GRAPHENE OXIDE AS A DRUG CARRIER FOR
DELIVERY OF ZOLEDRONIC ACID IN SECONDARY
BONE CANCER TREATMENT

SEPIDEH TAVAKOLI

B.S., Mechanical Engineering, University of Tehran, 2015

Submitted to the Institute of Biomedical Engineering
in partial fulfillment of the requirements
for the degree of
Master of Science
in

Biomedical Engineering

Bogazici University
2018



il

ACKNOWLEDGMENTS

I would like to thank my thesis advisor Asist. Prof. Dr. Duygu Ege for her
support and help in all the steps. I am also thankful for Assoc. Prof. Dr. Bora
Garipcan and his research group members specially Alp Ozgiin and Ozgen Osztiirk for
their constant guidance.

I would like thank BoNerve group members, Ilayda Duru, Oznur Demir Oguz, and
Hatice Kaya for all the things they thought me. This study was supported by Bogazici
University research funds, BAP Project number 13601/17XP7.

Finally, I wish to thank my parents and my sister for their constant love and support.



iv

ACADEMIC ETHICS AND INTEGRITY STATEMENT

I, Sepideh Tavakoli, hereby certify that I am aware of the Academic Ethics
and Integrity Policy issued by the Council of Higher Education (YOK) and T fully

acknowledge all the consequences due to its violation by plagiarism or any other way.

Name : Signature:

Date:




ABSTRACT

GRAPHENE OXIDE AS A DRUG CARRIER FOR
DELIVERY OF ZOLEDRONIC ACID IN SECONDARY
BONE CANCER TREATMENT

In this study, Zoledronic acid (ZOL), a type of nitrogen containing bisphos-
phonate, was loaded on graphene oxide (GO) particles to increase the particle size of
the drug-nano-carrier complex which reduces drug filtration by the kidney and conse-
quently, increases drug circulation time and its tumor uptake. The conjugation between
ZOL and GO occurs via m — 7 stacking and hydrogen bonding interactions, and there-
fore, the drug may be gradually released from GO in physiological conditions which
eliminates the need to apply high doses of the drug. Loading and release profile of
ZOL on GO particles was investigated by using UV-Vis spectroscopy. Samples with
different concentrations of 0.025-1.25 mg/ml of ZOL were loaded on 0.2 mg/ml GO.
UV analysis showed that the maximum loading happens at ZOL to GO ratio of 1:0.2.
This loading was obtained when 1 mg/ml of ZOL was initially loaded on 0.2 mg/ml
of GO nanoparticles. The drug and drug carrier complexes were characterized using
Fourier-Transform Infrared Spectroscopy (FTIR), Atomic Force Microscopy (AFM),
and UV-vis spectroscopy. Cell culture studies were carried out with MCF-7 breast
cancer cells and mesenchymal stem cells (MSCs) for three dosages of ZOL, ZOL conju-
gated with GO (ZOL-GO) and GO. Cell proliferation was investigated by Alamar blue
assay and cell viability was evaluated by staining dead cells with propidium iodide (PI)
and live cells with acridine orange (AO). Overall, the characterization results confirm
loading of ZOL on GO nanoparticles and cell studies results show that GO conjugated
ZOL complexes are promising to reduce MCF-7 breast cancer cells proliferation and

viability.

Keywords: ZOL, GO, Drug Loading, MCF-7, MSC.
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OZET

IKINCIL KEMIK KANSERI TEDAVISINDE ZOLEDRONIK
ASITIN GRAFEN OKSIT ILAC TASIYICISI iLE
KULLANIMI.

Bu ¢aligmada, nitrojen bazli bir bisfosfonat olan zoledronik asit (ZOL), grafen
oksit (GO) kompleksi geligtirilmistir. Bu sayede ilag partikiil boyutu arttirilarak bébrek-
teki ilag filtrasyonu diigiiriilebilir ve ilag sirkiilasyon siiresi ve tiimor alimi arttirilabilir.
ZOL ve GO arasindaki konjugasyon m — 7 etkilesimleri ve hidrojen bag: ile kurulur
ve fizyolojik ortamda ilag zaman igerisinde salinir. Sonug olarak yiiksek dozda ilag
kullanmaya gerek kalmamasi hedeflenmektedir. Bu amaca yonelik olarak 6ncelikle UV
spektroskopisi ile ZOL'un GO iizerine yiiklenme salinim profilleri incelendi. 0.025-1.25
mg/ml araliginda ZOL, 0.2 mg/ml GO iizerine yiiklendi. UV analizi maksimum yiik-
lemenin 1:0.2 oraninda gergeklegtigini gosterdi. Bu yiikleme miktar1 1 mg/ml ZOL’un
0.2 mg/ml GO nanopartikiillerine ilave edilmesiyle elde edildi. Ilac ve ilag tagiyici
kompleksleri FTIR, AFM, UV spektroskopisi ile analiz edildi. Hiicre kiiltiirii calis-
malart MCF-7 meme kanseri ve mezenkimal kok (MSC) hiicreleriyle ii¢ farkhh dozda
ZOL, ZOL-GO ve GO igin gergeklegtirildi. Hiicre ¢ogalmasi Alamar blue analizi ile,
hiicre, 6li hiicreler propidium iyodu ve canli hiicreler da 6lii hiicrelerin propidium iy-
odu (PI), canl hiicrelerin akridin turuncusu (AO) ile boyanmasiyla tespit edildi. Sonug
olarak, ZOL’un GO nanoparcaciklarinin iizerine baglandigi karakterizasyon ¢aligmalari
ile belirlendi. Cogalma ve canlilik ile ilgili hiicre kiiltiirii caligmalar ise GO-ZOL kom-

pleksinin MCF-7 meme kanseri hiicrelerinin azalmasinda etkili oldugunu gdsterdi.

