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ABSTRACT

HEPARIN COATED AND 2-DEOXY-D-GLUCOSE CONJUGATED IRON
OXIDE NANOPARTICLES FOR BIOLOGIC APPLICATIONS
Akpinar,Yeliz
Ph. D., Department of Chemistry
Supervisor: Prof. Dr. Miirvet Volkan
Co-Supervisor: Prof. Dr. N. Tiiliin Giiray
September 2017, 127 pages

Over the past decade, there has been an increasing interest in using nanotechnology
for cancer therapy. Magnetic-based systems containing magnetic nanoparticles have
gained popularity because of their unique ability to be used in magnetic resonance
imaging, magnetic targeting, drug carrying and hyperthermia. The last one represents
a novel therapeutic concept to cancer treatmentIn biomedical and clinical applications
the most commonly used magnetic nanomaterials are the iron oxide nanoparticles.
Current progress in the synthesis of iron oxide nanoparticles with different shapes
(flower, cube, spherical) and compositions show that the heating power of the
magnetic material can be optimized for hyperthermia.

Compared to the therapy of using chemotherapeutic agents or molecular-targeting
therapeutic agents, an alternative antitumor approach can be proposed by considering
tumor metabolism. The reason cancer is so fast growing is that the mitochondria have
been deactivated, so the cells avoid apoptosis, as well as being able to grow in the
absence of oxygen (glycolysis). Dichloroacetate (DCA) which is a pyruvate
dehydrogenase kinase inhibitor, reverses this process, induces apoptosis, decreases
proliferation, and inhibits tumor growth. However, therapeutically prohibitive high
DCA doses are needed for tumor growth suppression. Thus, preparation of magnetic

nanoparticles designed to carry pharmacologically relevant doses of DCA directly to



the tumor site and enhance its effective cellular uptake may represent a more effective
therapeutic option.

In this study, flower, cubic and spherical shaped iron oxide nanoparticles, having high
heating power that can be used in hyperthermia application were prepared. For
inductive heating of magnetic nanoparticles, an induction device was designed.
Hyperthermia studies was started by using spherical iron oxide nanoparticles. The
surface of nanoparticles prepared was modified with heparin, a natural polymer and
DKA was embedded into heparin layer. However, for effectively targeting
mitochondria, triphenylphosphonium cation was incorporated to DKA through a
biodegradable amide linkage before loading on to the nanoparticle. Finally
nanoparticles was conjugated to 2-deoxy-D-glucose (2-DG) in order to transport the
particles into the cells via glucose transformers present on the cell membranes. It needs
to be stated that, besides DKA and hyperthermia, both heparin and 2-DG are known
to play role in apoptosis process. Therefore these novel nanoparticles are expected to
deliver their cargo directly to cancer cell and cause a cell death via apoptosis. The
binding and uptake of nanoparticles, cytotoxicity and apoptosis were investigated
using liver cancer cell line (HepG?2). It is known that iron oxide nanoparticles are used
as a contrast reagent in MRI systems. Consequently, these nanoparticles were also
useful for monitoring the outcomes of the medical treatment by magnetic resonance
imaging, MRI.

Keywords: Magnetic Nanoparticles, Hyperthermia, Cancer, Dichloroacetate
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BiYOLOJIK UYGULAMALAR ICIN HEPARIN KAPLI 2-DEOKSI-D-
GLUKOZ BAGLI DEMIR OKSIT NANOPARCACIKLAR
Akpinar,Yeliz
Doktora, Kimya Bolimii
Tez Yoneticisi: Prof. Dr. Miirvet Volkan
Ortak Tez Yoneticisi: Prof. Dr. N. Tiiliin Giiray
Eyliil 2017, 127 sayfa

Nanoteknolojinin kanser tedavisi i¢in kullanilmasma olan ilgi gectigimiz yillarda
giderek artmaktadir. Manyetik rezonans goriintiileme, manyetik hedefleme, ilag tasima
ve hipertermi uygulamalarinda kullanilabilme yetenekleri ile ¢arpict 6zelliklere sahip
olan manyetik nanoparcaciklarin kullanildig1 manyetik temelli sistemlerden biri olan
hipertermi, kanser tedavisinde terapotik aragtir. Biyomedikal ve klinik uygulamalarda
en sik kullanilan manyetik nanomalzemeler demir oksit nanopargaciklardir. Yakin
zamanda, farkli sekillerdeki (cicek, kiip, kiire vb.) ve kompozisyonlardaki demir
nanoparcaciklarin sentezlenmesindeki gelismeler hipertermi amagh kullanimlari igin
manyetik malzemelerin 1sitma yeteneginin optimize edilebilecegini gostermistir.

Kemoterapdtik ajanlarin veya molekiiler hedefli terapotik ajanlarin kullanildigi
tedavilerin yaninda tiimor metabolizmasi da gz oniinde bulundurularak alternatif bir
tiimor karsiti yaklasim Onerilebilir. Kanser hiicrelerinin hizli biiylimesinin nedeni
mitokondrilerin devre dis1 kalmasi; buna bagl olarak hiicrelerin apoptoza gitmek
istememesi ve oksijen yoklugunda da biiyliyebilmesidir (glikoliz). Bir piriivat
dehidrokinaz inhibitorii olan dikloroasetat (DKA) bu siireci, apoptozu da kapsayacak
sekilde, tersine cevirir, proliferasyonu azaltir ve tiimdr biiylimesini engeller. Ancak
timdr biiylimesini engelleyecek tedavi icin oldukga yiiksek dozda DKA kullanimi
gerekmektedir. Bu durumda farmakolojik olarak uygun dozda DCA'yr tiimor
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bolgesine tasiyabilecek ve hiicresel alim etkinligini artiracak manyetik
nanoparcaciklarin hazirlanmasi daha etkili bir tedavi secenegi olarak goriinmektedir.
Bu ¢aligmada, hipertermide kullanilmak iizere yiiksek 1sitma yetenegine sahip cicek
kiip ve kiire seklinde siiperparamanyetik demir oksit nanoparcgaciklar hazirladi.
Hazirlanan manyetik nanoparcaciklarin hipertermi verimleri incelemek iizere
parcaciklara degisken manyetik alan uygulayan cihaz tasarlandi. Hipertermi
Olciimlerine kiire sekilli demir oksit parcaciklar ile baslandi. Kiire sekilli
nanoparcaciklarin yiizeyleri dogal bir polimer olan heparin ile modifiye edilerek
DKA’nin bu heparin tabakasinin i¢inde tutturularak tasinmasi saglandi. Son olarak,
parcaciklarin hiicre zarinda bulunan glikoz tasiyicilarindan hiicre ig¢ine gegebilmesi
icin nanopargcaciklar 2-deoksi-D-glikoz (2-DG@G) ile isaretlendi. DKA ve hiperteriminin
yani sira heparin ve 2-DG de apoptoz siirecinde rol oynamaktadir. Buna goére, bu yeni
nanoparcaciklarin tasidiklari yiikleri dogrudan kanser hiicresine ulagtirmalari ve
apaptoz yoluyla hiicre Oliimiine neden olmalar1 beklenmektedir. Bu c¢alismada,
kanserli karaciger hiicre dizisi (HepG2) kullanilarak nanopargaciklarin baglanmasi ve
hiicre i¢ine alinmasi, sitotoksisitesi ve apoptotik etkileri incelenmistir. Demir oksit
nanoparcaciklarimin  MRI  odl¢iimlerinde  kontrast ajan1  olarak  kullanildig:
bilinmektedir. Dolayisi ile hazirlanan nanopargaciklar, tibbi tedavinin sonuglarinin
manyatik rezonans goriintileme (MRI) sistemi ile takip edilmesine de olanak
saglayacaktir.

Anahtar kelimeler:Manyetk Nanopargacik, Kanser, Hipertermi,Dikloroasetat.
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CHAPTER 1

INTRODUCTION

1.1 Introduction to Nanotechnology

Nanotechnology is a new approach which provides production and examination of
materials on the molecular scale. This approach has uncovered mystery of nature at
too many fields such as energy, environment, healthy and electronic. Nanodevices,
nanocomposite materials etc., produced by using nanotechnology increase quality of

life and lifetime of people that also causes the emergence and rising of nanotechnology

[1].

1.1.1 Nanobiotechnology

Nanobiotechnology is a major part of nanotechnology which combines engineering,
chemistry, biology, physic, electronic and material science. Nanobiotechnology plays
an important role in implementing and developing many useful tools in the study of
life. Drug delivery systems, gene therapy, sensitive imaging and sensor systems of
illness, artificial organs, micro fabricated medical devices have been developed by
using nanobiotechnology [2]. Not only medical area but also agricultural, food
industry and environmental 1ssues are hot topic for nanobiotechnology [3-5].

Over the 40 years, polymers, ceramics, metals and metal compounds such as oxides,
sulfides etc. have been used for the preparation of nanomaterials for biomedical
applications [6].

Nanoparticles that are based on noble metals such as Au, Ag widely used for
bioimaging, biosensors, and drug delivery system. Their Surface plasmon resonance

(SPR) absorption properties make them unique tool for this type applications. Surface



plasmon resonance (SPR) absorption is produced by the collective oscillation of
conducting electrons in the metal NP core upon interacting with the incident light,
which depends on size and shape of nanoparticles, distance between nanoparticles and
dielectric properties of medium [7].

Another type of nanoparticles is magnetic nanoparticles. Because of their magnetic
properties, stabilities and lower toxicities, usage of them for biomedical application
has taken attention [8].

Additionally, quantum dots (QDs) that are a semiconductor or silisium nanometer
sized particles, have an important role because of their luminescence and fluorescence
properties which give them the opportunity for being used at biosensing, bioimaging
and, immunoassays studies [9].

Polymeric materials are used for therapy and genetic engineering. Drug loaded
polymeric nanomaterial release drugs when they are degraded by changing
temperature or pH. Controlling the conditions, such as solubility and reactivity
properties of polymers, provides dose control for drug delivery systems. [10]. When
nanostructure and polymeric materials are combined, mechanic and functionality of
these nanocomposite materials increase and become more desirable for biomedical

applications [11].

1.2 Introduction to Cancer

1.2.1 Cancer illness and Cancer Cell Metabolism

Despite the fact that cancer causes have been studied over the past four decades,
scientists still do not understand exact reason and metabolism of cancer [12]. Cancer
disease is caused by genetic instability and accumulation of multiple molecular
alterations [13]. Cancer cells are different from normal cells in term of uncontrolled
proliferation, aggression, resistance to apoptosis and anti-growth signals and
metastasis properties [14].

Tumor initiation and growth is related to mitochondrial process. The alterations in
glucose metabolism, compromise of intrinsic apoptotic and the production of reactive

oxygen species (ROS) are result in mitochondrial function disorders. At normal cell,
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Glucose is metabolizes to pyruvate through glycolysis, and then carbon dioxide in the
mitochondria through oxidative phosphorylation (OXPHOS) under the aerobic
conditions. In the absence of sufficient oxygen, normal cells may displace the
glycolytic pyruvate from mitochondrial oxidation and may reduce it to lactate. On the
other hand, at tumor cells glucose metabolism occurs in different pathway. Changes in
glucose metabolism in cancer can be explained by Warburg's effect. Although glucose
metabolism has enough oxygen for aerobic respiration, it tends to glycolysis instead
of aerobic respiration and ATP production efficiency decrease per a molecule glucose.
Such changes in cellular metabolism may be desirable for tumor cell growth, since
cellular growth and proliferation require biosynthetic intermediates, and the
availability of these intermediates may increase with this alteration in cellular
metabolism. Additionally, decreasing intrinsic apoptotic function is another result of
these alterations so tumor cells become immortal [15-16]. Scheme of alternation of

cellular metabolism in mitochondrion shown in Figure 1a and b.
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1.2.2 Therapy and Diagnosis of Cancer

During the fifty years, significant progress has been made in the cancer treatment and
diagnosis work. Nevertheless, exact cure and sensitive detection system have not
developed yet. Available detection systems are not enough and take a long time.
Therefore, for many cases cancer cells are metastasized to healthy tissues when
diagnosed [13, 17].

For therapy, problems are efficiency, localization and toxicity problems of present
therapeutic agents. Anti-cancer drugs or radiations could not identify normal and
cancer cells, therefore healthy tissues are also affected negatively. Additionally, side

and toxic effect of therapeutic agents cause damage to healthy cell [13, 17].

1.2.3 Mitochondrial Cancer Therapy

Mitochondria is an organelle in a cell, which has important roles in cell variability.
Tricarboxylic acid cycle (TCA), oxidative phosphorylation, glycolysis, fatty acid
metabolism and pro-apoptotic protein mechanism are some of them. Also, they are
responsible for energy production and apoptosis function of the cell. Therefore
mitochondrial dysfunction causes neurodegenerative diabetes, obesity, neuromuscular
diseases, and cancer [18, 19].
The relation between mitochondrial dysfunction and cancer led to the emergence of a
new chemotherapeutic treatment approach. Therefore drugs have been designed, based
on the correction of these dysfunctions and the (re)activation of cell death programs.
Some pharmacological agents affect directly the mitochondria, others affect
mitochondria-associated organelles [20] and induce or facilitate mitochondrial
membrane permeabilization. Modulators of the B-cell lymphoma protein 2 (
Obatoclax, Gossypol, etc), regulators of reactive oxygen species generation
(menadione,B-Lapa Chone), retinoids, heat-shock protein inhibitors (Gamitrinibs)
natural compounds (Resveratrol, Betulinic acid and a-tocopheryl succinate etc.) and
metabolic inhibitors (Methyl jasmonate, Dichloroacetate etc.) have been used for this
purpose [21].
Working principle of metabolic inhibitors based on disturbing of The tricarboxylic
acid (TCA) cycle and fatty acid b-oxidation (FAO) metabolism [20].
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1.2.3.1 Dichloroacetate

Cl
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Figure 2. Chemical structure of sodium dichloroacetate

Dichloroacetate (DCA) is a small molecule (Figure 2). Nowadays its popularity is that
results of its therapeutic effect of cancer illness. Actually dichloroacetate had been
for use as a drug for treatment congenital lactic acidosis in the 1960s [22]and Its effect
on several metabolisms was investigated for diabetes and hypercholesterolemia
diseases [23].

For cancer treatment, DCA is used as a tumor suppressors by affecting mitochondrial
metabolism (Figure 3). DCA induces to the cancer cell to apoptosis the by inhibiting
pyruvate dehydrogenase kinase which inhibits pyruvate dehydrogenase (PDH),
reverses cancer cell abnormal metabolism from glycolysis to glucose oxidation. PDH
provides conversion of pyruvate to acetyl-CoA, promoting oxidative phosphorylation
(OXPHOS). Thus, (DCA) induces apoptosis, decreases proliferation, and inhibits
tumor growth. Therefore, the membrane potential of tumor cell mitochondria turns to
the level of normal cell’s one owing to increasing glucose oxidation which is promoted

by DCA [24] without affecting the mitochondria of non- cancerous cells.



Glucose = Glucose

Phosphoenolpyruvate

H
Acetyl W .
CoA

Pyruvate = Pyruvate

Glucose-6- DCA After DCA treatment tumor cell
/ phosphate

7

\GerA

Lactate

Isocitrate
Oxaloacetate

I TCA 1
CYCLE

a-ketoglutarate

/

Succinyl CoA

Mitocondria

AF OSIS

Figure 3. Scheme of effect of dichloroacetate on mitochondrial dysfunction

Although DCA used for mitochondrial targeted cancer therapy, its mitochondrial
uptake is low because of negative charge [24]. To increase its accumulation into
mitochondria, it is modified with lipophilic phosphonium cations. Lipophilic
phosphonium cations can cross the mitochondrial inner membrane without helpless of
ionophores. Tetraphenylphosphonium cation and triphenylphosphonium cation are
used for this purpose [25].

Another treatment approach for cancer treatment is hyperthermia. The origin of
hyperthermia is “overheating” in Greek [26].

Hyperthermia is an unusual high body temperature. The reason of hyperthermia may
be an infection, or by exposure to heat. According to this definition, hyperthermia can
be perceived negatively, however it is a new tool for cancer treatment. Hyperthermia
treatment based on exposing to high temperatures to damage and kill cancer cells or
making cancer cells more sensitive to the effects of radiation and certain anticancer
drugs [27]. Hyperthermia treatment could not be used as single therapy methods, it
should be supported by drug or radiotherapy treatments [28]. Historically, heat therapy

was used for breast cancer treatment about five thousand years ago [26].



Hyperthermia treatment is classified external and internal treatment. For external
hyperthermia treatment as microwave, ultrasound, radio frequency (RF) can be used
as heat source. Unfortunately, all of these methods have some limitations. Microwave
hyperthermia is not enough for deep-seated tumors because its penetration capability
is low. Despite the higher penetration capability of ultrasound technique than
microwave treatment, high energy absorption of the bone and liquid-containing organs
and an excessive reflection from the cavities filled with air are disadvantages of the
technique. Limitation of RF capacitance hyperthermia is that both tumor and healthy
cells are effected in the same ways. RF probe hyperthermia has low penetration and a
limited accuracy of localization capability. For internal hyperthermia, nanoparticles
can be used as heat source, on the other hand, this type treatment provides a uniform

heating of deeply situated tumors with relatively good targeting [29].

