP subcutaneously to E0771 allograft tumor bearing C57bl/6 mouse. After one hour
from injection, rapid localization of nanoparticles around tumor was observed by increased
fluorescence intensity while fluorescence on other regions was not visible. After 24 hours
from injection, fluorescence intensity decreased, and it may be due to removal of drug from

the system since fluorescence signal was obtained from the end of rectum.

Even though statistical significance could not be obtained from in vitro cytotoxicity
experiments, better targeting and increased uptake of the cargo of aptamer gated drug
delivery system has been shown. This property might be used to decrease side effects of

chemotherapeutic agents on healthy tissue and also to overcome drug resistance.
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5. CONCLUSION

In this study, firstly, Apta-NP drug delivery system was characterized by SEM, TEM and
AFM microscopy, DLS and FTIR. Then, ability of fluorescein loaded Apta-NP complex to
target nucleolin positive breast cancer cell and increased uptake of fluorescein in comparison
to NP-FI has been shown similar to the previous studies by both flow cytometry analysis and
fluorescence microscopy [227]. On flow cytometry analysis, fluorescein stained cell
population on fluorescein loaded Apta-NP treated group was two-fold fluorescein stained
cell population of fluorescein loaded NP treated group. Following that, fluorescence
microscopy was applied to validate flow cytometry results and also localization of
fluorescein around nucleus was detected for Apta-NP-Fl treated cells, while low

fluorescence signal was obtained from NP-FI treated group.

Following characterization experiments, cytotoxic effect of chemotherapeutic drug carrying
Apta-NP drug delivery system was shown for the first time. Paclitaxel carrying Apta-NP
complex showed increased cytotoxicity on nucleolin positive breast cancer cells in
comparison to free paclitaxel. IC50 values for Apta-NP-TXL and free TXL were 45.76 uM
and 36.41 uM for 24 hours of treatment respectively while 1C50 values for same drugs were
48.87 UM and 35.64 uM for 48 hours of treatment respectively.

Apta-NP complex is also able to target breast cancer tissue on developed allograft mouse
breast cancer model with same breast cancer cell line as shown in this study for the first
time. One hour after subcutaneous injection on allograft breast tumor carrying mice,

localization of fluorescence signal around breast tumor has been shown.

To conclude, advantages of using aptamer gated targeted drug delivery systems over free
drug and/or non-targeted delivery systems on uptake, localization, and cytotoxicity has been
shown in both in vitro and in vivo systems. Therefore, aptamer gated drug delivery system
used in this study might be used for breast cancer diagnosis and therapeutics. Further studies

are required for confirmation of results on other cell lines and chemotherapeutic drugs.
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6. FUTURE DIRECTIONS

Although IC50 value obtained from paclitaxel loaded Apta-NP treatment is already lower
than 1C50 value of free paclitaxel treatment for both 24 hours and 48 hours of exposure, drug
delivery system should be improved for higher efficacy. Surface modifications on silica

nanoparticles might be useful method for such improvement.

Following this study, we would like to recruit more chemotherapeutic agents as cargo of the
Apta-NP drug delivery system, such as doxorubicin. Chemotherapeutic agents have different
mechanisms of actions and we would like to use the most compatible drug with the Apta-
NP drug delivery system for further research.

Then, in parallel to that, we will show the cytotoxic effect and penetration capability of drug
or fluorescein loaded Apta-NP delivery system on 3D spheroid culture in comparison to free
drug. Following that, similar experiments should be repeated on other murine and human
breast cancer lines such as 4T1, MCF-7 and MDA-MB-231.

Finally, effect of Apta-NP drug delivery system on treatment of breast cancer on allograft or
xenograft mouse breast cancer models with chemotherapeutic drug loaded Apta-NP complex
will be studied. During this experiment, effect of free drug and aptamer gated drug delivery

system on healthy tissue, distribution on vital organs will be determined.
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