Anahtar Sézciikler: ZOL, GO, Ilac yiikleme, MCF-7, MSC.
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1. INTRODUCTION

1.1 Motivation

Secondary bone cancer is a malignant disease which decreases the patient’s
chance of survival significantly [1-3]. One of the most effective treatments for sec-
ondary bone cancer is chemotherapy [4]. As an example, bisphonsphonates are used
for decades as a treatment for secondary bone cancer. Zoledronic acide (ZOL) is a
type of bisphosphonate which is effective in reducing number of tumor cells and in-
hibits bone resorbtion [1]. Despite all the useful effects of ZOL, using free drug is not
efficient due to several reasons. For example, kidney can easily filter its small molecules
even before reaching to the site of the tumor [5]. As a result, higher doses of drug must
be administered which means higher chances of occurrence of side effects. So finding

an appropriate drug carrier for ZOL has recently became a challenging research area.

Graphene oxide (GO) is one atom thick layer of graphene which has been used
as a drug carrier for many anti-cancer drugs. For instance, Yang et al. [6] used GO as
a drug carrier for Doxorubicin (DOX). Zhang et al. |7] also used GO as a carrier for

mixed anti-cancer drugs of Doxorubicin (DOX) and Camptothecin (CPT).

Since both GO nanoparticles and ZOL contain aromatic rings in their chemical
structure, ZOL could conjugate with GO by non-covalent m—m interactions. In addition
to m — 7 stacking, based on ZOL (Figure 2.4) and GO (Figure 2.6) structure, hydrogen
bonding and hydrophobic interactions are also occur. Conjugation of ZOL on GO
nanoparticle increases the size of the complex which reduces fast renal filteration and
concequently increases the circulation time throughout the body [8]. Furthermore,
slow release of ZOL from GO prevents harmful side effects which mostly result from
the presence of high doses of drug in the body [6]. Moreover, as the size of the drug
complex increases, the chance of crossing the blood-brain barrier decreases which avoids

neurotoxicity effects [1].



The anti-cancer effect of ZOL on MCF-7 breast cancer cells are observed in
many studies such as Torger et al. [9] and Jagdev et al. [10] works. Furthermore,
Wu et al. [11] observed that treating MCF-7 with adriamycin (ADR) conjugated to
GO shows lower relative cell viability than free ADR. So MCF-7 breast cancer cells
might be a good candidate for investigating the anti-cancer effect of onjugation of ZOL
and GO (ZOL-GO). Ebert et al. [12] investigated the effect of ZOL on mesenchymal
stem cells (MSCs) and they observed that ZOL in vitro inhibits MSCs proliferation.
So, treating MSCs with free ZOL and ZOL-GO and compare the results with previous

study might be useful.

In this work, we prepared the conjugation of ZOL and GO. The conjugation
between ZOL and GO was characterized by FTIR, AFM and UV-vis spectroscopy.
Loading of ZOL on GO and release of it from ZOL-GO investigated by UV-vis spec-
troscopy. We treated MCF-7 cancer cells and MSCs with our experimental groups
(ZOL, ZOL-GO and ZOL). This way, effect of conjugation of ZOL and GO would be
investigated on MCF-7 and MSCs proliferation and cell viability.

1.2 Objectives

The aim of this study is to improve the effect of ZOL on tumor cells by using
GO nanoparticles as a drug carrier.

The main objectives of this study are presented below:

To Prepare the conjugation of GO and ZOL based on the m — 7 interaction

between aromatic rings in the chemical structure of GO and ZOL.

To characterize the conjugation between GO and ZOL.

To investigate the optimum amount of ZOL loading on the drug carrier GO.

To investigate in vitro ZOL release from GO.



e To examine the effect of ZOL-GO complex treatment on MCF-7 breast cancer

cells and compare the results with treatment with free ZOL.

e To examine the effect of ZOL-GO complex treatment on MSCs and compare the

results with treatment with free ZOL.

1.3 Outline

This thesis is composed of five chapters. Chapter 1 is an introduction which
contains motivation and objectives . Chapter 2 provides background information about
secondary bone cancer, bisphosphonates and their mechanism of actions, the structure
and applications of GO are also reviewed in this chapter. In Chapter 3, experimental
procedures are explained and in Chapter 4 the results are presented. Finally, in Chapter

5 discussion, conclusion and suggestions for future works are given.



2. BACKGROUND

2.1 Secondary Bone Cancer

Bone metastasis is a secondary cancer which significantly reduces patient’s
chance of survival [1-3]. One of the reasons of bone metastasis is invasion of pri-
mary tumor cells to the bone. Figure 2.1 shows three different stages of metastatic
cascade of tumor cells. Cancer cells escape from their tissue of origin after degrading
the extra cellular matrix (ECM) and entering the blood circulation, then they enter
the bone tissue [1]. Primary cancer types such as breast, prostate, lung, thyroid, renal,
multiple myeloma and oral cancers have the potential to cause bone metastasis [13].
Nearly three quarters of the advanced breast and prostate cancer patients will expe-
rience metastasis in the form of secondary bone cancer and consequently end up with

lower chance of survival [1].

(a) Growth in the primary site (b) Angiogenesis / micro vessel invasion

£n?§em
¥ & 1

(c) Circulation and arrival at the secondary organ

Figure 2.1 Metastatic cascade of tumor cells [14].