1.2.4 Nanotechnology and Cancer

Nanotechnology helps to overcome the present problem of cancer therapy and
diagnosis. Drug or imaging agent conjugated nanoparticles which have
multifunctional properties, are prepared for this aim. These properties, such as
magnetism, surface plasmon and feasible surface etc., make them superior to single
drug or imaging molecules for cancer therapy and diagnosis. Especially drug delivery

and detection systems have been developed.

1.2.4.1 Drug delivery

Basic drawback of today’s chemotherapeutic drugs is their low bioavailability to a
tumor cell and low differential toxicity toward the tumor cell. Researchers have
designed new systems by conjugating drug and targeting molecule to nanoparticles
that are addressed directly to tumor cell [12].

According to Prabaharan at all study [30], cell viability of doxorubicin (DOX) is
higher when it is conjugated to polyethylene coated, folate modified gold nanoparticles

than free DOX molecule. Polymeric particles can also be used for this aim.



Deoxycholate conjugated heparin nanoparticles [31], 4-(2-aminoethyl) and
benzenesulfonyl fluoride hydrochloride modified poly-1-glutamic acid nanostructures
are two examples of polymeric drug delivery tools. [32]. Camptothecin is another
anticancer drug. Laemthong at al., developed poly(e-caprolactone)(PCL) polymer
coated camptothecin nanorods for breast cancer treatment. They reported that
nanostructured of camptothecin derivatives are more efficient than molecular types.
For increasing efficiency and decreasing toxicity, they used poly(e-caprolactone) as
coating materials. For the targeting purpose, they used antibody (Trastuzumab) which
1s specific breast cancer cells. On the other hand, they claimed that camptothecin has
some side effect such as renal failure, diarrhea and hepatic toxicity [33]. Additionally
Beak at al, used folate conjugated nanoparticles for increasing bioavailability of
paclitaxel and curcumin which are anticancer drug [34]. Low availability and solubility

are important drawbacks of paclitaxel [35].

1.2.4.2 Imaging or detection system

Plasmonic nanoparticles such as gold, silver nanoparticles, quantum dots are used for
designing diagnostic system. Especially these particles increase the sensitivity of
surface enhanced raman spectroscopy [36] or fluorescence spectroscopy [37] methods.
Magnetic resonance imaging (MRI) is another popular detection technique. It is useful
for examination cellular and nonvascular imaging and more favourable than other
methods such as computerized axial tomography (CAT), positron emission
tomography (PET), and single-photon-emission computed tomography (SPECT)
Because radioactive agent and ionizing radiation are not required for MRI [33].

For tumor detection, the efficiency of magnetic resonance imaging (MRI) is increased
by using nanoparticles[12]. Specially Gd-based nanoparticles and iron oxide

nanoparticles are used as T1 and T2 contrast agents respectively [33].



1.2.4.3 Hyperthermia

Nanotechnology provides a significant contribution to hyperthermia treatment by
introducing magnetic nanoparticles that can be driven and accumulated in the desired
area of the body. Therefore harmful side effects of hyperthermia such as ionization of
the genetic material or absence of selectiveness in microwaves and radiation therapies
that affect the surrounding healthy tissues are eliminated. Magnetic hyperthermia
treatment includes magnetic nanoparticles which are injected into cancerous tissue and
induce local heat when an alternative magnetic field is applied. A temperature increase
above 42°C in a tumor cell, due to the transformation of the electromagnetic energy
into heat through hysteresis, Néel and Brownian relaxations lead to apoptosis of

tumor cell [38-39].

1.3 Introduction of Magnetic Nanoparticles

1.3.1 Magnetic Nanoparticles

Magnetic nanoparticles are extensively used in data storage and biomedical application
areas. Higher surface-to-volume ratio makes magnetic nanoparticles more attractive
and useful than bulk magnetic materials [40]. Magnetic nanoparticles can be classified
as magnetic alloy nanoparticles(Co,Fe) or magnetic metallic nanoparticle (Fe—Co, Fe—
Ni, Fe—Pt, Co—Pt, Co—Ni) and metal oxide nanoparticles (Fe3Os4, y-Fe2O3, NiFe20a4,
MnFe204, CoFe204, NiO, Co304 according to their structure [41].

Metallic magnetic nanoparticles (MMNPs) are more advantageous in terms of
information, synthesis and magnetic properties than metal oxide magnetic
nanoparticles (MOMNPs). On the other hand, their chemical stability and
biocompatibility are lower than MOMNPs. Additionally, higher reactivity for
oxidation and pyrophoricity of MMNPs at room temperature render them
inappropriate so they are not suitable for hyperthermia application. Although the
problem of oxidation is addressed by the incorporation of two or more metals onto iron
for the preparation of metallic alloys magnetic nanoparticles (MAMNPs), MOMNPs

are still preferred for biomedical applications [41].
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1.3.2 1Iron Oxide Magnetic Nanoparticles (IONPs)

There are eight type iron oxides, but commonly, maghemite (y- Fe2O3), hematite (a-
Fe203), magnetite (Fe3O4) are known. Crystal structure of iron oxide nanoparticles
affects their applications. For example, magnetic properties change according to
crystal forms. They become desirable for technical and biomedical application because

of their unique magnetic, biochemical, and catalytic properties [42].

1.3.2.1 Hematite (a-Fe203)

Hematite that is oldest iron oxide known types, is most stable iron oxide forms. It used
as starting materials for synthesizing magnetite and magnetite types. This type can be
called ferric oxide, or iron sesquioxide and its color is red [43]. It is application area is
large about catalysts, technology and gas sensors because of its low cost, high
resistance to corrosion, and n-type semiconductor properties [42].

The crystal structure of hematite nanoparticles can be defined rhombohedral and
hexagonal because of Fe®* ions locate two-thirds of the octahedral sites that are
boundary determined by the nearly ideal hexagonal close-packed O lattice [42,44].
Their magnetic saturation level and coevircity are lower than other two types, for this

reason, they are not eligible for hyperthermia and magnetic applications [43].

1.3.2.2 Magnetite (Fe30y)

Magnetite can be called black iron oxide. Its magnetic saturation is higher than other
two type iron oxide nanoparticles due to lower oxygen ratio than maghemite (y-Fe203),
hematite (a-Fe203). Maghemite can easily be obtained by oxidizing magnetite [45].

Magnetite has inverse spinel crystal structure and that is formed polyhedral model with
stacking plans. It has a face-cantered cubic unit cell according to the position of 32 O
2 and Fe (III) ions occupy between octahedral and tetrahedral sites, randomly while

Fe(Il) ions place in octahedral sites [42,43].

11



1.3.2.3 Maghemite (y- Fe2O3)

When oxidizing magnetite or heating of other iron oxides, maghemite is obtained. It
has a similar spinel structure with magnetite, differently, there are vacancies in the
cation sublattice cell of magnetite contains 21 Fe*ions, 32 O* ions, and 2'
vacancies. While oxygen atoms occur cubic close-packed array, eight Fe ions per a

unit cell locate tetrahedral sites and other Fe ions disturb to octahedral sites [42,43].

1.3.3 Magnetism of Iron Oxide Nanoparticles

Magnetism of iron oxide nanoparticles depends on spins and aligned of electrons in
orbitals. Considering to change magnetic dipole and the net magnetization in the
presence and absence of a magnetic field magnetism of iron oxide nanoparticles can
be classified diamagnetic, paramagnetic, ferromagnetic, ferrimagnetic, and
antiferromagnetic [40,43].

For diamagnetic materials, there is not magnetic dipole in the absence of a magnetic
field, but under the external magnetic field the material produces a magnetic dipole
that is oriented opposite to that of the applied field. For paramagnetic materials, there
are magnetic dipoles but these dipoles are aligned only through the external magnetic
field. Ferromagnetic materials have net magnetic dipole moments in the absence of an
external magnetic field. For antiferromagnetic and ferrimagnetic materials, the atomic
level magnetic dipole moments are similar to those of ferromagnetic materials, but
when there is not any magnetic field, adjacent dipole moments exist that are not
oriented in parallel and this situation reduces the impact of neighbouring magnetic
dipoles within the material [41].

Superparamagnetic material likes ferromagnetic and ferromagnetic materials in case
of under the external magnetic field. However, when the external field is removed they
do not indicate same magnetic properties. As a result of this properties, they do not
attract each other out of the external magnetic field so aggregation does not occur. Size
of superparamagnetic particles (about 2-20nm) is smaller than others. Because, for
larger or bulk magnetic materials, there are multi-domains to aligning the spin
orientation so higher field energy is needed to change the spin of them. In contrast, for

smaller particles (2nm-20nm diameter), amount domain walls per a particle decreases
12



and single domain occur, therefore the requirement of energy for changing spin
decreases and these particles exhibit superparamagnetic properties [41].

Super paramagnetic materials are favourable for biomedical applications owing to
unique property. This property is that their magnetic behaviour appears only under the
magnetic field. The most successful type which has been widely investigated consists

of superparamagnetic iron oxide NPs (SPION) [27, 40, 46-49].

1.3.4 Preparation Methods of Iron Oxide Nanoparticles

The synthesis method of magnetic nanoparticles is important for magnetic properties
and behaviours of nanoparticles. Size distribution, shape, particle size, crystal
structure, morphology and surface properties can be controlled by changing synthesis
methods [27].

There are some difficulties in preparing iron oxide particles, for this reason, choosing
method is important for purpose of application. The large surface-to-volume ratio of
magnetic iron oxide nanoparticles causes aggregation to reduce surface energies. In
addition, the stability and solvent distribution of magnetic nanoparticles depends on
their surface properties, so the preparation method has a decisive role in the surface
properties of the particles [50]. Anhydrous systems and nonpolar solvents are used to
synthesize hydrophobic particles while the aqueous solvent and reaction system are
used to obtain hydrophilic particles in the same manner [8].

In addition, the importance of the method that used for preparation, quite significant
in controlling the crystal structure, shape and size of the particles. Firstly, the
mechanism of particle formation depends on the experimental conditions and the
materials used [50]. For instance, when Fe 2 and Fe ** ions are oxidized, maghemite
and hematite nanoparticles are formed, while magnetite nanoparticles are obtained
under oxygen free conditions. For biomedical application, hematite form is not
favourable due to low magnetic properties [51].

Secondly, size and shape of iron oxide nanoparticles affect the efficiency of the
application. Magnetic behaviour of iron oxide nanoparticles, generally, is related to
size. As the size of the magnetic nanoparticles decreases, the magnetic anisotropy
energy per nanoparticle decreases. Anisotropy energy in a characteristic dimension of

13



magnetic nanoparticles equals thermal energy, which randomly changes the magnetic
moment. In addition, the Ms value varies with the particle size [40].

Third, the magnetic behaviour of iron oxide nanoparticles depends on their shape. The
figure has an important role in the formation of magnetic anisotropy. For instance,
while spherical nanoparticles do not exhibit net shape anisotropy, rod-shaped
nanoparticles have shape anisotropy at the same time crystalline anisotropy. Therefore
rod-shaped nanoparticles have higher coercivity [52].

Zeng et al. was reported that cubic shaped magnetic nanoparticles have higher
magnetic saturation (Ms) than spherical shaped magnetic nanoparticles [53]. Noh et
al. explain this situation by using framework program, which analyses disorder of
spins. Results of analysis indicate that disorder level is about 4% in cubic MNPs and
8% in spherical MNPs. Lower disorders of cubic shaped particles cause higher Ms.
However, they claim that this comparison should be done by same volume spherical
and cubic shaped nanoparticles [40, 54].

There is too many methods for synthesizing magnetic nanoparticles. They can be
classified three according to route of the process. First one is physical methods
Deposition of the gas phase, laser pyrolysis techniques, Electron beam lithography,
laser ablation[8], which is not able to control size and shape. Biological Methods
another method. At these type methods, for preparation iron oxide nanoparticles, the
microbial enzymes or the phytochemicals of plant are used to reduce iron salts. Also,
microorganisms can be used for synthesizing iron oxide nanoparticles such as magneto
tactic bacteria or iron reducing bacteria. This type method are compatible with the
approach of green chemistry and eco-friend [8].

The final route is chemical preparation methods. These methods are both simple and
efficient. Because control of size, shape, composition iron oxide nanoparticles and
experimental conditions can be easily changed and controlled. In addition, their low
production costs make them favourable in comparison to other routes. The general
mechanism of these type methods is based on reducing of Fe** and Fe*" ions with base.
The ratio of Fe*" and Fe** ions, pH, surfactants, temperature, pressure and ionic
strength etc. are a determinative parameter for preparation [55].

Co-precipitation, thermal decomposition, polyol, hydrothermal or solvothermal

methods, microwave assist, electrochemical methods, Sol-gel method,
14



Aerosol/vapour phase, Sonochemical decomposition, Supercritical fluid method,
microemilsion are some of methods that are used at chemistry based route. In the main,

first four methods have been applied [56].

1.3.4.1 Co-precipitation Methods

Co-precipitation methods the handiest procedures in terms of application convenience.
It is based on reduction of mixture of ferrous and ferric ions in a 1:2, or 1:3 molar ratio
with aqueous base [51, 57]. Aqueous medium synthesis provides obtaining hydrophilic
nanoparticles. Reaction of formation of magnetite nanoparticles is given by:
Fe?"+2Fe**+80H ™ S Fe(OH)2+2Fe(OH)3— Fe304+4H20

Because pH change is affect ionic strength, size of particles can be control easily.
When pH of solution lower than 11, nucleation of iron oxide crystal is favourable, pH
of solution higher than 11, growth of iron oxide nucleus is favourable[8].Generally
magnetic nanoparticles have large size distribution when they are prepared this
method [8].

By using this method both Fe:O3 and Fe3Os nanoparticle can be synthesized. By
applying same method, Fe3O4 NPs and Fe203 NPs are synthesized under the inert gas
and oxygen atmosphere, respectively [50]. Without any surfactant usage Kang. et al
and Lin et al synthesized Fe3O4 nanoparticle with different iron precursors and both of
them have 8-10 nm size distribution [51,57]. In addition, generally spherical magnetic
nanoparticles with co-precipitation methods, however, surfactant are used, different
shape magnetic nanoparticles can be obtained. For instance sodium dodecyl sulphate
(SDS) and the time of irradiation with visible light nanoneedle and nanocube shaped

iron oxide nanoparticles can be obtained [58].

1.3.4.2 Thermal Decomposition Method

Generally to obtain magnetite superparamagnetic nanoparticles thermal
decomposition method are used. This method is based on high temperature

decomposition of organic iron precursors in the presence of organic solvent and
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surfactants in high temperature. Surfactant type, decomposition temperature, reflux
time and solvent effect shape and size control [59-61].

When compared to co-precipitation method, thermal de composition method has
advantages and disadvantages. Firstly, crystalinity of iron oxide nanoparticles is higher
than iron oxide nanoparticles which are synthesized by co-precipitation methods.
Because high crystalinity is formed at high temperature [8]. Second advantage is that
iron oxide nanoparticles have narrow size distribution. Also because of surfactants
they are monodisperse in solution so aggregation level is too low [8].

Third advantage is that controlling of size and shape are easier for thermal
decomposition methods. While for co-precipitation methods only pH change and
adding rate of precursors can be optimized, there are various parameters for obtaining
desirable size and shape options at thermal decomposition.. Some of them are that
changing or optimizing of iron precursors, temperature, solvent and surfactant types

[62] Fe(CO)s, iron oleate , Fe(Cup)s (Cup = N-nitrosophenylhydroxylamine Fe(acac)s

(acac = acetylacetonate)), Fe3(CO)i2 and ferrocene Fe (CsHs): are used as iron
precursors which are slightly soluble in water [8].

Other parameter is reaction time and heating rate. According to Dewi et al ‘s study,
when heating rate decreased and growth time of reaction (at reflux temperature )
decreased , shape of iron oxide nanoparticles changes from spherical to cubic and their
size increase about 5 nm to 10 nm [59].

Solvents are another parameters. Their role is significant because for thermal
decomposition occurs at high temperature above to generally at 250 °C and this
temperature is provided by organic solvents which are have high boiling points.
Generally octadecene, benzylether, phenylether, eicosene, hexadecane, di-n-octyl
ether, di- n-hexyl ether and squalane are used as a solvent and solvent types effect size
of particles [8, 60].

Surfactant and stabilizers are have important role for shape and size controlling.
Usually oleic acid, sodium oleate, decanoic acid, and decanoic acid are some of
surfactant [60, 61,63,64].

Sun et al. study indicated that spherical iron oxide nanoparticles are obtained when
oleylamine as surfactant, benzylether as a solvent are used and decomposition occurs

at 298°C [65]. Differently, according to Dewi et al ‘s study, cubic shaped iron oxide
16



nanoparticles can be obtained when sodium oleate as surfactant, octadecene as solvent
[59].

Aqueous media are required for biomedical applications. Thus, the production of
hydrophobic iron oxide nanoparticles is the main disadvantage of this method for
biomedical applications. By applying ligand exchange and coating procedure, these
particles become hydrophilic. Polyvinylpyrolidine [66], NOBF4 and oxalic acid

[59,67] can be used as ligand exchange and coating material.