2.1.1 Affinity of Cancer Cells to the Bone

Bone tissue is home to the cells such as osteoblasts and osteoclasts which are
responsible for producing and dissolving of bone tissue, respectively. Bone cells such as
osteoblasts and osteoclasts mutually interact with tumor cells which leads to a "vicious
cycle" and further tumor development. Brifely, tumor cells release specific proteins
which increases osteoclast activity and bone resorbtion which concequently increase
releasing of growth factors which enhance tumor cell proliferation. This is known as
the "vicious cycle". So, bone microenvironment provides a favorable place for tumor
cells to survive and grow which increases the probability of metastasis [14, 15]. Many
studies have shown that the metastasis in the bone not only effects the interaction
between osteoblast and osteoclast but also other cell types; such as immune cells (T

and B cells, macrophages and natural killer cells) and fibroblasts [13, 16, 17].

2.1.2 Cancer Cells in the Bone

Following the entrance of tumor cells to the bone microenvironment with the
aid of proteolytic enzymes, cancer cells invade the bone marrow stroma and induce
blood supply for their own. Based on the nature of the tumor, cancer cells can affect
osteoblast or osteoclast activity [18]. In the bone microenvironment, tumor cells in-
crease osteoclasts activity by releasing parathyroid hormone-related peptide (PTHrP),
interleukin-6 (IL-6) and activating RANKL expression in osteoblast. This leads to an
increase in bone resorption and consequently releasing growth factors such as insulin-
like growth factor-1 (IGF-1), transforming growth factor-3(TGF-3) and platelet de-
rived growth factor (PDGF). The release of these growth factors increase tumor cell

proliferation [19]. This cycle is know as a "vicious cycle" which is shown in Figure 2.2.



Tumor cells

PTHP

IL-6
TGF-B
PDGF
IGF-1

Differentiation =
RANK D Osteoclast

Figure 2.2 Vicious cycle of bone niche [1].

2.1.3 Secondary Bone Cancer Cures

There are many different types of cancer treatment. Surgery, radiotherapy and
chemotherapy. Surgery is mostly effective when cancer is at its first stage. So in
secondary bone cancer, surgery is rarely considered because cancer cells are not just
in their primary region and they have metastasized. Radiotherapy is another method
which involvs use of high energy radiation to kill cancer cells. In secondary bone
cancer, radiotherapy is not highly recommended because cancer cells have already
spread throughout the body. In chemotherapy an anti-cancer drug is used to circulate
in blood throughout the body and reach the tumor. Therefore, chemotherapy is the

most preferred form of therapy in secondary bone cancer [1].

There is a hypothesis that bone disease could be treated by inhibiting osteo-
clasts activity, as it enhance bone integrity and decrease the tumor proliferation and
survival [20]. Recently, many studies have been done on new therapeutic agents for
bone metastasis treatment [1], among them, using bisphosphonates is one of the most

attractive therapies. Studies confirm that bisphosphonates can prevent metastasis of



cancer at the early stages and also decrease bone absorption caused by metastasis

21, 22].

Bisphosphonates initially considered as osteoporotic drugs [23] and have been
used as a clinical anti-resorption treatment for a long time. Bisphosphonates have
been used for diseases such as secondary bone cancer, osteoporosis, Paget’s disease and

fibrous dysplasia [24].

2.2 Bisphosphonates

2.2.1 Structure and Types

Structure of bisphosphonate is similar to the structure of inorganic pyrophos-
phate’s (P-O-P), but instead of oxygen, there is a carbon molecule at the center (P-C-
P). Two additional side groups of R1 and R2 are different in each type of bisphosphonate
[25].

We could classify bisphosphonates based on their generation and chemical struc-
ture. Structure of bisphosphonates might be either with nitrogen (amino- bisphos-
phonates) or without nitrogen (non-amino-bisphosphonates). Clodronate, tiludronate
and etidronate are the examples of non-nitrogen containing bisphosphonates. Exam-
ples of the second generation of nitrogen-containing bisphosphonates are alendronate,
pamidronate and ibandronate and third generation examples are zoledronate and rise-
dronate [26]. Figure 2.3 shows the chemical structure of some clinically used bisphos-

phonates and Figure 2.4 shows zoledronic acid chemical structure.
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2.2.2 Bisphosphonates Affinity to Bone

Bisphosphonates have high affinity to bone minerals [29]. They bind to the
bone minerals such as hydroxyapatite in the bone extracellular matrix. This se-
lective attraction leads to lower systemic toxicity [30]. Bisphosphonate affinity to
hydroxyapatite is higher than its affinity to other calcium-based minerals such as
carbonate, pyrophosphate and oxalate [31]. As we observe increase in the expo-
sure of hydroxyapatite in bone metastasis, the higher affinity of bisphosphonates to
hydroxyapatite could be useful for targeting and accumulation of the drug to the
aimed area [32]. ZOL is a third generation of nitrogen containing bisphosphonate
which has more affinity to hydroxyapatite than all the other types of bisphosphonates.
Henneman et al. [33] ranked bisphosphonates based on their binding affinity: zole-

dronate>alendronate>ibandronate >risedronate >etidronate>clodronate.

The affinity of bisphosphonates to hydroxyapatite depends on side groups of R1
and R2. Ton exchange and chemisorption process between inorganic phase of extracellu-
lar matrix and phosphonate group of bisphosphonates are responsible for accumulation

of bisphosphonate in the bone tissue [34].

Two phosphonate groups of bisphosphonates cause chelation of calcium ions on
the surface of hydroxyapatite which results in the formation of bidentate bond [35].
The affinity of the drug to bone mineral is enhanced if the R1 side group is substituted
with hydroxyl group [36]. R2 group was expected to have only pharmacological effect,
but in some studies we observed the higher affinity of bisphosphonates with nitrogen in
their R2 group compared to the ones without nitrogen [25]. The difference between the
affinity of nitrogen-free and nitrogen-containing bisphosphonates to the bone mineral
comes from the difference between the zeta potential of hydroxyapatite surface. The
reason is that mineral surface is more positively charged after bonding to nitrogen-
containing R2. Therefore the binding to negatively charged phosphonate group of
bisphosphonates is enhanced. Furthermore, amino group in amino-bisphosphonates

form hydrogen bond with hydroxyapatite surface [36].



10

2.2.3 Mechanism of Action

There are two mechanisms of action of bisphosphonates on cancer cells, direct
and indirect. In direct mechanism cancer cells undergo apoptosis. In many in vitro
studies, anti-tumor effect of bisphosphonates have been shown to inhibit tumor cell
growth and adhesion to the bone, inducing tumor cell apoptosis and reducing tumor
cell invasion [37]. Indirect mechanism, on the other hand, is inhibiting excess bone
resorption by killing osteoclasts. This action interferes with malicious cycle and reduces
the tumor’s growth factors which are released from osteoclasts or bone matrix while
resorption happens [29]. The mechanism of action is different depending on the type
of bisphosphonate. Generally, bisphosphonates have both anti-resorptive and anti-
tumor mechanism of action [1]. Figure 2.5 summarizes the direct and indirect effect of

nitrogen-containing bisphosphonates on cancer cells.

Anti-resorptive mechanism of action of bisphosphonates indirectly inhibits tu-
mor growth. This mechanism is different between amino-bisphosphonates and non-
amino- bisphosphonates. Non-amino-bisphosphonates induce osteoclast apoptosis by
causing deficiency in functional adenosine triphosphate (ATP) [38]. Amino- bisphos-
phonates on the other hand inhibit protein prenylation and malevolent pathway which

leads to osteoclast apoptosis [39].

Anti-tumor activity of bisphosphonates contains reduction of cell growth, adhe-
sion, invasion and angiogenesis as well as an increase in immune activity which leads to
tumor cell apoptosis. Bisphosphonates induce host immune responses in the malevolent
pathway by activating 79 T cells (Gamma Delta T cells) [40-42]. Bisphosphonates di-
rectly affect tumor cells by inducing tumor cell apoptosis and inhibiting tumor growth.
This effect has been validated in a mouse model for multiple myeloma [29]. Bisphos-
phonates inhibit adhesion and invasion of tumor cells which are important factors for
the start of metastasis. Tumor invasion is facilitated by Matrix Metalloproteinases
(MMPs) [43]. Bisphosphonates like ZOL inhibit production of MMPs such as MMP-1
[44]. In addition, bisphosphonates inhibit proteolytic activity of some other MMP’s
like MMP-2 and MMP-9 which leads to decrease in tumor cell invasion [45]. Bisphos-



11

phonates suppress vascular endothelial growth factor (VEGF) which leads to inhibition
of tumor angiogenesis. Bisphosphonates play an important role in reduction Of the
tumor burden, because the development of tumor highly depends on angiogenesis [46].
In some studies, the direct effect of bisphosphonats on cancer cells was observed on

breast cancer [47], melanoma [48], and cervical cancer [49].

Nitrogen-containing bisphoshonates (NBPs)

,CHs
N|I»-|2 CH; \T/(Cth N({:l 'E,i,_b C N\_i;
0™ (CH,), O o] (CII'!Q}: 0] 0 CIHg Cl'f l;)' CIH; {'{l' {IT CIH2 ('i'l‘
O0=P—-C—-P=0 O=P—-C—-P=0 O=P—-C—P=0 O=P—-C—P=0 O=P—-C-—P=0
O oH O O oH O O oH O & oH O O oH O
pamidronate ibandronate risedronate zoledronate minodronate

Direct antitumor effects of NPBs Indirect antitumor effects of NPBs
1 tumor cell invasion and adhesion - | osteoclast activity

| tumor cell proliferation ~ » | tumor angiogenesis
mor Ci
| tumor cell apoptosis proliferation | ¥8 T cell antitumor activity

B
<

Stimulation of
osteoclast activity
-
g \ Bone metastasis
‘Qﬂb osteoclast
Cancer Research Reviews K \;

Figure 2.5 Nitrogen-containing bisphosphonates direct and indirect anti-tumor effect [37].

2.2.4 Side Effects and Difficulties of Using Bisphosphonates

Bioavailability in oral administration of bisphosphonates is about 3-7% which
is very low [50, 51]. High doses of intravenous administration of bisphosphonate in-
crease the bioavailability of the drug, however it significantly increases the chance of

osteonecrosis of jaw [52-55], kidney complication [56, 57| and electrolyte abnormalities
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[58]. In addition, some bisphosphonates such as ZOL are small molecules, so they are
cleared by renal system in a short time. This might cause excretion of the drug even

before reaching to the target [5].

2.2.5 Advantages and Techniques of Conjugation of Nanocarriers and Drug

Conjugation of nano-carriers to drugs such as nanoparticles shows many advan-
tages. The abrupt increase of the drug dose in intravenously administered bisphos-
phonate treatment can be solved by conjugation of the bisphosphonate with a carrier.
This would lead to gradual release of drug from drug carrier and this inhibits existence
of high doses of drug in the body thus reduces the side effects [6]. In addition, us-
ing an appropriate drug carrier increases the volume of the drug, which prevents fast
clearance of the drug by kidney. As a result, circulation time increases. Therefore, the
drug would have more time to be near the tumor and have an effect on osteoclasts and
cancer cells [8]. The increase of the size would also decrease the chance of crossing the

blood-brain barrier and prevent neurotoxicity |1, 56, 59| .