1.3.4.3 Polyol Method

Polyol method is another approach for the synthesis of iron oxide nanoparticles. High
dielectric points, capability of solving inorganic materials and high boiling point of
polyols provide perfect conditions for the synthesis. The hydrolysis of chelate metal
alkoxide complexes at high temperature in solutions of alcohol is main mechanism of
this method [56]. In other words polyol is used as a solvent, reducing agents and
stabilizer. Mechanism of chelation reaction and metal ferrite nanoparticle formation as

a results of the decomposition of the chelate are depicted in .

™M
o~ Noy -2H0
N/

b o 2.
/} O\ /Z.C1  20H- |: ° /C'c;}
MCly + —_— E ' —_— M

H H H,
OH OH
OO Z..oH OGN /..OH 4 0"?
n E M, + 2n Fe, —— (MFc204)n + 2n HzO + 3n
O/ \)H O/ \O .
H

Figure 4. Mechanism of polyol method [68].

This method provide non-aggregated nanoparticles, with different size and

composition due to controlling to participation kinetically is easy by the same way
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thermal-decomposition method. Another advantage of polyol method is that they are
stable in aqueous medium due to labile layer of solvent without requiring any
surfactants and coating materials [68] so they are suitable for biomedical applications.
Diethylene glycol (DEG), triethylene glycol (TEG), tetraethylene glycol (TTEG) are
used as solvent and stabilizers. Additionally, study of Hachani et al. indicated that
DEG,TREG, TEG are used about 6nm, 10 nm and 13 nm spherical iron oxide

nanoparticles can be obtained, respectively [69].

1.3.4.4 Hydrothermal Method

Hydrothermal method is another method which is used often. For formation
nanocrystals high temperature (>200°C) and high pressure (>2,000 psi) are required at
this method. To achieve these conditions, autoclave is used. The advantages of
hydrothermal methods are that high reactivity of the reactants, good crystallization
of nanoparticles and simple controlling of product morphology [55]. By using this
method various shape such as nanospheres, nanoplates, nanorods, nanocubes,
nanorings, nanosheets, and nanowires and size about lnm to pm. Additionally

different criystal forms can be obtained such as a-Fe2Os, y-Fe203, and Fe3O4 NPs [8].

1.3.5 Magnetic Nanoparticle and Biomedical Application

Magnetic nanoparticles have become unique tool for biomedical applications.
Specially, they are used for diagnostic and therapeutic tools for cancer treatments [49].
Drug delivery, imaging, magnetic targeting, and magnetic hyperthermia are some of
applications (

Figure 5).
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Figure 5. Usage of magnetic nanoparticles for biomedical applications

Reason that magnetic nanoparticles more attractive for these type applications is their
magnetic properties. Magnetic properties not only provide easiness to experimental
procedure in terms of magnetic separation, but also enrich the biomedical applications

by allowing multiple approach synchronously [70].

1.3.6 Modification of Magnetic Nanoparticles for Biomedical Applications

The crucial factor is magnetic nanoparticles for usage biomedical applications are that
keeping stable, increasing their dispersion in aqueous medium, making their surface
favourable for functionalization and decreasing their toxicity. Surface modification
provides keeping this condition. Also this process protect nanoparticles physically and
chemically. For instance, iron oxide nanoparticles, loosing magnetization important
drawbacks for this application. Fe3Os nanoparticles turn to Fe2O3 form under the
atmospheric oxygen so their magnetisation decrease [8, 49]. For modification, surface
coating process is applied. As for coating inorganic material silica, noble metals; for
organic coating materials phosphate, carboxylate, sulphonate and phosphonate tartaric,

gluconic or dimercaptosuccinic acid, phosphorylcholine and taurine can be used [71].
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Coating magnetic nanoparticles with biocompatible polymer is preferable procedure
because these polymers increase mutifunctionaltiy, colloidal stability and biological
activity of magnetic nanoparticles. Generally synthetic and natural biodegradable
polymers are used. Some of polymers which are used for this purpose such as gelatine,
dextran, polysaccharides, polyethyleneglycol, or chitosan [8].

Another natural biocompatible polymer is heparin. Details of heparin are given below.

1.3.6.1 Heparin
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Figure 6. Chemical structure of heparin

Heparin (Figure 6) is clinically used as anticoagulant drug. Besides, it is widely used
as an anticoagulant coating of blood-contacting material surfaces. Heparin, is a highly

sulphated glycosaminoglycan, rich in hydroxyl, carboxyl and sulfo groups [72, 73].

In clinical studies generally low molecular weight heparin molecules are used as drug.
When its molecular weight is in between 3,000-30,000 Dalton, it is called low
molecular weight heparin [74]. There are various low molecular weight heparin types.
Heparin is also used as coating material for theranostic nanoparticles. Studies indicate
that negative charge of heparin give opportunity for ionic attachment molecule to
nanoparticle surface. As in clinical application , high molecular weight heparin is not
desired for working with nanoparticle because it causes agglomeration [72, 73].

Other advantages of heparin for biomedical application are cancer detection and
therapy. For detection studies, their derivatives can be used as optical imaging agents.
In addition, heparin has anticancer activity through anti-angiogenesis process. As the
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number of deoxycholate group on heparin is increases, the capability of tumor growth

inhibition is increases as well [31].

1.4 Hyperthermia

Hyperthermia is used one of treatment method. At previous part, some of detail have
been given hyperthermia treatment types. Briefly, when microwave, ultrasound etc.
are used, 1t is called external hyperthermia. This type is used now clinically. The
hyperthermia treatment basically divided in two parts external hyperthermia and
internal hyperthermia. According to The National Cancer Institute (NCI), when small
tumor tissue are exposed to high temperature, it is called local hyperthermia; when all
organs or body part are exposed to heat, it is called regional hyperthermia; at metastatic
cancer case, high temperature are applied to all body and it is called whole body

hyperthermia treatment [75].

1.4.1 Magnetic Hyperthermia

Magnetic hyperthermia can be described as injecting cancer cells into magnetic
nanoparticles, producing magnetic nanoparticles under an alternating magnetic field,
and increasing the temperature to cause these cancer cells to become apoptotic [38].
Due to providing homogenous temperature distribution, magnetic hyperthermia
approach is more favourable than other hyperthermia treatment approach [76]. For aim
of cancer treatment, first trials were made at 1960s and differently they used H-field
dominant system instead of E-field dominant system and application were treated to
ex-vivo tissue samples. Unfortunately, due to lack of in vivo tissue application,
controlling temperature increasing and observation change volume of solid tumor,
these studies were insufficient. Firstly, Jordan et al. ,by applying H-field amplitude,
they succeeded calculation of specific absorption rate (SAR) at 1993 [77].
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1.4.2 Mechanism of Magnetic Hyperthermia

Generally, magnetic materials generate heat under the alternative magnetic field
according to independent four different mechanism. These mechanisms are eddy

currents, hysteresis loss, and relaxations mechanisms.

1.4.2.1 Eddy Current

Heat is produced via resistant which occur result of magnetic flux changing which
mduce eddy current. Eddy current happens only bulk materials which are at centimetre
scale and it is negligible for nanometre scale materials [78]. For this reason this type

heat generation is not suitable for biomedical application [27].

1.4.2.2 Hysteresis looses

Magnetisation of magnetic nanomaterial undergoes a closed loop during reversal of
orientation under the external magnetic field and this loop can be called: the hysteresis
loop. The area within the loop indicates that energy delivered in the form of heat to the
material of the magnetic particles during reversal of magnetisation. The coupling of
the atomic magnetic moments to the crystal lattice cause to convention of energy to
heat [46].

Hysteresis curve is given at Figure 7. Hysteresis loop depends on saturation
magnetisation(Ms), remanent magnetisation (Mr), The coercivity or coercive field
(Hc) [76]. The maximum magnetization value of magnetic nanoparticles under the
external magnetic field is called saturation magnetisation. Remanent magnetisation is
defined as magnetisation which remain after removing external magnetic field,

coercivity is that intensity of magnetic field that force to magnetisation zero [40].
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Hysteresis Curve
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Figure 7. Hysteresis curve of superparamagnetic(red line) and paramagnetic (blue

line) nanoparticle under the magnetic field

Size of magnetic nanoparticles affects their coercivity. With the particle size decreases,
coercivity increases and that after achieving maximum, it tends to be zero. As a results
of particle size and coercivity relation, magnetization of nanoparticles can be classified
Single domain, multidomain and superparamagnetism. Size of multidomain particles
are higher than others and magnetization changes through domain walls motion. For
single domain particles, diameters of particles below the critical value, they become
single domain. Due to their magnetization change only spin rotation and without any
wall moving, they have high coercivity. But as the diameter of particle decrease below
Dc, the thermal effects cause the decreasing of coercivity. For the
superparamagnetism, diameters of particles decreases under Dp and coercivity

becomes zero [27] .
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1.4.2.3 Relaxation mechanism

Final mechanism is relaxation mechanism. Small nanoparticle generate the heat
according to these mechanisms. According to these mechanism, due to decreasing
particle size, energy barrier for magnetization reversal decreases and thermal
fluctuation cause the relaxation [46]. Neel relaxation appears when the atomic
magnetic moment is rotated through same direction with external magnetic field.
Another relaxation mechanism is Brownian relaxation. Brownian relaxation appears
through the friction which occurs as a results of the rotation of the particle itself in the
carrier liquid [79].

The viscosity of medium affects Brownian relaxation. When viscosity is high, motion
of nanoparticles slow down and all particle rotation is prevented. For this reason
Brownian relaxation becomes minimum in vivo experiments because of high viscosity
of cell medium. Generating of heat by Neel relaxation is dominant in these type

application [80].

1.4.3 Specific Absorption Rate (SAR)

The amount of inductive heating is important for clinical application. Because the
amount of heat released and the amount of exposed nanoparticles must be at the
optimum level against side effects. For this reason, the specific absorption rate (SAR)
is calculated. Specific absorption rate (SAR) is defined as the amount of heat released
by a unit weight of the material per unit time during exposure to alternating magnetic

field. The unit of SAR is watts per gram.

c is the specific heat capacity, and AT is the temperature rise in normal tissue during
the exposure time interval (At) [81].

In inductive RF generators are used for SAR value measurement. Generally classical
type inductive machine are used for SAR measurement. Generator, coil, isolation
material and thermometer are component of this type devices. Changing of
temperature of magnetic fluid after applied alternating magnetic field is recorded and
SAR value is calculated [82]. There are significant points to consider when designing

the device. After the magnetic field is applied, the coil heats up. In order to protect the
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sample from this heat, an isolation and cooling system should be installed between the

sample and coil.

1.4.4 Applications of Magnetic Hyperthermia

The SAR value is directly proportional to the height of the applied magnetic field. For
this reason, as the magnetic field strength increases, the SAR value increases. But to
obtain high SAR value, high frequency and excessive magnetic field should not be
applied. Because high frequency and excessive magnetic field may cause uncontrolled
heating trough eddy current in non-magnetic tissue. For clinical studies, to prevent this

I and

uncontrolled heating, magnetic field and frequency should be 4,85x103Am™ s
100-150 kHz, respectively [47].
Many research groups work between these intervals, but the results are not likely to be
appropriate for clinical practice. Generally, magnetic nanoparticles are used at high
concentration to obtain high SAR values of this magnetic field and frequency. For this
reason, the toxic effect of nanoparticles increases and the efficiency of the treatment
decreases. For this reason, the most important goal in studies should be to achieve the
temperature increase necessary for effective hyperthermia treatment, using particles
with the lowest magnetic field [79].
In addition, one of the important factors for hyperthermia studies is which kind of
magnetic particle is used. First, the use of super paramagnetic particles may be more
convenient for hyperthermia treatment. Because their magnetic behaviours are
minimized in the absence of magnetic field so their agglomeration level is minimized
at that time. These properties make them suitable for usage in capillary vessels due to
prevent embolization problem. On the other hand, usage of ferrimagnetic or
ferromagnetic nanoparticles have advantage in terms of heating efficiency for
hyperthermia, despite their high agglomeration level. This agglomeration problem
affects the use of particles in vivo work in the negative[80] By modificating their
surface, aggleromation level can be decreased [71].
The clinical trials have been made since 1993. In 2007, Jordan et al. set up their
experiment with 14 patient who suffered from glioblastoma multiform (brain tumor).
They combined external radiotherapy and hyperthermia therapy. For hyperthermia
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treatment, they used aminosilane modified iron oxide nanoparticles (core size 15nm)
that are dispersed in water and concentrated 112 mg FemL™!. After injected 0.1 to 0.7
mL of the magnetic fluid each tumor, they applied a magnetic field of 3.8 to 13.5
kAm™! alternating at 100 kHz to patients. According to their study, results were
hopeful. Although tumors could not be ended exactly therapy were tolerated by
patients. To achieve evaluation exact clinical outcomes, they started phase 2 trials with

65 patients [83, 84].

1.5 Purpose of This Study

In this study, we aimed to developed multifunctional tool cancer treatment that
includes both magnetic hyperthermia, targeting and drug cure. For this aim, magnetic
nanoparticles which have different shape and size have been synthesized. To make
them biocompatible, their surface have been coated with heparin. Dichloroacetate is
used as a drug for mitochondrial cancer therapy for years in medicine. To increase the
uptake in to the mitochondria, drug molecules were modified with
triphenylphosphonium ions. Modified drug molecules were also embedded in heparin
layer. 2-deoxy-D-glucose that has been been used as a targeting agent, were attached
to heparin surface. For biological trials, HepG2 cell lines was used. After determining
IC50 values cytotoxicity experiments were done. For hyperthermia studies, inductive
heating device was designed and heating efficiency of spherical magnetite

nanoparticles was examined.
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CHAPTER 2

EXPERIMENTAL

2.1 Instrumentation

2.1.1 Infrared Spectrophotometry

Alpha, Bruker Fourier Transform Spectroscopy was used for characterization of
surface modification of magnetic nanoparticles. For sample holding procedure, pellet

preparation method was used. Pellets were prepared by using KBr.

2.1.2 UV-vis Spectrophotometry

Qualitative and quantitative characterization of TPP-DCA at 190-500 nm were held
on by T80+ UV-VIS PG Instruments. These measurements were done by using quartz

cuvette.

2.1.3 X-Ray Diffraction

Rigaku Mini-Flex X-ray powder Diffractometer (XRD) source of Cu-Ka line
(A=1,54056 A) was used.

2.1.4 Nuclear Magnetic Resonance Spectrometry

Nuclear magnetic resonance (1H NMR) spectra were taken from a Bruker Instrument

Avance Series-Spectrospin DPX-400 Ultra shield instrument in CDCls.

27



2.1.5 Thermal Gravimetric Analyser

For characterization of heparin coated iron oxide nanoparticles Perkin Elmer STA

6000 device used as a thermo gravimetric analyser.

2.1.6 Zeta Potential Measurements

Potential of surface of naked, acid treated naked, heparin coated, TPP-DCA modified
heparin coated and TPP-DCA embedded heparin coated modified iron oxide

nanoparticles were measured by Malvern Nano ZS90 device.

2.1.7 Transmission Electron Microscopy

JEOL 2100 F Transmission Emission Microscopy (TEM operated at 200 kV, at METU
Central Laboratory, was used for morphologic characterization of nanoparticles. 200
mesh holey carbon coated grid and 200 mesh lacey carbon coated grid were used for
analysis. Samples were dried on the grid at room temperature 24 hours before
performing TEM analysis. Unless otherwise is stated, regular dropping technique was

used in sample preparation.

2.1.8 Scanning Electron Microscopy

In the characterization of iron oxide nanoparticles, JEOL JSM-6400 model scanning

electron microscope was used.

219 VSM

Magnetic saturation measurements was done Cryogenic Limited PPMS in METU
Central Laboratory

2.1.10 Reactor

Hydrothermal Synthesis was done utilizing PARR® 5500 model reactor
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2.1.11 AC Generator

A homemade generator that was designed and prepared in our laboratory was used.

2.2 Chemicals and Reagents

2.2.1 Preparation of Spherical Shape Fe;O4 NPs

Ferrous sulphate (FeSO4.7H20, >99%, SIGMA-ALDRICH), Ferric sulphate hydrate
(Fez2 (SO4)s3 - xH20, >97%, SIGMA-ALDRICH, Ammonium hydroxide solution (28%
NH3s in H20, SIGMA-ALDRICH).

2.2.2 Preparation of Flower Shape Fe>O3 NPs

Ferric chloride hexahydrate (FeCls.6H20, >97%, SIGMA-ALDRICH), Ferrous
chloride tetrahydrate ( FeCl2.4H20, >99%, SIGMA-ALDRICH), Triethylene Glycol,
>99%, SIGMA-ALDRICH), Sodium hydroxide (NaOH, puriss., meets analytical
specification of Ph. Eur., BP, NF, E524, 98-100.5%, pellets, SIGMA-ALDRICH),
Diethanolamine (HOCH2CH2):NH, 98.5%, ALDRICH),Ferric nitrate nonahydrate
(Fe(NOs)3, >98%, SIGMA-ALDRICH), Nitric acid (HNOs, ACS reagent, 70%,
SIGMA-ALDRICH),Diethyl ether ((C, Hs ), O, >99.7%, MERCK MILLIPORE),
Acetone (CH3COCH3, >99.7%, CARLO ERBA REAGENTS)

2.2.3 Synthesizing of Iron Oxide Nanoparticles by Hydrothermal Method

Ferrous chloride tetrahydrate (FeCl2.4H20, >99%, SIGMA-ALDRICH), Sodium
dodecyl sulfate (CH3 (CH2)110SOs3Na, ACS reagent, >99.0%, SIGMA-ALDRICH),
Sodium tetrahydroborate (NaBH4, powder, >98.0%, SIGMA-ALDRICH).