There are many studies in which bisphosphonates have been conjugated to nano-
carriers such as bisphosphonates-functionalized liposome or nanoparticle [1]. For ex-
ample Marra et al. [57] encapsulated ZOL in liposomes targeting prostate cancer and
multiple myeloma using PC3 and OPM2 tumor cell lines. Marra et al. [60] in an-
other study produced ZOL-self assembled PEGylated nano-drug delivery vehicles for
prostate cancer using PC3M-luc2 cells. Chaudhari et al. [61] loaded ZOL and do-
cetaxel on PLGA nanoparticles conjugated by N N’ -Carbonyldiimidazole linker for

bone tumor targeted drug delivery application.

2.3 Graphene Oxide

Graphene-based nanomaterial has potential in drug delivery field as a drug

carrier based on the large surface area and drug loading capacity via m — 7 stacking
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and hydrophobic interaction. GO is one atom thick layer of graphite which consists of
carboxylic acid, epoxide and hydroxyl group. Hydroxide and epoxide have no charge,
but they could be responsible for hydrogen binding and polar interactions. Free surface
7 electrons of plates provide opportunity of loading drug by means of m — 7 interaction

[62]. Figure 2.6 compares the chemical structure of graphite and graphene oxide.

One of the earliest studies in the field of drug delivery was done by Lio et
al. [62]. They loaded SN38 on PEG—functionalized nanoscale GO (NGO) sheets.
NGO—-PEG—-SN38 showed high toxicity in HCT—116 cells and good water solubility.
Wu et al. [11] used GO as a carrier for Adriamycin (ADR) and observed drug resistance
reversal in MCF—7/ADR, high loading capacity and PH sensitive drug release. Zhang
et al. [7] studied GO as a carrier for multiple drugs co—delivery for the first time.
They used doxorubicin (DOX) and camptothecin (CPT) loaded on GO—sulfonic acid.
They reported higher toxicity in MCEF—7 cells than each drug, separately.

Graphite

5 :< Graphene

Oxide

Figure 2.6 Graphite and Graphene Oxide structure [63].
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3. MATERIALS AND METHODS

3.1 Conjugation of ZOL-GO

ZOL was loaded non-covalently on GO by simply mixing them together in ultra
pure water. First, all the solutions were sonicated for 15 minutes, then stirred by

magnetic stirrer at room temperature in the dark overnight [6].

3.2 UV-vis Spectroscopy

ZOL (1.25 mg/ml), GO (0.25 mg/ml) and ZOL-GO (1.25 mg/ml ZOL and 0.25
mg/ml GO) were prepared in ultra pure water. Then, samples were characterized by
UV-vis spectrophotometer (Nanodrop 2000¢ Spectrophotometer, Thermo Scientific,
USA). The wavelengths of 209 nm and 230 nm was considered as characteristic peaks

of ZOL and GO, respectively.

3.3 Fourier Transform Infrared Spectroscopy (FTIR)

GO (0.25 mg/ml) and ZOL-GO (1.25 mg/ml ZOL and 0.25 mg/ml GO) were
prepared in ultra pure water. The samples were washed with distilled water (dHO)
several times to get rid of free drugs and dried by using filtration paper. To investigate
the chemical composition of ZOL-GO, Thermo Scientific iS10 FTIR, single reflection
diamond ATR was used. The FTIR spectra were recorded in the range of 4000 to
650 cm~t. The FTIR analysis was performed at Kog¢ University Surface Science and
Technology Center (KUYTAM).
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3.4 Atomic Force Microscopy (AFM)

ZOL (1.25 mg/ml), GO (0.25 mg/ml) and ZOL-GO (1.25 mg/ml ZOL and 0.25
mg/ml GO) were prepared in ultra pure water. Similar to previous section, the sam-
ples were washed with dH50 several times and dried by using filtration paper. The
morphology of GO before and after loading of ZOL was characterized by using Bruker
Dimension Icon AFM in tapping mode at Ko¢ University Surface Science and Tech-
nology Center (KUYTAM). The AFM images were analyzed by Nanoscope Analysis

v150 processing software.

3.5 Drug Loading

The following steps were conducted to obtain the optimum drug loading. First,
samples with the same concentration of GO (0.2 mg/ml) and different concentration
of ZOL (0 to 1.25 mg/ml) were sonicated for 15 minutes and then stirred by a mag-
netic stirrer at room temperature in the dark overnight. Each sample was transferred
with a needle in a 2-kDa Slide-A-Lyzer dialysis cassette (2K MWCO, 0.5 mL, Thermo
Scientific) and dialysed against 10 ml distilled water which was constantly stirring by
magnetic stirrer. After 24 hours, samples were taken out from distilled water and mea-
sured by UV-Spectrophotometer at wavelength of 209 nm. Calibration curve for ZOL
at the wavelength of 209 nm is given in Appendix A. The amount of ZOL loaded on
GO was calculated using Eq. 3.1.

Wa manistere - Wou er
Drug Loading Capacity% = dminist d‘i?L ter ZOL 100 (3.1)
GO

where Wogministered zor 18 the weight of initial drug added to the solution, Wouier zor
is the weight of the free drug which is not loaded and exits the dialysis chamber and
Weao is the weight of GO added to the solution.
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3.6 Drug Release

The optimum proportion of drug and drug carrier (1 mg/ml ZOL and 0.2 mg/ml
GO), obtained from the drug loading part, was used to observe the drug release profile,
for in vitro drug release. Aqueous solution of ZOL and GO with the concentration of
1 mg/ml and 0.2 mg/ml respectively was sonicated for 15 minutes and stirred at room
temperature in the dark overnight. The next day, the solution was purred in a 2-kDa
dialysis cassette and dialysis against 15 ml phosphate-buffered saline (PBS) at 37 +
0.2 °C stirring constantly by magnetic stirrer. Each time, small sample of PBS was

taken out and measured by UV-Spectrophotometer.

3.7 Cell Studies

MCF—7 human breast cancer cells (ATCC) were kindly provided by Assoc.
Prof. Dr. Bora Garipcan (Bogazici University, Istanbul, Turkey) and they were used
to investigate anti-tumor effect. MCF-7 cells were maintained in Dulbecco’s Modi-
fied Eagle’s Medium/Nutrient Mixture F—12 Ham (Sterile-filtered) supplemented with
10% fetal bovine serum (FBS, Gibco) and 1% Penicillin-Streptomycin (sterile-filtered,
BioReagent, Sigma). The cells were seeded in a T—75 cell culture flask and incubated
at 37 °C in a fully humidified incubator with 5% CO,. When the cells covered almost
80 percent of the flask, the cells were counted and seeded in a 96 well plate (5000
cells in each well) with 100 xL medium in each well. The 96 well plate was incubated
overnight to allow the cells to adhere to the plate. The next day, cells were treated
for 72 hours with experimental groups. In table 3.1, experimental groups are identifies

with check mark. 6 samples of each experimental group where studies.

Bone marrow mesenchymal stem cells (MSCs, ATCC) were also used to inves-
tigate the effect of our experimental groups. Cell study of MSCs protocol and experi-
mental group were the same as what mentioned above. The only difference was using

Mesenchymal Stem Cell Basal Medium (ATCC) for MSCs instead of DMEM /F12.
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Table 3.1
Experimental groups for cell study.

ZOL
0upuM | 125 pM | 50 uM | 200 pM
GO
0 ng/ml v v v v
0.73 ng/ml v v
2.91 ng/ml v v
11.7 ng/ml v v

3.7.1 Cell Viability by Alamar Blue

After treatment for 72 hours, Alamar blue solution (10% v/v) was prepared
in complete medium. 100 pl of the solution was added to each well and incubated
at 37 °C with 5% CO, for 4 hours. As a negative control group, medium without
cells was used. The absorption is investigated by micro plate reader (BIO-RAD Mark,
Microplate Reader). Percentage of Alamar blue reduction was determined by using the
Equation 3.2 [64].

(on).)\g.A/\l — (on).)\l.A/\Q
<6red)-/\1~A//\2 — (Ered).)\l.A/)\Q

% Reduced = x 100 (3.2)

Where,

eox — molar molar extinction coefficient of alamarBlue oxidized form
€req — molar extinction coeflicient of alamarBlue reduced form

A = absorbance of test wells at 570 and 595 nm

A’ = absorbance of negative control well at 570 and 595 nm

A1 = 570 nm

A2 = 595 nm
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3.7.2 Cell staining

Solutions of Propidium iodite (PI, sigma) and acridine orange (AO, sigma) was
prepared separately in ethanol with concentrations of 3 and 5 mg/ml respectively. To
prepare staining solution, 2.5 ul of both solutions were added to 1 ml PBS. Each well
was washed two times with PBS. Then 100 ul of the staining solution was added to
each well. After 45 seconds, cells washed two times with PBS and the picture was

taken by fluorescence microscope immediately |65].
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4. RESULTS

4.1 Characterization of Conjugation of ZOL-GO

In this chapter, the conjugation of ZOL and GO was confirmed by using UV-
vis spectroscopy, FTIR and AFM. Drug loading and release was analyzed by UV-
vis spectroscopy. Finally, the interaction of ZOL-GO with MCF-7 and MSCs was

investigated.

4.1.1 UV Analysis

UV-vis spectroscopy is used to characterize the conjugation of ZOL and GO.
Figure 4.1 shows UV-vis spectrum of ZOL, GO and ZOL-GO. ZOL and GO peaks are
at 209 and 230 nm, respectively. The peaks observed in the UV-vis spectroscopy of
ZOL-GO are evidence of stacking of ZOL onto GO. In the UV-vis spectrum of ZOL-GO,
the peak which is related to ZOL has a shift from 209 nm to 198 nm.

228

ZOL-GO
(o] 4

Absorbance
o
(3]

200 250 300 350 400
Wavelength (nm)

Figure 4.1 UV-vis spectra of ZOL, GO and ZOL-GO in aqueous solution.
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4.1.2 FTIR Analysis

The FTIR spectra of ZOL, GO and ZOL-GO are shown Figure 4.3. As it was
not possible to have FTIR spectrum of ZOL, the ZOL spectra from Khajuria et al.
[66] was taken as reference for ZOL (Figure 4.2).

In the GO spectrum, the band at 3447 cm ™! and 3042 em ™! characterizes -OH
stretching vibration |67]. As drying GO solution for FTIR experiment might brough
back garaphite, the band at 1560 cm ™! could be related to skeletal vibration from un-
oxidized graphitic domain [68]. The band at 1269 cm™! characterizes C-OH stretching
vibration and the band at 901 em ™! ascribes epoxy groups in the GO structure [67]. In
the ZOL-GO spectrum, the band at 3480 cm ™! and 3049 em~! characterizes OH group
and the band at 1544 em ™! attributes to vibration of CH=CH group in imidazole ring.
The band at 1485 cm™! corresponds to stretching vibration of C-H bonds in imidazole

ring and the band at 960 cm ™! corresponds to stretching vibration of C-C bonds.