2.2.4 Preparation of Cubic Shape Fe; 304 NPs

Iron(Ill)acetylacetonate  (Fe(acac)3, >97%, SIGMA-ALDRICH), oleic acid

(CH3(CH2)7CH=CH(CH.)7COOH, >97%, SIGMA-ALDRICH), benzyl ether
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((CeHsCH2)20), 97%, SIGMA-ALDRICH), Acetone (C3HsO, for analysis MERCK),
Ethanol (C2HsOH Ethanol absolute suitable for use as an excipient, MERCK),
Chloroform (CHCIl3, ACS, ISO,Reag. Ph Eur., MERCK), Undecanoic acid (C11H2202,
>99.0% FCC,FG, SAFC), Sodium oleate (CH3(CH2)7CH=CH(CH2)7COONa, >82%,
SIGMA-ALDRICH), Ferric chloride hexahydrate (FeCls.6H20, >97%, SIGMA-
ALDRICH), Octadecene ( Ci1sH3s, , >95%, FLUKA), Hexane (CH3(CHz2)4CHs3, >97%,
SIGMA-ALDRICH), Toluene ( CsHsCH3, >98% anhydrous, SIGMA-ALDRICH),
Polyvinylpyrrolidone ((CsHoNO)n, average mol wt 10,000,SIGMA-ALDRICH), N, N-
Dimethylformamide ((DMF),(HCON(CH23), 2,99.8%SIGMA-ALDRICH)),
Dichloromethane (CH, Cl, , LiChrosolv®, MERCK), Diethyl ether ((C, Hs ), O for
analysis EMSURE®, MERCK MILLIPORE).

2.2.5 Synthesis of (3-hydroxypropyl)triphenylphosphonium-(TPP-(CH2)3-OH)

3-Bromo-1-propanol (Br(CH2);OH, 2>98% anhydrous, SIGMA-ALDRICH),
Triphenylphosphine  ((C¢Hs)sP, 99%, ReagentPlus®, SIGMA-ALDRICH),
Dichloromethane (CH, Cl, , LiChrosolv®, MERCK), Diethyl ether ((C, Hs ), O for
analysis EMSURE®, MERCK MILLIPORE).

2.2.6 Synthesis of (3-(2,2-dichloroacetoxy)propyl) triphenylphosphonium
( TPP-DCA) by Using Dichloroacetic anhydride

Dichloroacetic anhydride (C, H; Cly Oz, for synthesis, END MILLIPORE),
Methanol (CH, O, hypergrade for LC-MS LiChrosolv®, MERCK MILLIPORE),
Dichloromethane (CH, Cl, , LiChrosolv®, MERCK), Diethyl ether ((C, Hs ), O for
analysis EMSURE®, MERCK MILLIPORE), Acetone (CH3COCHs, >99.7%,
CARLO ERBA REAGENTSYS), Ethanol (C2HsOH Ethanol absolute suitable for use as
an excipient, MERCK), Ethyl acetate (CH; COOC,; Hs , LiChrosolv® MERCK),
Silica Gel 60( (0.063-0.200 Mm) for Column Chromatography, = MERCK
MILLIPORE) Silica gel 60 HF254 (MERCK), Aluminum TLC plate, silica gel coated
with fluorescent indicator F254 (MERCK MILLIPORE).
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2.2.7 Synthesis of (3-(2,2-dichloroacetoxy)propyl) triphenylphosphonium
( TPP-DCA) by Using Dichloroacetylchloride

Dichloroacetyl chloride (Cl2CHCOCI, 98% SIGMA-ALDRICH), Methanol (CH,4 O,
hypergrade for LC-MS LiChrosolv®, MERCK MILLIPORE), Dichloromethane
(CH; Cl; , LiChrosolv®, MERCK), Ethanol (C2H50OH Ethanol absolute suitable for
use as an excipient, MERCK), Ethyl acetate ( CHz; COOC, Hs , LiChrosolv®
MERCK), Silica Gel 60 ((0.063-0.200 Mm) for Column Chromatography,
MERCK MILLIPORE), Silica gel 60 HF254 (MERCK), Aluminum TLC
plate, silica gel coated with fluorescent indicator F254 (MERCK MILLIPORE).

2.2.8 Surface Modification of Nanoparticles: Coating by Heparin, Attaching
TPP-DCA to Heparin Coated Iron Oxide surface and Embedding TPP-DCA into
Heparin Layer

Enoxaparin(CLAXENE®), Sodium hydroxide (NaOH, puriss., meets analytical
specification of Ph. Eur., BP, NF, E524, 98-100.5%, pellets, SIGMA-ALDRICH),
Nitric acid (HNO3ACS reagent, 70%SIGMA-ALDRICH).

2.2.9 Attaching 2-deoxy-D-glucose

1-Ethyl-3-(3-dimethyl aminopropyl)carbodiimide ((EDC),Pierce Chemical Co, USA),
N-Hydroxysuccinimide ((NHS), 98% SIGMA-ALDRICH), D-Glucosamine
hydrochloride (CcH13NOs - HCI , 98%, ACROS ORGANICS).

2.3 Biological Experiments

2.3.1 Cell Growth

HepG2 Cell Line ATCC (American Type Culture Collection), Dulbecco's Modified
Eagle Medium ( Biowest), HEPES (Biowest, Cat.No: L0065) Fetal Bovine Serum
(FBS, Biowest), Penicillin-Streptomycin (Pen-Step, Biological Industries ), Trypsin
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(Biological Industries ), Phosphate Buffer Saline (PBS Biological Industries ), Cell
Proliferation Kit-XTT based, Biological Industries).

2.4 Procedures

2.4.1 Preparation Magnetic Nanoparticles

2.4.1.1 Preparation Spherical Shape Fe;O4 NPs

Figure 8. Image of experimental set up of co-precipitation methods

Magnetic Fe3Os nanoparticles with an average particle size of 5-15 nm were
synthesized by a chemical co-precipitation method in a nitrogen atmosphere (Figure
8). Briefly, 2.36 g FeS04.7H20 and 3.00 g Fez(SO4)3 were dissolved in 150.0 mL
deionized water, which was preheated to 80°C before the co-precipitation reaction. 10
mL ammonia solution (28 wt %) was quickly added to this mixture and vigorously
stirred (700 rpm) for 30 min. The resulting black precipitate was collected with the

help of a magnet and thoroughly washed several times with deionized water [85].
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2.4.1.2 Preparation Flower Shape Fe>O3; NPs

Figure 9. Image of experimental set up of polyol method

Flower shape Fe2O3 NPs were synthesized by polyol method [86]. Experimental set
up is given at Figure 9. 1 mmol FeCls.6H20 and 1mmol FeCl2.4H20 were dissolved
in 10 g TEG + 10 g diethanolamine mixture (DEA). 0.16 g NaOH prepared in 5 g
TEG + 5 g DEA mixture was added to the previous mixture while stirring at room
temperature. After lhour stirring, the temperature was raised to 220 "C. The polyol
composition and the reflux time were optimized. These are indicated at Table 3.After
cooling to room temperature, the black precipitate formed was collected using a
magnet. Following the washing process with 1:1 ethanol ethyl acetate mixture, the
precipitate was treated with 10 % nitric acid to remove possible iron hydroxides. After
magnetic separation, particles were added into 5.0 mL water solution containing 2.05
g Fe(NO3)3 under stirring and heated to 80 °C for 45 min. At the final step, the black
color of the precipitate was turned into brown. The precipitate was collected by a
magnet, treated by 10 % nitric acid and washed with acetone and diethyl ether. After
washing procedure flower shape Fe:O3 NPs were dispersed in deionized water. All

optimization studies are given at Table 1
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Table 1. List of different parameters of synthesizing flower shaped iron oxide

nanoparticles.
Experiment Polyol Composition | Heating Slope (from Reflux time
Number (TEG:DEA)(w:w) 25°C t0 220°C) (220°C)
l.a 1:0 1 "C/min 2.0h
2.b 1:1 1 "C/min 2.0h
3.c 1:1 1 "C/min 0.5h
4.e 1:1 1 "C/min 1.0h

2.4.1.3 Synthesizing Iron Oxide Nanoparticles by Hydrothermal Method

Figure 10. Image of experimental set up of hydrothermal method

Hydrothermal method of Liu et. al was used [87]. Reaction was made in reactor
(Figure 10). Briefly, 1 mmol of FeCl2.4H20, 1 mmol of sodium dodecyl sulphate and
10.0 mL of water were added to a 5 mg/mL aqueous sodium borohydride solution. The
colour of the solution becomes black. This mixture stirred slowly about 5 h in the
reactor at 140 C under 5 bars pressure. The pink-orange precipitate formed was

collected by using a magnet and washed three times with water
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2.4.1.4 . Preparation of Hydrophilic Cube Shape Fe3;O4 NPs

Figure 11. Image of experimental set up of thermal decomposition method

24.1.4.1 Synthesis of Cubic Shape Iron Oxide Nanoparticles by Using Oleic

Acid and Undecanoic Acid as Surfactant

Thermal decomposition method was used to synthesize cube shape Fe3O4 NPs [63].
0.5 mmol Fe(acac)s, 2 mmol oleic acid and 12.5 mL benzyl ether were degassed for 1
h at 60°C under N2 atmosphere in three necked round—bottom flask (Figure 11). Then
the temperature was increased to 200 "C at a rate of 4°C/min. The mixture was stirred
at this temperature about 2.5 h and then the temperature was raised to reflux
temperature (280 "C) at a heating rate of 2 "C/min. After 1 hour stirring at reflux
temperature, the black precipitate was washed with acetone- ethanol mixture and
dispersed in chloroform. Table 2,A [88].

Oleic acid used in the thermal decomposition method described above was replaced
with undecanoic acid. Under this condition duration of refluxing and heating period

were optimized, as displayed in Table 2, (B, C, D, E, F)
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Table 2. Optimization studies of thermal decomposition method. Surfactant is

undecanoic acid.

Experiment Initial Heating Reflux Time Amount of Acid
Name Heating Time
A 25h 60 min 2.0 mmol
B 2.0h 60 min 2.0 mmol
C 25h 45 min 2.0 mmol
D 1.0h 45 min 2.0 mmol
E 1.5h 45 min 2.0 mmol
F 2.0h 60 min 1,5 mmol

2.4.1.4.2 Synthesis Cubic Shaped Iron Oxides by Using Oleic Acid —Sodium

Oleate as a Surfactant

To be able to increase the reflux temperature a new procedure was applied [59], where
oleic acid and sodium oleate mixture was used as a surfactant. Firstly iron oleate was
synthesized by mixing 3 mmol sodium oleate, 15 mL water, 8.95 g oleic acid, 10 mmol
FeCl3.6H20, 20.0 mL ethanol, and 35 mL hexane for 4h at 70 "C. After washing
product with water and hexane, the brown paste was obtained as iron oleate. For
thermal decomposition procedure, 0.95 g iron oleate, 0.16 g was dissolved in
octadecene stirred for 1 h at 200 "C and temperature was increased to the reflux
temperature of about 310 'C. Following 1 h stirring at this temperature, washing

procedure applied and nanoparticles dispersed in hexane (Table3, A).
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Table 3. Optimization studies of synthesis cubic shaped iron oxides by using oleic

acid-sodium oleate as a surfactant.

Experiment Name Iron—oleate complex NaCl Addition
formation in reaction
medium
A No No
B Yes No
C Yes Yes

Xu et al.'s method was also tried for synthesizing cubically shaped iron oxide
nanoparticles. In this method, iron oleate complex was not prepared separately. All of
the precursors (0.25 mmol FeCl3.6H20, 1.5 mmol sodium oleate, and 5.0 mL
octadecene) were stirred for 1h at 130 °C. Afterwards, the mixture was stirred for 2 h
20 min at a reflux temperature of about 317 °C. After cooling room temperature,
magnetite nanoparticles were washed with ethanol, water and hexane mixture via

extraction method and dispersed in toluene (Table 3, B)

Finally, Xu et al.'s method was modified. Iron oleate complex was prepared according
to the first method [63]. For thermal decomposition procedure, sodium oleate was used
as the surfactant. 0.25 mmol iron oleate, 0.75 mmol Na-oleate, 0.75 mmol sodium
chloride, and 5.0 mL octadecene were stirred for 1 h at 130 "C and temperature was
elevated to reflux temperature of about 317 "C and after stirred 2 h 20 min at that
temperature, particles washed again extraction procedure same way at previous trial

and dispersed at toluene (Table3, C).
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2.4.1.5 Conversion of Hydrophobic Cubic Shaped Iron Oxide Nanoparticles into
Hydrophilic Form

To make cube shaped iron oxide nanoparticle hydrophilic [89] Rho at al. procedure
was used 0.6 mL hydrophobic cube shaped magnetic nanoparticles were added 5.0 mL
DMEF/DCM, (1/1) mixture and 60 mg Polyvinylpyrrolidone (PVP) added at stirring.
The final mixture was stirred 10 hours at 100 °C. After 10 hours, 10 mL diethyl ether
was added drop by drop to the mixture and the white precipitate was obtained. That

precipitate was washed with ethanol and disperse in water.

2.5 Preparation TPP-(CH;)3-OH) and TPP-DCA

2.5.1 Synthesis of (3-hydroxypropyl)triphenylphosphonium-(TPP-(CH:);-OH)

PPh @B
B'\/\/OH : P' Ph3P ; OH .
Toluene, Reflux, 24 NN
61%

Figure 12. Reaction for the synthesis of TPP-(CH2)3-OH)

A mixture of 0.5 g 3-bromopropanol and 1.05 g triphenylphosphin, 12.5 mL toluene
were heated to reflux for 24 h. After the evaporation of the solvent, white precipitate
was washed with diethyl ether three times [90]. Reaction conditions are given in

reaction scheme in Figure 12.
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2.5.2 Synthesis of (3-(2,2-dichloroacetoxy)propyl) triphenylphosphonium (
TPP-DCA) by Using Dichloroacetic anhydride
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Figure 13. Reaction for the synthesis of TPP-DCA by using dichloroacetic anhydride

A solution of 0.125 g TPP-(CH2)3-OH in CH2Cl2 (15.0 mL) was prepared in a round-
bottom flask and stirred for 10 minutes under nitrogen gas flow. 0.262 g (3.72 mmol)
dichloroacetic anhydride was added to the solution. The mixture was stirred overnight
at RT. The same procedure was repeated by using 1.86 mmol dichloroacetic anhydride.
Reaction is given in Figure 13. After reaction was complete, the solvent was
evaporated and colorless-light yellow paste was obtained. By using TLC technique,
the suitable solvent system was found for purification studies. Different solvents such
as CH2Cl2:CH30H: CH:HsOH, CH2Cl2:CH30H, and CH2Cl2:CH; COOCH, CHj;
were tested for best resolution. Silica column chromatography and preparative TLC
was used for purifications [91].

To prepare silica column, 60 cm length and 2,5 cm diameter glass burette was filled
by Silica Gel 60 ((0.063-0.200 Mm) in dichloromethane.

To prepare Preparative TLC plate, 80 mg silica gel (Silica gel 60 HF254 (MERCK))
was dispersed in 100.0 mL DI water. 20x20 cm glass surface was coated with this
mixture and dried at room temperature. The silica thickness was about 0.4 mm.
Preparative TLC procedure applied. After filtering procedure, the solvent was

evaporated under vacuum and yellow to colourless oily product remained.
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2.5.3 Synthesis of (3-(2,2-dichloroacetoxy)propyl) triphenylphosphonium (
TPP-DCA) by Using Dichloroacetylchloride
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Figure 14. Reaction for the synthesis of TPP-DCA by using dichloroacetylchloride

TPP-DCA was synthesized in a different way. Instead of using dichloroacetic
anhydride, dicloroactetylchloride was used. 0.125 g TPP-(CH:)3-OH and 70ul
dicloroactetylchloride were stirred in CH2Cl2 (15.0 mL) in a round-bottom flask.
Reaction is given in Figure 14. After 10 minutes stirring under nitrogen gasses,
reaction condition was kept during 5 minutes at room temperature until turbidity
disappear. For purification studies, TLC, silica column and preparative TLC were used
and different solvent systems were tried. For preparation silica column and preparative

TLC plate same procedure that were used in section 2.5.1, were applied.
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2.6  Surface Modification of Iron oxide Nanoparticles

2.6.1 Coating by Heparin

N

Heparin solution Fe,O, NPs

—

12 h Stirring
25 °C
V\ﬂlshing

Disperse in deionized water

Figure 15. Scheme of procedure of heparin coating of spherical iron oxide

nanaoparticles

Scheme of heparin coating procedure is given above at

Figure 15. The concentration of spherical magnetite nanoparticles was adjusted 2.78
mg/mL. Before the coating procedure, magnetite nanoparticle solution was acidified
to pH 3 by using 0.5 M HNOs solutions. Heparin solution that 40 mg heparin in 5 mL
DI water, prepared and its pH adjusted to 10. That solution was added to 25 mL
spherical magnetite NPs solution drop by drop. After two times washing with DI water

by using a magnet, heparin coated magnetite nanoparticles dispersed in 25 mL DI

water.