The peaks related to hydrogen bonding of ZOL and GO which were respectively
3440 em ="' and 3447 em~! shifted to 3480 cm ™! in the ZOL-GO spectrum. The reason
of this shift might be hydrogen interactions between ZOL and GO [69].

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 4.2 FTIR spectra for ZOL [66].
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Figure 4.3 FTIR spectra for ZOL-GO.

4.1.3 AFM Analysis

AFM tapping mode was used to characterize GO morphology before and after
loading ZOL. As it is shown in Figure 4.4 pure GO shows smoother surface than GO
loaded with ZOL. As the samples were washed three times with distilled water, the

immobilized particles on GO surface might be ZOL.

Figure 4.4 AFM image of GO (a) and ZOL-GO (b).
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4.2 Drug Loading

Figure 4.5 shows drug loading capacity of ZOL on GO nonoparticles. ZOL to
GO ratio of 1:0.2 in the term of mg/ml showed the optimum loading capacity. This
proportion have been used after for the other studies such as drug release and cell

culture studies.

Loading ratio (%)

1 1 1 1 1
0 0.2 04 0.6 0.8 1 1.2 14
ZOL Concentration (mg/ml)

Figure 4.5 Percentage of drug loading on GO.

4.3 Drug Release

The release of ZOL from ZOL-GO complex in PBS at 37 £ 0.2 °C is shown in
Figure 4.6. About 50% of the ZOL was released from ZOL-GO in the first 24 hours
and after 50 hours, about 75% of ZOL was detached from ZOL-GO complex.
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Figure 4.6 In vitro release of ZOL from GO.

4.4 Cell Culture Studies

4.4.1 Cell Viability by Using Alamar Blue

As mentioned before, MCF-7 human breast cancer cells and MSCs were used in
order to investigate the effect of different concentrations of ZOL, ZOL-GO and GO on
the cells. Alamar blue cell viability assay was used to measure the cytotoxicity of the
experimental groups on MCF-7 and MSCs. Top view of an Alamar blue assay for MCF-
7 cells is shown in Figure 4.7 . Figure 4.8 and Figure 4.9 show the result of Alamar blue
assay for MCF-7 cells and MSCs after 72 hours of treatment with free ZOL, ZOL-GO
and GO. According to Figure 4.8 (a), decrease in the reduction of Alamar blue was
observed in MCF-7 cells after treatment with ZOL and ZOL-GO which means that
treatment with both groups decrease MCF-7 cell viability. In concentrations of 12.5
and 50 uM (in the term of ZOL concentration), we observe lower cell viability after
treatment with ZOL-GO compared with treatment with free ZOL. Figure 4.8 (b) shows
the result of Alamar blue reduction for MSCs after treatment with mentioned groups.

As it is shown in Figure 4.8 (b), MSCs treatment with ZOL and ZOL-GO also result
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in decrease in the cell viability. In concentrations of 50 and 200 pM (in the term of
ZOL concentration), treatment with ZOL-GO shows lower cell viability compared with
the treatment with free ZOL. Figure 4.9 shows a concentration-dependent decrease in
cell viability in both MCF-7 cells and MSCs after treatment with ZOL and ZOL-
GO. Treatment of both MCF-7 cells and MSCs with GO did not show any significant

difference in cell viability compared with control.

Figure 4.7 Top view of an Alamar blue assay for MCF-7 cells.
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4.4.2 Cell Staining

In addition to Alamar blue assay, cell staining also confirm the cell culture
studies. Figure 4.10 shows the result of staining MCF-7 cells with Propidium Iodide
(PI) and Acridine Orange (AO). It was observed that, after treatment with ZOL-GO,
the cell viability is lower compared with the treatment of the cells with pure ZOL.

Figure 4.11 shows the result of MSCs staining with AO and PI. The results
confirm the cytotoxic effect of ZOL on MSCs.

100 pm 100 pm

Figure 4.10 MCF-T7 cells staining by AO and PI. Untreated (a) treated with 2.91 ng/ml of GO (b),
with 50 uM of ZOL (c) and with 50 xM-2.91 ng/ml of ZOL-GO (d).
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Figure 4.11 MSCs staining by AO and PI. Untreated (a), treated with 12.5 uM of ZOL (b), 50 uM
of ZOL(c), 200 uM of ZOL (d), 12.5 pM-0.73 ng/ml of ZOL-GO (e), 50 uM-2.91 ng/ml of ZOL-GO
(f), and 200 pM-11.7 ng/ml of ZOL-GO (g), 0.73 ng/ml GO (h), 2.91 ng/ml GO (i) and 11.7 mg/ml
GO (j).
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5. DISCUSSION

5.1 ZOL-GO Conjugation Characterizations

As it is shown in Figure 4.1, ZOL-GO spectrum has both ZOL and GO peaks
but both shifted slightly. The peak in ZOL-GO which is related to GO shifted from 230
nm to 228 nm and the ZOL related peak shifted from 209 nm to 198 nm which might
be due to interaction of ZOL and GO [6]. In addition, the FTIR result also confirm
the conjugation of ZOL on GO nanoparticles. FTIR spectrum of ZOL and ZOL-GO
is shown in Figure 4.3. As mentioned in FTIR result section, we observe some shift
in ZOL-GO spectrum which might be due to hydrogen bonding between ZOL and GO
. The peaks related to O-H bonds of ZOL and GO were respectively 3440 cm™! and
3447 em™! which shifted to 3480 ¢m™! in the ZOL-GO spectrum [6]. furthermore, in
the Figure 4.4, GO and ZOL-GO morphology can be observed. GO morphology is
smoother compared with ZOL-GO surface and in ZOL-GO surface we observe some

particles which might be immobilized ZOL particles on GO surface [6].