2.6.2 Attaching TPP-DCA to Heparin Coated Iron Oxide Surface

TPP-DCA

VR

12 h Stirring

25 °C
Washing

———>

Heparin Coated Iron Oxide NPs

Disperse in deionized water

Figure 16. Scheme of procedure of TPP-DCA attaching on magnetic nanoparticle

surface
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Scheme of TPP-DCA attaching on magnetic nanoparticle surface procedure is given
above at Figure 14.9 mg Heparin coated iron oxide nanoparticles were dispersed in 25
mL DI water. TPP-DCA solution is prepared as Img/mL and iron oxide nanoparticles
added to 8 mL TPP-DCA solution drop by drop. After 2 h stirring, nanoparticles were

washed two times by using a magnet (Figure 16).

2.6.3 Embedding TPP-DCA into Heparin Layer

12 h Stirring
25 °C
Washing

16 mg Heparin TPP-DCA Disperse in deionized water

attached heparin
coated MNPs

Figure 17. Scheme of procedure of heparin coating of magnetic nanoparticles second

layer

9 mg TPP-DCA attached heparin coated iron oxide nanoparticles were dispersed in DI
water. This solution was added to 10.0 mL heparin solution (1.6mg/mL). After 12 h
stirring nanoparticles were washed two times. Scheme of procedure of heparin coating

of magnetic nanoparticles second layer is give above at Figure 17.
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2.6.4 Attaching 2-deoxy-D-glucose

o HO
. 0. v
—0 on EDC/s-NHS 5 ho ; Y ot
A * + o 3 4 ) ’ “l" , ? ; OH
- . RT, 30 min i .
HO OH OH
Heparine Coated Nanoparticles D-(+)-Glucosamine Heparin Coated And 2-deoxy-D-glucose
Conjugated Iron Oxide Nanoparticles

Figure 18. Scheme of attaching 2-deoxy-D-glucose by EDC/NHS coupling method
onto the surface of double layer heparin coated and TPP-DCA loaded magnetic

nanoparticles.

Heparin coated iron oxide nanoparticles were dispersed in Dl water. By using
EDC/sNHS coupling reaction 2-deoxy-D-glucose molecule was attached to the surface
of heparin coated iron oxide nanoparticles. 0.5 m M EDC and 2.5 mM s-NHS were
added to heparin coated iron oxide nanoparticles solutions, respectively. After 30 min
stirring, 10.0 mL, 0.05mg/mL 2-deoxy-D-glucose solution added to the same solution.
After 2 h stirring, by using a magnet, magnetic nanoparticles were washed four times
[92]. Scheme of attaching 2-deoxy-D-glucose by EDC/NHS coupling method onto the
surface of double layer heparin coated and TPP-DCA loaded magnetic nanoparticles

is given in Figure 18.

2.6.5 Determination 2-Deoxy-D-glucose By Cupric Reduction Based on
Methods

Scheme of detection procedure of glucose on magnetic nanoparticle surface is given
below, Figure 19. Total volume adjusted as 5.0ml and 1 mL of Copper (II) chloride,
1 mL of Neocuproine solution, (x) mL standart or sample, (1 —x) mL in H20, 1 mL
sodium hydroxide solution, and 1 mL of sodium potassium tartrate solution were
added test tubes. Test tubes were incubated at 60 "C about 20 min. By adding NaOH

solution at different concentrations, the optimum pH was adjusted. A standard glucose
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solution was used for drawing calibration curve. Absorbance at 455 nm against blank
were used to determine the unknown amount of 2-deoxy-D-glucose on the surfaces of

magnetite and nanoparticles [93].

Alkaline .
3 0.1 M Sodium
N . . solution (0.5 M .
: eocuproine Sample solution ) Potassium
CuCl, solution ; NaOH solution
2 solution +DIW s Tartrate
containing 2% shtion
(w/v) Na,CO,)
‘ 20 min
at 60 °C
Scan Spectrum Curve
o
0o
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Abs H H
0me
0010 : : -
40000 50000 60000 70000
Wavelergthiren)

Figure 19. Scheme of detection procedure of glucose on magnetic nanoparticle

surface

2.7 Biological Experiments

Biological experiments were carried out at Department of Biological Sciences

(METU) under the supervision of Prof.Dr. N.Tiiliin Gliray.

2.7.1 Cell Culture Conditions

Adherent and epithelial-like hepatocellular carcinoma cell lines (HepG2) were used in
the investigation of cytotoxic effects of 2-DG-HEP-TPPDCA-HEP coated IONPs.
Dulbecco's Modified Eagle Medium (DMEM) Low Glucose with L-Glutamine,
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Sodium Pyruvate and 25mM HEPES (Biowest, Cat.No: L0065) medium was used as
growth medium with the addition of 10% Fetal Bovine Serum (FBS) and 1%
Penicillin-Streptomycin. The cells were incubated at 37°C under a humidified

atmosphere with 5% CO2 and the medium changed 1-2 days intervals.

2.7.2  Cell Passaging/ Trypsinization

The cells were grown in the growth medium in the T-75 flasks until their confluency
reached to around 80%. After removing growth medium, cells were washed with PBS
solution. Then, in order to detach cells from the surface of flasks, 2 mL Trypsin/EDTA
solution was added and then T-75 flasks were incubated in 5% CO:2 humidified
atmosphere at 37°C in incubator. Nearly 5 minutes were sufficient for deattachment
of HEPG2 cells. Then, 6 ml of growth medium was added to each flasks to neutralize
the activity of trypsin. The final cell suspension (8 ml) were divided in new two T-75
flasks as equal volumes (4 ml) and 6 ml of fresh growth medium was added to each
flasks and cells were incubated at 37 °C under a humidified atmosphere with 5% CO2

in incubator.

2.7.3 Cell Culturing

For the preparation of stock solution of 2-deoxy-D-glucose modified TPP-DCA
embedded heparin coated iron oxide nanoparticles (2-DG-HEP-TPPDCA-HEP coated
IONPs), nanoparticles which had been dispersed in DI water, were collected with the
help of magnet and washed two times with growth medium. After washing procedure,
they were diluted with the growth medium containing % 0.1 DMSO and the
nanoparticles of 4mg/ml concentration were sonicated in the ultrasonic bath for about
5 minutes. 2-DG-HEP-TPPDCA-HEP coated IONP solution were prepared as
50pg/ml, 125pg/ml, 250pg/ml, 375pg/ml, 500pg/ml, 750ug/ml dilutions and the cells
were treated with these diluted nanoparticle solutions. Then the cells were incubated

for 24-hour at 37°C under 5% CO2 in the incubator.
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2.7.4 Trypan Blue Exclusion (Cell Counting)

About 500.000 cells/well were seeded in 6-well plates and incubated at 37 °C under
the humidified atmosphere in CO: incubator. After a 24-hour incubation, medium in
the wells was removed and cells were washed with PBS. In order to detach the cells,
0.5 ml trypsin was added to each well and then waited for 5 minutes in the incubator.
Later, to deactivate trypsin, 1 ml of fresh growth medium was added into the wells.
The detached HepG2 were transferred into Eppendorf tubes. The cells were diluted
with 0.25 M Trypan Blue with a 1:1 ratio and then cells were counted with a
hematocytometer under the light microscope to understand cell viability. Trypan Blue
penetrates into the dead cells so dead cells were observed in blue color, while living

cells were still transparent.

2.7.5 XTT Cell Proliferation Assay

XTT- tetrazolium dye (2, 3 -Bis- (2-Methoxy- 4-Nitro- 5-Sulfophenyl)-
2HTetrazolium- 5-Carboxanilide) cell proliferation kit can be used for cell
proliferation, apoptosis assays, and cytotoxicity. This kit is used for the detection of
mitochondrial dehydrogenase activity and it forms an orange coloured formazan XTT
product which is water-soluble. The sensitivity of the XTT assay is suitable for the
determination of IC50 value.

10.000 cells were seeded per well in a 96-well plate and incubated for overnight to
allow cells to attach. Afterwards, medium in the wells were discarded and the wells
were washed with 50 pl of PBS and then wells containing cells and empty wells for
controls were treated with the dilutions of the nanoparticle solution (50pg/ml-
750pg/ml) for 24 hours. After the 24 hour incubation, first, magnet was kept at the top
of the 96-well plate for 30 seconds to collect remaining nanoparticles (magnetic
washing), and then, the medium containing nanoparticles were discarded and wells
were washed with 50 ul of PBS twice in order to get rid of black-coloured
nanoparticles which might interfere with the absorbance readings of XTT reagent.
Then 100ul of growth medium was added to the each well immediately to avoid drying
out the cells and 50ul of XTT solution that was freshly prepared by mixing 5 ml of
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XTT reagent and 100ul of activation reagent provided by the kit (Cell Proliferation
Kit-XTT based, Biological Industries) was added to the wells and waited for
incubation. After 4 hour incubation, the absorbance values were measured at 450nm
and 630nm by using microplate reader. The absorbance readings at 630nm were
subtracted from 450nm readings to clear non-specific readings in the wells and also by
subtracting absorbance values of control wells from that of wells containing cells, the

cell viability percentages were calculated.

2.8 Designing Inductive Heating Device

Magnetic Hyperthermia device is started to be developed in our laboratory by Seckin
OZTURK in response to the lack of adequate induction heaters available on the market
to work with superparamagnetic nanoparticles. Figure 20 shows the view of the 13
turn cupper wire (2 and 4 cm diameter) coils used by the magnetic hyperthermia device
to induce heating through magnetic nanoparticles. The image also shows reflux
condenser system (0.5 mm insulation thickness) that isolate the sample container from
the heat radiated by the coil, the sample container and the thermometer. This was the

first design used in our hyperthermia measurements.
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Figure 20. Front view of the 13 turn coils used in the hyperthermia system to induce

heating from nanoparticles in the sample.

We were able to change the coil appendages and tried several different turn coils that

allow the system to bring the inductive heating.

Figure 20 shows such a coil. The sample is located in a tube 1 mL inside the cooling
system which is placed in the coil. Following the application of the frequency a
thermometer measures the temperature increase of the solution in due course. At the
beginning of the work the hyperthermia device was powered by 12 Volts at ca. 2.5
Amps. It provided a frequency of ~100 kHz. We could not measure the magnetic field
created. After power supply was changes the hyperthermia device was powered by

20 Volts at ca. 4.5 Amps.

The constructed system is still in development. During the optimization studies power
intensity, capacitor, power supplier, coil type and coil diameter have been changed. In

all measurements spherical shaped iron oxide nanoparticles were used at different
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concentrations (20mg/mL, 40mg/mL and 160mg/mL) these will be mentioned in the

Result and Discussion section.
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CHAPTER 3

RESULTS AND DISCUSSION

In the aim of this thesis, iron oxide nanoparticles were synthesized with different shape
and size. For biological experiments spherical magnetite nanoparticles were prepared.
To characterize size and shape of nanoparticles Transmission Electron Microscopy
and Scanning Electron microscopy were used. Their crystal structure were analyzed
by using X-ray Diffraction Spectroscopy. Their surface coated with heparin and TPP-
DCA that prepared and purified. For being embedded of TPP DCA into heparin layer,
second layer heparin was coated. For targeting aim, 2-deoxy-D-glucose molecules
were attached to nanoparticles layer. To prove heparin and TPP DCA coating, Zeta
Potential Measurements and UV-VIS Spectroscopy were used. Additionally, thermal
gravimetric analysis hold on.

For biological experiment HepG2 cell lines were used. To determine IC50 value XTT
analysis was hold on. For hyperthermia measurements, device which induce the
inductive heating of magnetic nanoparticles. First trials were done and results were

recorded.

3.1 Preparation of Magnetic Nanoparticles

3.1.1 Preparation Spherical Shape Fe3;O4 NPs

Spherical shaped magnetite nanoparticles were synthesized by co-precipitation
methods [57]. Transmission Electron Microscopy (TEM) was used for
characterization and X-Ray Diffraction (XRD) measurements were used for

characterization
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Figure 21. TEM image and size distribute on of iron oxide nanoparticles that were

prepared by co-precipitation method

For TEM imaging procedure formvar and carbon coated 200 mesh grid was used. To
decrease agglomeration of iron oxide nanoparticles, solution was acidified by using
0.5 M HNOs3 and pH of solution adjusted to 3.0.When preparing the TEM grid, if the
sample is dropped on the grid, magnetic particles were collapsed during drying stage
due to the magnetic attraction among particles. For this reason, dipping technique is
preferred instead of dropping. In this way, the TEM grit is kept in contact with the iron
oxide solution for a very short time by holding it with a tweezers and then the excess

solution is removed by means of an absorbent paper. TEM image and size distribution
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histogram of the magnetite nanoparticles are given in Figure21a and 21b respectively.
As can be seen from Figure 21a, shapes of the nanoparticles are mainly spherical.
According to the histogram, Figure 21b, the size distribution range of the nanoparticles
1s 6-21 nm. However almost 50% of the particles are in the size range of 10-16.The

mean diameter of the particles is 13.643. 6nm.
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Figure 22. XRD pattern of iron oxide nanoparticle which were prepared by co-

precipitation method

To confirm crystal structure of magnetite nanoparticles XRD analysis was carried out
in the angular range of 10°= 20 < 90 * The peaks at 20values:30.07°, 34.54°, 42.00°,
53.95°,56.65", 64.69" are corresponding to (22 0), (3 11),(222),(400),(422),
(5 5 5) Bragg's reflections, respectively (Figure 22). According to comparison of the
experimental XRD pattern with the standard database (JCPDS card no:19-0629), face

centered cubic (fcc) structures of magnetite nanocrystals were synthesized [94].
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Spherical Magnetite Spherical Magnetite
NPs NPs

Figure 23. Behavior of spherical shaped magnetite nanoparticles under the magnetic

field.

Figure 23 shows the magnetic behaviour of the spherical shaped iron oxide
nanoparticle solution. Nanoparticles were collected magnet after 15 seconds. This
observation indicates that although they were small in size, they formed

agglomeration.

3.1.2 Preparation of Flower Shape Fe;O3; NPs

The polyol pathway is an effective synthesis method for oxide nanoparticles.
Temperature, the nature of the precursors and the solvent, reaction time are important
parameters to obtain nanoparticles with adjustable size and shape. In this study, polyol
method was used for the synthesis of flower shape Fe2O3NPs. At first trial, as a solvent
and stabilizer only TEG was used without a co-solvent (DEA). Reflux was carried out
at 220 °C, for 2 hours. Heating rate was 1 'C/min. The collapse of particles at the end
of the reaction due to the aggregate formation was observed. Metal oxides formation
occurs from chelated TEG complexes and this process is irreversible. Hydrolysis

reactions in TEG is followed by a rapid nanocrystal nucleation and growth.

54



Coalescence of small nanocrystals and Internal recrystallization of the nanoparticles
take place during aging period [68]. TEM was used for the characterization of the
particles, Figure 24.

According to the TEM images, homogeneous, spherical particles were synthesized at

a size range of 10 nm instead of the expected flower-like particles.

eeed 50 NM

Figure 24. TEM image of flower-like shaped iron oxide nanoparticles that were

prepared absence of DEA with 1°C/min heating slope, 2h reflux time at 220 °C;

In order to obtain flower shape, a co-solvent was decided to be used in the reaction to
slow down the reaction rate. Therefore TEG:DEA mixture with a ratio of 1:1was
started to be used as polyol and reflux time was changed as 0.5, 1.0 and 2.0 hours.
Reflux temperature and heating rate were not changed. TEM images belong to flower
shape Fe203 NPs prepared under the conditions specified in Tablel (2b,3c and 4e).
Usage of cosolvent provides that lower hydrolysis reaction of metal between the solid
oxide and metal complexes in solution. When only TEG was used, internal
recrystallization was favourable without any mass transfer. Therefore DEG metal
oxide complex becomes irreversible. On the other hand, when DEA was used as

cosolvent, hydrolysis reaction occurs slower and small nanoparticles are formed

55



andthese small nanoparticles agglomerate to form larger nanoparticles with the
secondary recrystallization [68].

According to TEM images shown in Figure 25 as the reflux time shortens the level of
aggregation decreases and more disperse flower shape structures were obtained.
Therefore 0.5 h reflux time was decided to be the optimum condition to synthesize
flower like iron oxide nanoparticles with proper size, Figure 25(c). Size distribution
histogram of these particles is given in Figure 25, d. Histogram shows that particle size
varies in the range of 9-19 nm and their average size is 13.5+£3,6 nm. XRD was used

for their crystallographic analysis, Figure 26.
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Figure 25.TEM images of the nanoparticles prepared by polyol method: Solvent is
TEG:DEA (1:1, v/v) heating rate is 1 "C/min,reflux temperature is 220 "C.Reflux
time is (a) 2h (Table 1. 2b),(b) 1h(Tablel. 3c), (c) 0.5 h (Tablel.4e) and (d) size
distribution histogram for the particles presented in part ¢ of this Figure, i.e. 0.5 h

reflux time.
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Figure 26. XRD pattern of flower-like shaped iron oxide nanoparticles

The analysis was carried out between angular range at 10 "< 260 < 90°.The 260 values
at 30.48 °, 35.70°,42.79°,57.34", 62.94" depict the (206),(119),(0012),(1115),
(4 0 12) Bragg's reflections, respectively (Figure 25). 20 values of the particles are
matching with the characteristic 20 values of a tetragonal phase of Fe2O3, (JCPDS Card
no: 25-1402). Results are also consistent with the literature [95].

Flower- like Shaped Flower- like Shaped
Maghemite NPs Maghemite NPs

Figure 27. Behavior of flower-like shaped iron oxide nanoparticles under the magnetic
field.
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Figure 27 shows the magnetic behaviour of the nanoflower shaped iron oxide
nanaoparticles i at 300 K. Nanoparticles were collected magnet after 1 minute.

Magnetization measurements are carried out with a field scan of = 1.1T at 298 K and
5 K and hysteresis loops of the nanoflower shaped iron oxide powder (Table 1,4¢) are
obtained. As it is known nanoparticles are less magnetic than their bulk form because
of their high fraction of surface metal ions that are contributing ineffectively to the
net magnetization [96]. At Figure 28 magnetisation versus magnetic field curves for
flower shaped iron oxide nanoparticles at 298K shown. Nevertheless, nanoflower
particles exhibit saturation magnetization of 64,00 emu/g which is quite close the

saturation magnetization (Ms) value of bulk maghemite, 80 emu/g [97].

Ms values of our flower shaped iron oxide nanoparticles were also compared to that
of the literature values [86]. As stated previously, size is an important factor for the
magnetization. Nanoflowers, synthesized in this study were having a mean diameter
of 13.5 nm and they were established of 6 nm sized grains of maghemite whereas the
smallest nanoflowers synthesized by Hugounengqat.al. are having 22 nm average size

and the size of the grains constituting the flower shape is 11nm.

The M; value obtained in our study was 64 emu/g which is almost equal to the Ms

value of the nanoflowers (66emu/g) reported by Hugounengqat.al [86] .
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Fe,0; NPs at 298 K
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Figure 28. Magnetization versus magnetic field curves for flower shaped iron oxide

nanoparticles (Table 1 Exp 4e) at 298 K .

It is known that, above the blocking temperature (Tv) of the nanoparticles,
superparamagnetic nanoparticles have zero coercivity due to the competition between
the magnetocrystalline anisotropy energy and the thermal energy [86].

As can be seen from the Figure 28, the magnetization reduces from saturation value,
64 emu/g to zero on the absence of the magnetic field, without having any coercivity.

This behaviour proved that our particles are superparamagnetic.
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Figure 29 shows magnetization ( Ms ) as a function of applied magnetic field ( H ) for
nanoflower shaped iron oxide nanoparticles (Table 1e) at 5K, below Ty of maghemite
(~80 K) [98]. In general, at the temperature values below the blocking temperature,
the vector of magnetization cannot be fluctuated even in the absence of an external
magnetic field and hence the coercivity value of the superparamagnetic nanoparticles

is greater than zero.
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Figure 29. Magnetization versus magnetic field curves for flower shaped iron oxide

nanoparticles (Tablel, 4¢) at 5 K.

As expected our nanoflowers do have hysteresis at SK. As can be seen from Figure 28
Ms of nanoflawers is 36.50 emu/g and their remanent magnetization ( Mr ) is 5.00/g.

These magnetic measurements indicate that superparamagnetic nanoflower particles
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prepared in this study have high Ms value and are a good candidate for biomedical and

particularly for hyperthermia application

3.1.3 Synthesizing Iron Oxide Nanoparticles by Hydrothermal Method

The hydrothermal method [87] was applied for the synthesis of cubic shaped iron oxide
nanoparticles. Sodium dedocylsulfate and sodium borohydride and FeCl2.4H20 were
used as a surfactant, reducing agent and iron precursor respectively. For
characterization studies SEM and XRD were used. SEM image is presented in Figure
30. Their shape is mostly cubic having about 80 nm size though some spherical shape

particles also exist.

Figure 30. SEM image of iron oxide nanoparticles which were prepared by

hydrothermal method
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Hametite NPs Hametite NPs

Figure 31. Behavior of iron oxide nanoparticles which were prepared by

hydrothermal method, under the magnetic field

Despite the fact that it seems to be a very convenient method for obtaining cubic nano
structures in a short period of time, the particles obtained do not exhibit magnetic
property. As seen in Figure 31, they were not separated from the solution under

magnetic field in about an hour.
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Figure 32. (a) Normal and b) baseline corrected XRD pattern of iron oxide

nanoparticles which were prepared by hydrothermal method.

To confirm crystal structure of magnetite nanoparticles XRD analysis was carried out
in the angular range of 10 °< 260 < 90" The peaks at 20values: 24.23°, 33.52", 36.12",
40.94°,49.85"°,54.64"°,57.65°, 62.11°, 64.71", 71.76", are corresponding to (0 1 2), (1
04),(110),113),(024),(116),(018),(214),(300)and (01 1) Bragg's
reflections respectively (Figure 32). 20 values of the particles are matching with the
characteristic 20 values of hematite structure of iron oxide JCPDS card no: 89-2810).
Results are also consistent with the literature According to Han et al. study, XRD
pattern indicates that hematite form of iron oxide nanoparticles were synthesized by
using the hydrothermal method [99].

Experimental conditions could not be explored because the iron precursor caused
corrosion inside the metal parts of the reactor although the reaction was carried out in

a Teflon jacket. Therefore the results discussed are the output of a single measurement.
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3.1.4 Synthesis of Hydrophobic Cubic Shaped Iron Oxide Nanoparticles by

Thermal Decomposition Methods

Thermal decomposition method was used for the Synthesis of cube shape Fe3O4 NPs.
Fe-oleate complex formation and higher reflux temperature (about >300 °C ) have an
important role for preparing cubic shaped iron oxide nanoparticles. Various procedures
were applied and the reaction conditions such as types of surfactants, reflux and

intermediate heating temperatures and their durations were modified.

3.1.4.1 Synthesis of Cubic Shaped Iron Oxide Nanoparticles by Using Oleic Acid

and Undecanoic Acid as A Surfactant

Oleic acid was used as surfactant and stabilizer. Thermal decomposition method has
already been used in our laboratory for the preparation of spherical Fe3O4 NPs. The
main difference in between two procedures was the separation of the heating period
into three parts, complex formation time, initial heating and reflux time. Degassed
precursors were stirred for 1 h at 60°C under N2 atmosphere, the temperature was risen
to 200 °C and stirring was continued for 2.5 h. The Fe-oleate complex was expected to
be formed at the 60 °C heating step. One hour high-temperature reflux was applied for
the decomposition of the formed complex for the synthesis of cubic iron oxide
nanoparticles. The highest temperature that could be achieved under this condition was
290°C.

For the morphological characterization of the particles TEM was used. According to
TEM image, and the size histogram prepared by measuring the size of nanoparticles
are given in Figure 33. The size of the nanoparticles was accumulated in the range of
5-8 nm and there are highly monodisperse. However, their shapes are mostly triangle

prism. Only a few cubic structures were observed.
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Figure 33. TEM image and the size histogram of the nanoparticles prepared by thermal

decomposition method by using oleic acid as surfactant

At this stage, surfactant was changed. Instead of oleic acid undecanoic acid was used.
Oleic acid has eighteen carbon with a double bond between ninth and tenth carbon
which gives an angular shape to the molecule whereas undecanoic acid has ten methyl
chain. First of all the effect of complex formation time on the shape control was
examined. One hour and 45 minutes complex formation period at 60°C were tried. For
both experiments, 2.5 h initial heating at 200 "C and 1-hour reflux time at highest

maximum temperature were applied. TEM images are given in Figure 34.
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Figure 34. TEM images of iron oxide nanoparticles that are synthesized in undecanoic

by applying a) 1 h and b) 45 min complex formation heating period.

acid

Corresponding size distribution histograms of the nanoparticles are given below each
67

TEM images.
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Figure 35. TEM images of iron oxide nanoparticles prepared in undecanoic acid with
a) 2,5-hours, b) 1-hour and c¢)1.5-hours intermediate heating applications at constant
complex formation (at 60 °C, 45 min) and reflux time (45 min). Corresponding size

distribution histograms of the nanoparticles are given below each TEM images.

As can be seen from Figure 35. When the duration of complex formation is decreased,
more cubic shaped particles can be obtained. Therefore 45 min complex formation
time was selected and the intermediate heating period was changed in between 1.0-2.5
hrs. TEM images of the particles are given in Figure 34. According to TEM images,
no significant change in their size and shape were observed. Additionally, the effect of
the amount of the surfactant was examined at 1.0 hr. complex formation period at 60 °
C, 1.5-hours intermediate heating at 200 "C and 45 min refluxing time at the highest
possible temperature. TEM image and its corresponding size distribution histogram

are depicted in Figure 36.
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Figure 36. TEM images of iron oxide nanoparticles prepared at low concentration of
undecanoic acid (Y4 fold of the original amount), 45 min complex formation period at
60°C, 1.5-hours intermediate heating at 200°C and 45 min refluxing time at the highest
possible temperature. Corresponding size distribution histogram of the nanoparticles

is given below the TEM image.
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When the undecanoic acid amount was reduced ' fold, Figure 35, again cubic shaped
magnetite nanoparticles were obtained, however the shape and size distribution was

not homogeneous.

During all these experiments, the main problem was to rise the temperature up to above
300°C and to keep it there stable throughout refluxing. Occasionally it had reached to
298" C but rapidly decreased about 20°C. The boiling point of benzyl ether is 298°C.
It was expected that the boiling point of the benzyl ether solution containing the
reaction precursors and surfactants (oleic or undecanoic acid) would be higher than
that of the pure compound. it was also reported that benzyl ether decomposes above
310-350 "C. However, the order and rate of this decomposition process are catalysed
by acid, glass surfaces, and impurities [100],[60]. Therefore, the decrease in
temperature can probably be explained by the decomposition of benzyl ether at
temperatures below 300 °C due to the presence of oleic or undecanoic acid and other
possible impurities in the reaction medium. It seems that temperature is the most
important factor for controlling the shape of the particles. To handle this problem,

solvent and surfactant were decided to be changed.

3.1.4.2 Synthesis of Cubic Shaped Iron Oxide Nanoparticles by Using Oleic Acid

- Oleate as Surfactant

By using sodium oleate and oleic acid as a surfactant, three experiments were
performed. For all experiment, 1-octadecane was used as solvent so reflux temperature

could be increased above 310°C.
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Figure 37. TEM images of iron oxide nanoparticles that were synthesized by using
a) Fe-oleate-oleic acid, ( Table 3,A), b) Sodium oleate (without preparing Fe-oleate

complex), ( Table 3,B) as a surfactant system

For the first trial, the Fe-oleate complex was prepared separately and and mixed with
oleic acid. According to TEM image, Figure 37a size distribution is not good and their
shape mostly spherical (Table 3, A).

For the second experiment, Fe-oleate complex formation step was omitted i.e.
precursor and surfactants were mixed at the same time. Considering TEM image of the
Figure 37b, although mostly cube shapes were synthesized, spherically shaped
particles were also formed. In addition, there is a large variation in their sizes (5 -25
nm), (Table3, B).

For the third experiment (Table 3, C), the same experimental conditions were applied

as the previous experiment. The only difference was the usage of the sodium chloride.
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Xu et al reported that halogen ions have an important contribution to the formation of

cubic shaped metal oxide nanoparticles, particularly the chloride [61].

20 nm

Number of particles

& 7 B s 10 11 12 13
Diemeter, nm

Figure 38. TEM images of cubic iron oxide nanoparticles that were synthesized by
using Sodium oleate and NaCl. Corresponding size distribution histogram of the

nanoparticles is given below the TEM image (Table 3,C)

TEM image of cubic shaped iron oxide nanoparticles is shown in Figure 38. According
to TEM image, all of the iron oxide nanoparticles have cubic shape; they have narrow
size distribution of 8-11 nm and average size of 9.6 + 1.2 nm. This appearance proves

the effect of Cl” on the formation of cubic shaped particles.
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The behaviour of the cubic shape nanoparticles in the presence of a magnetic field is

shown in Figure 39.

Cubic Shaped Cubic Shaped
Magnetite NPs Magnetite NPs

Figure 39. Behaviors of cubic shaped iron oxide nanoparticles near the magnet

As seen in the Figure 39, 60 seconds after they were placed next to the magnet, they

were accumulated on the side of the magnet but they were not fully collected.

For structural characterization, XRD was used. Baseline corrected XRD pattern has
been inserted to the original XRD pattern of cubic shaped iron oxide nanoparticles,

Figure 40.
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Figure 40. XRD pattern of cubic shaped iron oxide nanoparticles. Baseline corrected

spectrum is inserted into graph

The characteristic peak of magnetite iron oxide is shown at XRD pattern (Figure 40).
The analysis was carried out between angular range at 10 °< 26 < 90 °and Bragg's
reflections of (220),(331),(400),(422),(511)and (44 0) appear at the values
of 26 : 30.139 35.81",43.16", 53.48"° , 57.25" , 62.72", 73.88 " respectively and they
are matching with the characteristic 20 values of magnetite, (JCPDS NO: 89-2810)
[101].
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Figure 41. Magnetization versus magnetic field curves for cubic shaped iron oxide

nanoparticles( Table 3C) at 298 K

Magnetization measurements were carried out with a field scan of + 1.1T at 298 K and
5 K. Magnetization versus magnetic field curves of the cubic shaped iron oxide
nanoparticles (Table 3, C) at these two temperatures were prepared. Figure 41 shows
the magnetic behaviour of the cubic shaped iron oxide nanoparticles measured at 298
K.

Ms values of our cubic shaped iron oxide nanoparticles were also compared to that of
the literature values. Generally Ms value for 10-20 nm magnetite iron oxide
nanoparticles is greater than 1 emu/g [59]. Superparamagnetic behaviour were
observed for cubic shaped iron oxide nanoparticles at 298K, Figure 41. As seen in the
Figure, they have zero coercivity in the absence of a magnetic field. However, Ms

value was too low, about 0.4 emu/g. This low result was probably related with the
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difficulty that we had in the sample preparation step. Cubic shaped iron oxide
nanoparticles could not be dried properly due to the presence of large amount of
surfactant and liquid remained in the consistency of adhesive jelly. VSM measurement
had to be done with powder sample instead of liquid sample. Possibly this physical

difficulty affected the measurements negatively.
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Figure 42. Magnetization versus magnetic field curves for cubic shaped iron oxide

nanoparticles( Table 3,C) at 5K.

Figure 42 shows magnetization (Ms) as a function of applied magnetic field ( H ) for
cubic shaped iron oxide nanoparticles. ( Table3,C) at 5K, below Tb of cubic shaped

magnetite nanoparticles (~270 K) [63].As expected our nanocubes do have hysteresis
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at S5K. As can be seen from Figure 41 Ms of nanocubes are 0.12 emu/g and their
remanent magnetization (Mr) is 0.1 emu/g. Actually, Msshould be over than 1 emu/g.
Due to sampling problem and device sensitivity, results were not desirable. These
magnetic measurements indicate that superparamagnetic cubic shaped magnetite

nanoparticles were synthesized.

3.1.4.3 Conversion of Hydrophobic Cubic Shaped Iron Oxide Nanoparticles into

Hydrophilic form
Cube shaped magnetite 51;1\;11::(? z:ltll;ggncelilil:;
nanopartic!e nanoparticle
(hydrophobic) (hydrophilic)

Figure 43. Cubic shaped magnetic nanoparticles dispersed in water phase after PVP

coating

The hydrophobic surfaces of Fe3Os NPs were modified to exhibit hydrophilicity by
adding an excess amount of amphiphilic PVP to cubic shaped MNPs so that the oleate
ligand on MNPs could be exchanged with PVP. Following modification, Fe3O4 NPs
were able to be redispersed in hydrophilic solvents such as EtOH and water. As shown
in Figure 43, PVP coated iron oxide nanoparticles are in the water phase whereas as
prepared, hydrophobic ones, prefer to be in the chloroform phase. This property
change indicates that the oleate ligands on Fe3Os4 NPs were successfully replaced by

PVP [89].
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Figure 44. TEM image of PVP coated iron oxide nanoparticles

TEM image of PVP coated iron oxide nanoparticles are presented in Figure 44. 10 nm
naked cubic shaped iron oxide nanoparticles were coated with 20nm PVP layer. After
coating procedure, their geometrical properties were not changed. Moreover, any

aggregation of the Fe3O4 NPs was not detected after ligand exchange.
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Figure 45. IR spectra of naked (blue line) and PVP coated (red line) iron oxide

nanoparticles.

PVP coating process was further investigated with IR measurements.IR spectra of
naked (blue line) and PVP coated (red line) cubic shaped iron oxide nanoparticles are
given in Figure 45. The band at 1668.13 cm™ and 1423 cm™ represent C=0 stretching
vibration and CHz bending, respectively. The bands at 1288.95 cmand 1005 cm™! are
responsible for characteristic C-N stretching. Appearance of these new peaks indicate
that cubic shaped hydrophobic iron oxide nanoparticles were coated with PVP

successfully [102].