5.2 Drug Loading

Drug loading capacity is calculated by using Equation 3.1. Figure 4.5 shows that
the optimum loading capacity of GO for ZOL is around 98%. This can be misleading
because this percentage merely shows the ratio of loaded ZOL mass to GO mass. It
means that even 100% drug loading capacity doesn’t mean that all the drug is loaded
to drug carrier. Zhang et al. [7] observed more than 400% loading capacity of NGO for
DOX. The reason that we observe lower drug capacity might be because DOX has more
aromatic rings and as a result, stronger m — 7 stacking interactions. In addition, NGO
particles has more surface area than GO and this increases degree of DOX loading on

GO.
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5.3 Drug Release

As it can be observed from drug release profile in Figure 4.6, after 24 hours
about 50% of drug is released from the drug complex. Yang et al. |6] used GO as a
drug carrier for DOX. This study states that DOX and GO interact via m — 7 stacking
and hydrophobic interactions and their observations are in good agreement with the
drug release results of this work where the conjugation of drug and drug carrier is same

as Yang et al. [6] work.

5.4 Cell Studies

As it is shown in Figure 4.9, both treatment with ZOL and ZOL-GO show dose-
dependent reduction MCF-7 cell viability. In addition, Figure 4.8 shows that, for 12.5
uM and 50 uM of ZOL, a lower MCF-7 cell viability was observed after treatment
with ZOL-GO compared to the treatment with free ZOL. Figure 4.10 shows that cell
staining confirmed the results from Alamar blue. GO did not show any significant
cytotoxicity on MCF-7 cells. Wu et al. [11] used GO as a drug carrier for ADR which
is another type of bisphosphonate. They also observed lower cell viability in the same
cancer cell line after treatment with ADR-GO compared to free ADR. Therefore, GO

nanoparticle might be a good candidate for loading bisphosphonates.

MSCs studies results are also shown in Figure 4.8 and Figure 4.9. According to
the results, treatment of MSCs with ZOL and ZOL-GO show dose-dependent decrease
in cell viability. Conjugation of GO to ZOL, did not decrease the cytotoxicity of ZOL
on MSCs and we observe even higher cytotoxicity of ZOL-GO in the concentrations of
50 pM and 200 pM .Treatment with different concentration of free GO did not show
significant decrease in cell viability. Ebert et al. [12] also observed that ZOL inhibits
MSCs proliferation in vitro. The reason is that ZOL inhibits protein farnesylation and

geranylgeranylation which is also the reason for osteoclast apoptosis caused by ZOL.
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6. CONCLUSION AND FUTURE WORK

Based on the results from UV-vis spectroscopy, FTIR and AFM, we could con-
clude that the anti-cancer drug ZOL conjugated to GO by 77 stacking and hydrogen-
bonding interactions. Conjugation of ZOL to GO could provide other benefits such
as increasing drug complex volume and prevent fast renal filtration. Slow release of
ZOL from ZOL-GO might keep the moderate dose of drug in the body and eliminate
the need for applying high doses of the drug and decrease harmful side effects such as

osteonecrosis of the jaw.

In addition, according to the cell culture studies, treatment of MCF-7 cancer
cells with ZOL-GO drug complex was more effective in doses of 12.5 and 50 uM com-
pared with free ZOL. As it shown in the results section, in the mentioned doses, we
observed lower cell viability after 72 hours of treatment with ZOL-GO rather than free
ZOL. These results were also confirmed by cell staining. According to the mentioned
results, GO could be a good candidate as a drug carrier for anti-cancer drug ZOL.
Treatment of MSCs with free ZOL and ZOL-GO decreases the cell viability signifi-
cantly. So, using GO as a drug carrier for ZOL would not decrease the cytotoxicity of

Z0OL on MSCs.

In the future, as some tumor cell lines such as MCF-7 cells over-express folate
receptor [70], ZOL-GO drug complex could be used in targeted delivery by conjugating
it to folic acid (FA). The effect of ZOL-GO drug complex on other cancer cell lines
such as MDA-MB-231 could be investigated. In addition, instead of GO, reduced GO
(rGO) might be used as a drug carrier for ZOL and results could be compared with
the findings of this study.
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APPENDIX A. CALIBRATION CURVE

Table A.1 shows the concentration and absorption of samples which used to
calculate ZOL calibratio curve (standard line) and Figure A.2 demonstrate UV-vis

spectrum for each sample . Figure A.1 shows ZOL calibration curve and the equation

of the line.
15 T T T T T T
Tr y = 1.1x + 0.019 T
o R? = 0.9969
o
c
©
=
9 4
Q2
<
0.5 - i
°
0 Il Il Il Il Il Il
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Concentration (mg/ml)

Figure A.1 The calibration curve for ZOL solutions.



Table A.1
List of the samples used for calibration curve.

Sample | Concentration Molar Absorbance
No. (mg/ml) Concentration | (209 nm)
(1M)
1 1.25 4308.8 1.417
2 0.625 2154.4 0.674
3 0.3125 1077.2 0.386
4 0.1562 538.6 0.235
5 0.0781 269.3 0.108
6 0.0390 134.6 0.044
7 0.0195 67.3 0.022

Absorbance

I
o

1.25 mg/ml

0.625 mg/ml
0.312 mg/ml
0.156 mg/ml
0.078 mg/ml
0.039 mg/ml
0.019 mg/ml

190 200 210 220 230 240 250
Wavelength (nm)

Figure A.2 UV-vis spectra for ZOL solutions.
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