3.2 Preparation TPP-(CH;);-OH and TPP-DCA

In this study, we purpose the attaching three phenyl phosphonium molecule (TPP)
dichloroacetate molecule to increase intaken to mitochondria. Also TPP ion provide
positive charge to drug for binding negatively charged nanoparticle surface. TPP-DCA

molecule cold not supplied commercially. For this reason it should be synthesized.
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3.2.1 Synthesis of TPP-(CH»)3;-OH

DCA attached to TPP molecule via esterification reaction and alcohol reactant is

needed for this reaction. For this reason, TPP was reacted with 3-bromopropan-ol.
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Figure 46 H-NMR spectrum of TPP-(CH2)3-OH precursor.lH NMR (400 MHz,
CDClI) :6 7.75 (m, 15H), 4.91 (t, 1H), 3.77 (m, 4H), 1.82 (m, 2H)).

The NMR spectrum of TPP-(CH2)3-OH is given in Figure 46. NMR spectrum confirms

that the pure alcoholic precursor was obtained. The yield of the reaction was 61%.

3.2.2 Synthesis of TPP-DCA by Using Dichloroacetic Anhydride

Dichloroacetic anhydride used as a source of dichloroacetate. TPP-(CH2)3-OH makes
a nucleophilic attack to one of carbonyl group of dichloroacetic anhydride and
esterification reaction occurs. After 12 h stirring, bulky colorless to paint yellow

product was obtained.
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For purification study silica gel column was used. Before the purification study, in
order to find the suitable solvent system, TLC studies were done. Dichloromethane
(DCM), methanol, diethyl ether, acetonitrile, chloroform were used as solvent for
separation-purification studies. We started with a solvent mixture, methanol: DCM
(1:10), suggested by Pathak et al [91]. But the products were not separated from each
other. Than the ratio of the components of the mixture were changed and also several

different solvent mixtures were tried as eluent, Table 4.

Table 4. Solvent system that was used for TLC trials.

Mobile phase Ratio(mL/mL)
DCM:Methanol 9:1
DCM:Methanol 2:1
DCM:Methanol 4:3
DCM:Acetonitrile 9:1
DCM:Diethyl ether 9:1
DCM:Ethanol 1:1
DCM:Methanol:Ethanol 4:2:1
DCM:Methanol:Ethanol 100:10:70

The appearances of the TLC plates under portable UV light 254 A nm) after eluting
with DCM ; ethanol and DCM ; ethanol; methanol mixtures are given in Figure 46.

According to silica-TLC results, Figure 47, separation could not be observed,
precursors and the product (TPP-DCA) were moving almost at the same speed,
although, DCM: Methanol: Ethanol (100:10:70) system which has been purposed as

the best solvent mixture used in silica column chromatography was used.
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For characterization NMR Spectroscopy was used. H-NMR spectrum is shown in

Figure 48.
TPP-(CH,);-OH DCAA TPP-DCA TPP-(CH,);-OH  DCAA  TPP-DCA
Solvents: DCM:Methanol Solvents: DCM:Methanol:Ethanol

Figure 47. Appearance of TLC plate after DCM: Methanol: (90:10) and DCM:
Methanol: Ethanol (100:10:70) solvent system were applied
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Figure 48. H-NMR spectrum of TPP-DCA purified using silica-TLC plate with
methanol-DCM (9:1) solvent mixture.The molecular formula of the expected product
(TP-DCA) is given as inset and the corresponding peak positions are labeled (a-e). 'H
NMR (400 MHz, CDCl3) : 6 7.74 (dddd, 15H), 6.22 (d, 1H), 6.04 —5.91 (m, 1H), 5.69
—5.23 (m, 1H), 4.55 (t, J = 5.4 Hz, 2H), 3.95 (t, , 2H), 3.79 — 3.51 (m, 1H), 1.97 (dd,
, IH), 1.34 - 1.09 (m, 1H).

The shifts corresponding to the protons of the expected product were labelled with
letters (a-e). The remaining shifts belong to impurities. NMR spectrum also indicated
that separation process was not satisfactory.

Since the purification by the silica column method was ineffective, we decided to use
preparative TLC method. Preparative TLC plates were prepared at the laboratory.
Additionally new solvent couples such as acetone: DCM, acetonitrile: DCM, diethyl
ether: DCM and ethyl acetate: DCM as eluents were prepared and their separation
performances were examined in TLC for selecting the proper solvent for preparative

TLC. The best separation was obtained by DCM and ethyl acetate mixture. Therefore
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various volume ratios of DCM and ethyl acetate were tried. The appearences of the

TLC plates after eluting with  DCM and ethyl acetate mixtures, under portable UV

light (254 A nm) are given in Figure 49.

DCM:EtOAc DCM:EtOAc DCMEtOAc DJCM:EtOAc
95:5 9:1 73 10:5

d
TPP-OH TPP-DCA

Figure 49. Purification of TPP-DCA utilizing TLC plate and DCM: ethyl acetate

solvent mixture in various volume ratios 95:5, 9:5, 7:3 and 10:5.

According to the outputs given in Figure 49, the best separation of TPP-DCA from its
precursors was observed in the last plate where DCM: ethyl acetate in 2:1 volume ratio
was used as eluent. Therefore DCM: ethyl acetate in 2:1 volume ratio was decided to

be used as eluent in the preparative TLC.
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Before the prepartive Preparative TLC plate After the preparative TLC
TLC procedure in TLC tank procedure

Figure 50 Appearance of preparative TLC plate First plate image shows the thin line
of the TPP-DCA prepared by using dichloroacetic anhydride, the last plate shows the

separation of the same sample after running with DCM: ethylacetate in 2:1 (v/v)

A thin line of sample was deposited across pencil line Then the preparative TLC plate
was place in the chamber having 20 mL of DCM: ethylacetate in 2:1 (v:v) as eluent.
Follow in 30 mins the plate were removed and visualized under UV light. The two
bands of the preparative TLC plate indicated by red frames in Figure 50 were scraped
off and sonicated in DCM, then filtered through a glass cotton. The purified
compounds were concentrated by evaporating under vacuum and yellow to colorles
oily extracts were remained. Structural analyses of the extracts were done by utilizing

NMR spectroscopy where CDCls was used as solvent, Figure 51 and Figure 52.

NMR spectrum of lower part (Red frame 1) is shown in Figure 51. All of the expected
proton shifts indicated by letters (a-¢) are observed. NMR shift at 4.12 and 1.26 belong
to ethyl acetate which was used as mobile phase. According to NMR spectrum, pure
product was obtained. The yield of the reaction was calculated as 48%. The product
was kept under oxygen free medium. NMR spectrum of upper part (Red frame 2) is

given in Figure 52
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Figure 51. NMR spectrum of lower part (Red frame 1), TPP-DCA prepared with by
using dichloroacetic anhydride. The structure of the the molecular formula of the
expected product (TPP-DCA) is also given in the Figure and the position of the protons
are labeled with lower case letters (a-e). 'H NMR (400 MHz, CDCl3) § 7.78 (s, 15H),
6.14 (s, 1H), 4.43 (d, H), 3.79 (s,2H), 2.04 (s, 2H).
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Figure 52. NMR spectrum of upper part (Red frame 2)

Although it was not identified properly the proton shift observed at 9.10 ppm indicates
that this is an acidic species. The probable mechanism supporting acid formation is
given below in Figure 53. Reaction mechanism indicates that dichloroacetic acid was
formed as a side product. According to H-NMR spectrum in Figure 52, when upper

red frame is taken mixture of acidic side product are obtained.
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Figure 53. Mechanism of reaction of TPP-(CH2)3-OH and dichloroacetic anhydride

3.2.3 Synthesis of TPP-DCA by Using Dichloroacetylchloride

It is very difficult to obtain dichloroacetic anhydride from chemical companies. Since
it is used in the synthesis of narcotic material, its supplying requires strict permits.
Additionally, it is expensive and esterification reaction is slow, on the other hand
dichloroacetyl chloride is more reactive than dichloroacetic anhydride so that the
reaction can be completed within five minutes instead of twelve hours. In addition, in

comparison, it is inexpensive than dichloroacetic anhydride. For this reason, dichloro

acetyl chloride was used as dichloroacetate source.

For purification studies, preparative TLC methods with the same solvent system

(DCM: ethyl acetate, 2:1) were used and similar results were obtained (Figure 54).
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Before the preparative Preparative TLC plate After the preparative
TLC procedure in TLC tank TLC procedure

Figure 54. Appearance of preparative TLC .First plate image shows the thin line of
the TPP-DCA prepared by using Dichloroacetylchloride, the last plate shows the

separation of the same sample after running with DCM: ethylacetate in 2:1 (v:v).

For structural characterization, NMR Spectroscopy was used. NMR spectra are shown
in Figure 55.

All of the expected proton shifts indicated by letters (a-¢) are observed. NMR shift at
4.12 and 1.26 belong to ethylacetate which was used as mobile phase. According to
NMR spectrum, pure product was obtained. The yield of the reaction was calculated

as 28%. The product was kept under oxygen free medium.
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Figure 55. NMR spectrum of TPP-DCA prepared by using Dichloroacetylchloride.
The molecular formula of the expected product (TPP-DCA) is also given in the Figure
and the position of the protons are labeled with lower case letters (a-e).. "H NMR (400
MHz, CDCl3) 6 7.94 — 7.57 (m, 15H), 6.15 (s, 1H), 4.59 (s, 2H), 3.89 (s, 2H), 2.17 —
1.86 (m, 3H).

3.3  Modification of iron oxide Nanoparticles for Biomedical Applications

At this part, hyperthermia measurements and particle modification studies were
purposed to carry on at same time. According to literature, large particles (>10 nm)
have higher heating efficiency than smaller iron oxide particles at same conditions
[103]. For this reason, spherical iron oxide nanoparticles which have 13.6 nm size
average, were used firstly for modification studies. After optimization studies will be
handled, same modification, hyperthermia and biologic experiments will be applied

for flower and cubic shaped iron oxide nanoparticles.
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3.3.1 Heparin Coating

The various procedure can be applied for coating surface of magnetic nanoparticles
with heparin. By applying coupling reaction with EDC/NHS reagents, the carboxylate
group of heparin can be bonded to aminated magnetic nanoparticles from the amine
group [104]. Another procedure is based on electrostatic interaction. Negatively
charged heparin molecules are attached to the positively charged surface of magnetic

nanoparticles [105]. In this study, electrostatic interaction approach was used (Figure
56).

Fe;0, NPs (pH 3) Heparin coated Fe;O,4 NPs

Figure 56. Scheme for coating of iron oxide nanoparticles with negatively charged

heparin.

For characterization studies Transmission Electron Microscopy, Infrared
Spectrophotometer and Zeta potential measurement device were used.

Zeta potential measurement results are summarized in Table 5. Naked iron oxide
nanoparticles were treated with nitric acid solution to render their surface positively
charged. After acid treatment of magnetite NPs surface charge was changed from
1.85+0.61 mV to 33.34 + 2.35mV. This increase of the zeta potential in the positive

direction was indicating that -OH groups were changed to —~OHz".
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Table 5. Table of zeta potential measurements.

Sample Zeta potential value(mV)

Naked magnetite NPs solution 1.85+0.61
Naked magnetite NPs solution (pH=3) | 33.3442,.5
Heparin Coated magnetite NPs solution | -42.57+ 2.14

After heparin coating procedure zeta potential of magnetite nanoparticles were
measured again and found as — 42.57 + 2.14 mV. Similar results were reported in the
literature [104][106]. The increase of zeta potential in negative direction was
correlated to the presence of negatively charged sulphate groups of heparin on
magnetite nanoparticle's surface. High negative charge on the surface of the
nanoparticles also brings colloidal stability and decreases the tendency of
agglomeration [106]. TEM image of heparin coated nanoparticles is given in Figure
57.

Figure 57. TEM image of heparin coated spherical iron oxide nanoparticles
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According to TEM image, thin heparin layer has been coated on the surface of
magnetite nanoparticles. The thickness of heparin layer measured is about 2.9+0.9 nm.
Heparin coating on magnetite nanoparticles was further investigated through IR

measurements. FT-IR Spectra is given below in Figure 58.
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Figure 58 IR spectra of naked (black line) and heparin coated (green line) iron oxide

nanoparticles

While black line depicts naked magnetite nanoparticle, the green line represents
heparin coated magnetite nanoparticles. There are several peaks in the spectrum of the
heparin coated particles that are not seen on the spectrum of a naked one. Among them,
1292 cm™ and 1002.62 cm™ peaks belong to symmetrical and asymmetrical stretching
of S=0 in NH-SO3, respectively. In addition, the stretching of the C=0O and N-H
bonds are observed at 1662.22 cm™!, and 1383.95 cm! respectively [107].

These results confirm that heparin was successfully coated on the surface of iron oxide

nanoparticles.
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3.3.2 Attaching TPP-DCA to Heparin Coated Iron Oxide Surface

TPP-DCA

)

Heparin Coated Iron Oxide NPs TPP-DCA Heparin Coated Tron Oxide NPs

Figure 59. Scheme for the immobilization of positively charged TPP-DCA on to

negatively charged heparin coated iron oxide nanoparticles.

For the immobilization, again the electrostatic attraction principle was used (Figure
59).We kept the amount of heparin coated iron oxide nanoparticles fixed as 9 mg for
each time and 4.0 mL, 6.0 mL and 8.0 mL (1mg/mL) TPP-DCA solutions were added
to 25 mL aqueous solutions of the nanoparticles. The presence of TPP-DCA on the
surface was characterized by zeta potential and FTIR measurements. First of all Zeta
Potentials were measured. We were expecting that the added positively charged TPP-
DCA would neutralize the negative charge of the surface imparted by heparin either
fully or partially. Measured potential values were 24.2+ 0.5mV, -20.9+ 0.4 mV, -
12.94+ 1.2 mV corresponding to the addition of 4 mL, 6 mL and 8 mL of (1mg/mL)
TPP-DCA solutions respectively. The change of zeta potentials from -42.57+ 2.14
mV to less negative (positive side) values following the increase in the amount of TPP-
DCA was accepted as a confirmation of TPP-DCA loading. Additionally, after coating
procedure, the dispersity of nanoparticles was decreased and agglomeration was
observed. This observation was also supporting our hypothesis because the magnetic
attraction among magnetic nanoparticles became stronger than that of electrostatic

repulsion due to the decrease in negative zeta potential values when the volume of
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(Img/mL) TPP-DCA solution was increased above 8mL, probably due to
agglomeration, meaningful results were not obtained. So this study was carried on by
loading 8 mL (1mg/mL) TPP-DCA solution to 9mg iron oxide nanoparticles.

FTIR spectra, at Figure 60, indicates that TPP-DCA molecules were attached to
heparin coated magnetite nanoparticles. The blue line and green line belong to heparin
coated magnetite nanoparticles and TPP-DCA modified heparin coated magnetite

nanoparticles, respectively.
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Figure 60. IR spectra of heparin coated (green line) and TPP-DCA attached heparin

coated (blue line) iron oxide nanoparticles.
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Figure 61. Chemical structure of TPP-DCA

The molecular structure of TPP-DCA molecule is shown in Figure 61. TPP-DCA
molecule has C-Cl, C-P and phenyl groups that all have characteristic IR peaks for the
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identification. Dichloroacetate side has bands at 1745 cm™! and 882 cm™!, these are
corresponding to the C=O stretching and C-CI stretching, respectively [108]. The
bands at 1437 cm™ and 740 cm™! are matching to phenyl groups, The band at 493 cm
! is related to the asymmetric stretching of P- C bond at TPP side of TPP-DCA
molecule [109].

3.3.3 Embedding TPP-DCA into Heparin Layer

TPP-DCA TPP-DCA
attached embeded
heparin coated heparin coated
IONPs IONPs

Figure 62. Scheme of heparin coating procedure (second time)TPP-DCA attached

heparin coated iron oxide nanoparticles and changing of surface charge

For characterization studies, zeta potential measurements, transmission electron
microscopy, and thermal gravimetric analysis techniques were used. According to zeta
potential measurements results, the charge of particle surface changed from -12.9+ 1.2
mV to -42.52+2.15mV. Increasing of negative charge on particle surface confirms the

heparin coating particle surface second time is satisfactory (Figure 62).
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Figure 63. TEM image of 2-DG-HEP-TPP-DCA-HEP coated IONPs

Figure 63 depicts the TEM images of 2-DG-HEP-TPP-DCA-HEP coated IONP. TEM
sample was prepared with dipping method. According to TEM image thickness of
heparin, shell was measured about 4.8+0.9 nm. At Figure 55, TEM image belongs to
one layer heparin coated IONPs One layer shell thickness had been measured 2.9+0.9

nm. This results confirm that IONPs were coated with second layer with heparin.
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Figure 64. TGA curve of0 naked iron oxide (black line), single layer heparin coated
iron oxide nanoparticles (red line) and double layer heparin coated and TPP-DCA

loaded iron oxide nanoparticles (blue line).

Presence of heparin on the iron oxide nanoparticles surface was also investigated by
TGA analysis, Figure 64. The black line represents TGA curve of naked iron oxide,
red and blue lines are corresponding to single layer heparin coated and double layer
heparin coated and TPP-DCA loaded iron oxide nanoparticles respectively Analyses
was carried out at 25°C to 600°C. Due to organic compound, only 3.5 % weight loss
was observed for naked iron oxide particles. On the other hand, 11.5 % and 14%
weight loss were measured for single layer and double layer heparin coated and TPP-
DCA loaded iron oxide nanoparticles, respectively. These results confirm that 8% and
10.5% of the total mass is corresponding to single layer heparin and double layer

heparin containing TPP-DCA [110].
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3.3.4 Determination 2-Deoxy-d-glucose By Cupric Reduction Based Methods

100 microliter of the sample was taken and it was diluted according to the proposed
method. The final solution was used for the determination. The handled UV-Vis
spectra was on.

The absorbance at 455 nm was 0.0507 A. From the calibration curve equation, the
concentration of D—Glucosamine on 150 ul nanoparticle (1mg Fe3Os/mL) surface was
calculated as 4.86x10°° M. (All measurements were done by 3 replicates, and the net

values calculated as their mean values.)

3.4 Biological Experiments

3.4.1 XTT Cell Cytotoxicity Assay

The cytotoxic effects of 2-DG-HEP-TPPDCA-HEP coated IONPs on HepG2 cell
line were investigated by XTT cell viability assay.

Cell viability for each concentration was indicated as percentage viability (%),
assuming that the control well is 100 % viable. Also, cultured wells without cells were
used to avoid the effect of samples on absorption which could be misleading.

First experiments were carried out without a washing (pre-wash) procedure. As seen
in Figure 65, the light microscopy image of DC and different concentrated
nanoparticles treated HepG2, the accumulation of nanoparticles in the environment of

cell increases as the concentration of nanoparticles increases.
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Figure 65. Light microscopy images of a) DC, b)50 pg/ml, c¢) 250 ug/ml, d) 500
ug/ml, e) 750 pg/ml and 1000 pg/ml 2-DG-HEP-TPPDCA-HEP coated IONPs treated

HepG2 cells after 24-hour treatment without pre-wash.

The effect of 24-hour treatment of 2-DG-HEP-TPPDCA-HEP coated IONP on HepG2

cells were investigated in a dose dependent manner. Cell viability percentages were

plotted for each concentration and given in Figure 66.
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Figure 66. XTT results of a) DC, b)50 pg/ml, ¢) 250 pg/ml, d) 500 pg/ml, e) 750pg/ml
and £)1000ug/ml 2-DG-HEP-TPPDCA-HEP coated IONPs treated HepG2 cells after

24-hour treatment without washing (pre-wash) procedure
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The cell viability was expected to decrease directly proportional to the particle
concentration. However, as seen from the figure, this trend was not observed.
Agglomeration of iron oxide nanoparticles effected the ELISA reading and caused an

extra background absorption.

In order to handle this incorrect measurements, cells were washed with PBS buffer via

magnet after 24-h treatment and the results are given in Figure 67.

Figure 67. Light microscopy images of a) DC, b)125 pg/ml, c¢) 250 pg/ml, d) 375
ng/ml, e) 500pg/ml and f)750ug/ml 2-DG-HEP-TPP-DCA-HEP coated IONPs treated

HepG2 cells after 24-hour treatment with washing procedure.

As seen from the light microscopy images, agglomeration of magnetic nanoparticles
decreased and cells were not damaged by the magnet. Comparing the DC control cell
images (Figure 67) showed the decreasing number of cells with 125 pug/ml, 250 pg/ml,
375 pg/ml, 500pg/ml and 750pug/ml (Figure 67 b, ¢, d, e and f) 2-DG-HEP-TPPDCA-
HEP coated IONPs treatments. As the concentration increased, cell viability

decreased.

XTT measurements, given in Figure 68, confirmed the microscope images. A decrease
in the cell viability trend which is proportional to nanoparticle concentrations were

observed.
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XTT Results After Magnetic Washing
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Figure 68. XTT results of a) DC, b)125 pg/ml, c¢) 250 pg/ml, d) 375 pg/ml, ¢)
500pg/ml and f)750pg/ml 2-DG-HEP-TPP-DCA-HEP coated IONPs treated HepG2

cells after 24-hour treatment with washing procedure.

ICso value for the 24 hr treatment of 2-DG-HEP-TPPDCA-HEP coated IONP, that is
a concentration at which 50% of cells are alive, were calculated as 525 pg/ml. After

other confirming experiments, this concentration will be used.

XTT tetrazolium (pink) salt which is used in cell viability assay is reduced by
succinate in the presence of mitochondrial succinate dehydrogenase and converted to
XTT formazan which has orange colour. When the cells die, this colour change cannot
be observed because mitochondrial activity will also stop. Our XTT results also
provide the collapse of mitochondrial metabolism when the TPP-DCA loaded IONPs

are taken into the cell.

3.4.2 Viable Cell Counting with Trypan Blue Exclusion Method

Tryphan blue exclusion method (TBE) was performed in order to compare XTT cell
viability assay results and also to eliminate any absorbance interference caused by the

nanoparticle solution.
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The logic of the Trypan Blue Exclusion method lies behind the permeability of the
cell membrane. Cells with disrupted membranes that are generally dead cells allow
the dye to enter into the cells, so dead cells are observed in blue whereas healthy cells
with undamaged membrane is seen as transparent since the dye cannot penetrate
through intact membrane. Although this method has some limitations including low
accuracy, our main objective was to validate XTT Cell Viability assay, and the results
were almost same in each experiment of TBE. Cell viability for each concentration
was indicated as percentage viability (%), assuming that the control well (0.2% DMSO
control) is 100 % alive. In order to investigate the effect of 2-DG-HEP-TPP-DCA-
HEP coated IONP on HepG?2 cell line, cells were treated with these nanoparticles for

24 hour in a dose dependent manner.
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- 120.00
o 100.00
% 100.00
[=11]
s
5 80.00
o 62.75
L 60.00
l'-g 47.06 43.14
= 40.00
=
= 20.00
3 0.00
DC 250pg/ml 500pug/ml 1000ug/ml
Concentrations

Figure 69. Cell viability with TBE method.

The ICso value that is the concentration required to reduce the cell viability to 50%
was calculated as 520 pg/ml (Figure 69). The result was similar with the XTT Cell

viability assay results which was calculated as 525 pg/ml.
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Figure 69). The result was similar with the XTT Cell viability assay results which was
calculated as 525 pg/ml. In order to compare the effect of TPP-DCA, the same
experiment was carried on with 2-DG-HEP-TPPDCA-HEP coated IONP and with 2-
DG-HEP coated IONP at 250ug/ml, 500ug/ml, 1000pg/ml concentrations. Cell
viability percentages were plotted for each concentration and given in Figure 70. The
results indicated that TPPDCA is highly effective for cell death. At IC50 value
(~500png/ml), cell viability was found as 60.78%. This result showed that low
molecular weight heparin has a role to kill the HepG2 cells. According to Niers et al.

[111], heparin have an anti-cancer effect.

Comparison
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Figure 70. Comparison of cell viability of 2-DG-HEP-TPPDCA-HEP coated IONP

with 2-DG-HEP coated IONP at 250pug/ml, 500pg/ml, 1000pg/ml concentrations by
TBE assay.

In this study, at first, TPP-DCA was attached to the nanoparticle by embedding
heparin layers that was used as a coating material. The purpose in this design was to
make the attachment of TPP-DCA molecule on the nanoparticles surface more stable.
To confirm this idea, trypan blue exclusion method (TBE) was performed for naked,

2 -DG-HEP-TPP-DCA-HEP coated and 2-DG-HEP-TPP-DCA coated IONPs at same
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concentrations (500ug/ml). Cell viability percentages were plotted. This plot is given
in Figure 71 as yellow, blue and green coloured bars representing naked, 2 -DG-HEP-
TPP-DCA-HEP coated and 2-DG-HEP-TPP-DCA coated IONPs, respectively.

According to Figure 71, when TPP-DCA molecules were embedded into heparin

layer, stability increased so that TPP-DCA molecules were not detached.
Additionally, both of 2 -DG-HEP-TPP-DCA-HEP coated and 2-DG-HEP-TPP-DCA
coated IONPs are more effective in killing HepG2 cells than the naked IONPs.

Comparison of Naked, 2-DG-TPP-DCA-HEP coated and 2-DG-HEP-TPP-DCA-HEP
coated IONPs
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Figure 71. Comparison of cell viability of naked, 2-DG-TPP-DCA-HEP coated and
2-DG-HEP-TPP-DCA-HEP coated IONPs at 500 pg/ml concentration by trypan blue
exclusion ( TBE) method.

In order to understand the efficiency of 2 -DG-HEP-TPP-DCA-HEP coated IONPs,
Trypan blue exclusion method was used to determine percent cell viability of 2-DG-
HEP-TPP-DCA-HEP coated IONPs, TPP-DCA and Na-DCA treated HepG2 cells.
Drug loading efficiency had been calculated as 23.3% but results were not found to be

reliable. Mass assumption of TPP-DCA and Na-DCA at 500 pg/ml IONPs surface was
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calculated and treatment was carried out according to this assumption. Cell viability

percentages were plotted and shown in Figure 72.
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Figure 72. Comparison of cell viability of 2 -DG-HEP-TPP-DCA-HEP coated IONPs,
TPP-DCA and Na-DCA at 500pug/ml concentration with TBE method.

When the cell viabilities were compared after treatment with TPP-DCA and NaDCA,
TPP-DCA molecules were found to be more effective than the NaDCA. The reason
for this results is most probably because DCA molecules are positively charged and
become lipid-soluble after modification with TPP, so that TPP-DCA is taken into the
mitochondria, which has phospholipid membrane, which is easier with hydrophilic
sodium dichloroacetate (DCA) [25]. Our results are similar with the results of a study
of Pathak et al.[91]. In our study, according to the plot in Figure 72,2 -DG-HEP-TPP-
DCA-HEP coated IONPs were more efficient than TPP-DCA on HepG2 cells.

2-deoxy-D-glucose (2-DG) is used as targeting agent. Because of the Warburg effect,
glucose metabolism is changed and aerobic glycolysis occurs in cancer cells. Cancer
cell generates energy via aerobic glycolysis at sufficient oxygen by fermenting glucose
into lactate and needs more energy for proliferation and survival. For this reason, they
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take more glucose from GLUT receptors. 2-DG is taken into the cancer cells through
these receptors. However, 2-DG is not metabolized by glycolysis and also it inhibits
glycolytic metabolism [112]. Therefore, labelled TPP-DCA loaded IONPs are taken

into the cancer cells via GLUT receptors easier than the TPP-DCA molecules.

3.5 Results of Inductive Heating Measurements

The ability of the home-made instrument to cause magnetically-induced heating was
tested using our spherical nanoparticles after each modification of the instrument.
These conditions are summarized in Table 6 all assemblies tested caused heating, but
there were differences in the heating rates and the final temperatures realized due to
the efficiency of magnetic coupling. Temperature kinetic curves obtained after
application of an alternating magnetic field on samples dispersed in water at various

instrumental conditions stated in Table 6 are given 1n Figure 73.
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Table 6. Optimization studies of inductive heating measurements

Name Coil Coil Conc. Temperatu | Time | Power
diameter(cm) | type | (mg/mL) | re change | (min) | supply
°C) (kHz)
1 2 wire 160 6 21 130
2 4 wire 160 7,5 90 130
3 4 wire 160 10 20 >130
4 4 wire 160 6 18 >130
5 4 wire 40 2 10 >130
6 4 wire 20 1 10 >130
7 4 wire 40 4,5 6 100 Khz
8 6 pipe 40 7 23 100 khz
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conditions stated in Table 6, d.) Photograph of copper pipe coil.
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As can be seen from the Figure 73, the promising inductive heating results were
obtained only with the combination stated in Table 6 e and f. That is why these two
measurements will be discussed.

Figure 73e (7) depicts the heating efficiency of 40mg/mL spherical nanoparticles in
water under the magnetic field. Comparing previous trials, this result was very
promising. In 6 minutes 4.5° C increasing was measured whereas the temperature of
water itself was changed only 1.0°C.

Unfortunately, although performance of the device was desirable, usage of it cause the
appliance to become warm. This heating could be not controlled and the device had to
be turned off at 6 mins after being turned on. To handle this problem, coil type changed
and the helical copper pipe was used (Figure 73, d)By using this pipe (coil diameter is
6cm), cooling water has passed both glass jacket and inside of pipe and heating
problem was tried to be overcome.

Results of hyperthermia measurement with pipe coil, Figure 73f, were not as expected.
While by using wire coil 4.5"C increasing was observed in 6 minutes, however by
using pipe coil 7°C increasing was achieved in 23 munities.

Construction is still in progress. From now on an optical thermometer will be used in

temperature measurement
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CHAPTER 4

CONCLUSION

Dichloroacetate (DCA) is a generic drug for lactic acidosis and a potential metabolic-
targeting therapy agent for cancer. It reverses the suppressed mitochondrial apoptosis
in cancer and causes in suppression of tumour growth in vitro and in vivo. There is a
40 years of human experience with mechanistic studies of DCA in human tissues. In
preclinical vitro and in vivo models there is significant evidences that DCA might be
beneficial in human cancer. However it was also reported that DCA might develop
symptomatic peripheral neuropathy .Therefore in clinical trials with DCA carefull
monitoring of neurotoxicity and establishing clear dose-reduction strategies are
advisable in order to overcome toxicities. On the other hand, therapeutically
prohibitive high DCA doses are needed for tumor growth suppression. Thus,
preparation of magnetic nanoparticles designed to carry pharmacologically relevant
doses of DCA directly to the tumor site and enhance its effective cellular uptake may
represent a more effective therapeutic option. This was the starting point in this study.
Firsly spherical magnetite nanoparticles with 10-20 nm in size and having hydrophilic
characteristic were prepared. The second group prepared was flower shaped
nanoparticles having a mean diameter of 13.5 nm and they were established of 6 nm
sized grains exhibiting maghemite structure. They are found to be superparamagnetic
at room temperature and are hydrophylic.The third group prepared was cubic shaped
nanoparticles with 7-12 nm distribution exhibiting magnetite crystal structure. They
are also superparamagnetic at room temperature but having hydrophobic properties.
For this reason they were made hydrophilic by polymer coating. Being hydrophilic all
these nanoparticles were suitable for biological applications. For preliminary
hyperthermia measurements the spherical particles were chosen due to their larger size
compared to the other groups and they were used in all further experiments conducted
in the study.
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Dichloroacete is a mitochondrial cancer drug. When it is used orally, its poorly up
taken into mitochondria causing a decrease in the efficiency of the treatment. For this
reason dichloroacetate was modified by triphenylphosphin and (3-(2,2-
dichloroacetoxy)propyl) triphenylphosphonium was synthesized.

To make nanoparticles biocompatible, their surface was coated by heparin, which has
negatively charged sulfo groups, creating a negative surface on nanoparticles. This
negative charge provide active site for binding of positively charged (3-(2,2-
dichloroacetoxy)propyl) triphenylphosphonium. To increase their stability, (3-(2,2-
dichloroacetoxy)propyl) triphenylphosphonium molecules must be embedded into
heparin layer so nanoparticles coated heparin a second time, and altered surface
charges were confirmed by Zeta potential and IR measurements.

2-deoxy-D-glucose molecule was used as targeting agents. 2-deoxy-D-glucose
molecules were attached to carboxylic acid side of heparin via EDC/NHS coupling
reaction.

To understand the efficiency of 2 -DG-HEP-TPP-DCA-HEP coated IONPs, Trypan
blue exclusion method was used determine percentage cell viability (a measure of the
destruction capacity) using HepG2 cells. Measurements were carried out for 2 -DG-
HEP-TPPDCA-HEP coated IONPs, TPP-DCA and Na-DCA molecules. Cell viability

percentages obtained are shown in the Figure 74 given below.

112



Comparison of TPP-DCA Molecules, NaDCA Nolecules and
2-DG-HEP-TPP-DCA-HEP coated IONPs

)
(=]

73.17
65.85

~
(=

[
<

51.22

w
(=}

Cell viability percentages (%)
) w o~
(=} (=} (=}

—
(=]

(=]

500pg/ml
Concentration

TPP-DCA NaDCA 2-DG-HEP-TPP-DCA-HEP coated IONPs

Figure 74. Comparison of cell viability of 2 -DG-HEP-TPP-DCA-HEP coated
IONPs, TPP-DCA and NaDCA molecules at 500pg/mL concentration by Trypan blue
exclusion method (TBE)

The percent viabilities observed are 73.2 for commercial NaDCA molecules 65.8 for
TPP modified DCA molecules and 51.2 for 2 -DG-HEP-TPP-DCA-HEP. The lowest
viability is obtained for 2-DG-HEP-TPP-DCA-HEP coated iron oxide nanoparticles
prepared in this work turns out to be a very promising result for the aim of this study.
For further optimization of the proposed application in the study, hyperthermia
measurement are still being carried out using a home -made inductive heating device.
So far 0.75 "C/ min heating rate is the best result that is obtained with spherical iron
oxide nanoparticles in the aqueous medium.

Another promising side application of these nanoparticles prepared can be their

possible use in MRI study
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