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ABSTRACT
BIOMACROMOLECULES, MOLECULES AND FUNCTIONAL
NANOPARTICLES FOR THERAPEUTIC AND DIAGNOSTIC

APPLICATIONS

Ayse Ozdemir
PhD in Materials Science and Nanotechnology
Advisor: Ayse Begiim Tekinay
Co-Advisor: Turgay Tekinay
March, 2016

Cancer is one of the most important global health problem. In the last decade,
researchers have focused on the development of novel sensitive diagnostic agents and
potential therapeutic molecules to further contribute to the success of cancer treatment
and increase survival rates of cancer patients. Magnetic resonance imaging (MRI) is a
powerful diagnostic tool and used in clinics for cancer imaging. Superparamagnetic
iron oxide nanoparticles (SPIONSs) are used as a negative contrast agent to increase
sensitivity of MRI. SPIONs can be coated with biocompatible natural or synthetic
materials to maintain stability and improve their blood distribution profile. SPIONs
can also be non-covalently functionalized with peptide amphiphile (PA) molecules
through hydrophobic interactions to render them water soluble and biocompatible. In
addition, several efforts have been made to improve specificity and sensitivity of
SPIONSs by attaching cancer targeting agents such as peptides. For cancer therapy,
metal based drugs have attracted attention because of their biological and
pharmaceutical properties over the past decades. The understanding of interactions

between potential agents and biomolecules is important for designing novel anticancer



drugs against tumors to overcome the toxicity of currently used chemotherapeutic
drugs and achieve more precision. Herein, | investigated the potential of proline-rich
PA coated SPIONs as a negative contrast agent for cancer diagnosis by MRI. To
achieve water solubility and cancer targeting, positively charged K and LPPR peptide
sequences were presented on the PA micelles. PA functionalization provided a water-
dispersible hybrid system. Biocompatibility and efficient uptake of the SPIONs were
found to be improved with PA coating. This hybrid system provided enhancement in
the MR imaging of tumor tissue in chemically induced breast cancer model. In
addition, in vivo experiments and histological examinations revealed the
biodistribution and bioelimination profile of the nanoparticles. These SPION/PA
system can potentially be used as a contrast agent in cancer diagnosis by MRI. In
addition, | analyzed the interactions between metal based molecules that can be used
as cancer therapeutics and calf thymus DNA or human serum albumin (HSA) by
spectroscopic and calorimetric methods which showed the binding modes, affinities
and the effects on the structure of these biomacromolecules. Although similar
structures demonstrated similar binding characteristics, each molecule has different
association with DNA or HSA. The obtained results are promising for the development

of metal or half metal based anticancer agents targeting DNA and carried by HSA.

Keywords: Magnetic Resonance Imaging, Superparamagnetic Iron Oxide

Nanoparticles, Biomacromolecule, Metal ions.



OZET
TERAPOTIK VE DIAGNOSTIK UYGULAMALAR ICIN
BIYOMAKROMOLEKULLER, MOLEKULLER VE FONKSIYONEL
NANOPARCACIKLAR
Ayse Ozdemir
Malzeme Bilimi ve Nanoteknoloji, Doktora
Tez Danismani: Ayse Beglim Tekinay

Es Danisman: Turgay Tekinay
Mart, 2016

Kanser diinya genelinde en 6nemli saglik sorunlarindan biridir. Gegtigimiz yiizy1l da
arastirmacilar kanser tedavisinin basarisini arttirmaya katkida bulunacak ve kanser
hastalarinin yasama oranini yiikseltecek yeni, hassas teshis ajanlar1 ve potansiyel
tedavi edici molekiillerin gelistirilmesi tizerinde yogunlagsmistir. Manyetik rezonans
gorintileme etkili bir teshis aracidir ve Klinikte kanser gorlntulemede
kullanilmaktadir. SUperparamanyetik demir oksit nanopargaciklar (SPION) MRI
hassasiyetini arttirmak i¢in negatif zitlik ajani olarak kullanilmaktadir. Kararli halin
strddrulebilmesi ve kan dagilim profillerinin iyilestirilebilmesi i¢cin SPION’lar
biyouyumlu, dogal veya sentetik malzemelerle kaplanabilir. Yeni bir yaklagim olarak,
SPION’lar peptit amfifil (PA) molekiillerle hidrofobik etkilesimler yoluyla suda
cozlnebilir ve biyouyumlu hale getirmek icin fonksiyonlastirilabilir. Ayrica
SPION’lara kanseri hedefleyen antibadi ve peptit gibi ajanlar eklenerek 6zginlik ve
hassasiyeti arttirmak igin pek ¢ok caba sarfedilmektedir. Gegtigimiz yillarda metal
icerikli ilaglar gosterdikleri biyolojik ve farmakolojik 6zelliklerden dolayr antikanser

ajan1 olarak dikkatleri ¢ekmistir. Kullanilmakta olan sisplatin gibi kemoterapi



ilaglarinin toksisitesini ortadan kaldirmak ve daha hassas tedavi saglamak igin
biyomolekiillerle potansiyel ajanlar arasindaki etkilesimlerin anlasilmasi, Yyeni
antikanser ilaglarinin dizayni i¢in 6énemlidir. Bu tez ¢alismasinda, prolince zengin
peptit amfifillerle kaplanmis SPIONIlarin MRI ile tiimor goriintiilemede negatif zithik
ajani olarak kullanilabilirligi arastirilmistir. Suda ¢oziintirligt saglamak ve kanseri
hedeflemek i¢in pozitif yiiklii K ve LPPR amino asit sekanslari peptit amfifiller
tizerinde sunulmustur. PA fonksiyonlastirmas:1 suda ¢ozlnebilir hibrit bir sistem
saglamistir. PA kaplamasmin biyouyumlulugu ve hilcreye alimi arttirdigi
bulunmustur. Bu hibrit system, kimyasal yolla indiiklenmis meme kanseri modelindeki
timorin MR ile gorintilemede zithg: arttirmaktadir. Ayrica in vivo deneyler ve
histolojik incelemeler nanopargacilarin biyolojk dagilimlarini ve biyoatilim profilerini
ortaya cikarmistir. Bu SPION/PA sistemi potansiyel olarak MRI ile kanser teshisinde
negatif zithk ajanmi olarak kullanilabilir. Ayrica, kanser tedavisinde kullanilabilecek
metal bazli molekiller ile sigir timus DNA’st veya insan serum albumin (HSA)
arasindaki etkilelesimler, baglanma modlar, ilgiler ve 1ilgili molekiillerin
biyomakromolekiillerin yapist tizerindeki etkileri spektroskopik ve kalorimetrik
metotlarla ortaya ¢ikarilmistir. Benzer yapilar benzer baglanma karakteri gosterse de
her molekil DNA veya HSA ile farkli bir iligkiye sahiptir. Bu sonuglar DNA’y1
hedefleyen ve HSA tarafindan tasinan metal yada yari metal igerikli antikanser

ajanlarinin gelistirilmesi igin umut vaadetmektedir.

Anahtar kelimeler: Manyetik Rezonans Gorintuleme, Slperparamanyetik Demir

Oksit Nanopargaciklar, Biyomakromolekil, Metal iyonlari.
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Chapter 1

INTRODUCTION



1.1 Cancer

Cancer is a complex disease characterized by the uncontrolled tissue growth and
abnormal cell spreading. The accumulation of spontaneous or inherited genetic
mutations! and several molecular alterations are the main reasons of cancer?. Other
factors that result in cancer are external factors, such as tobacco® or excessive sun
exposure* °, infectious organisms such as human papillomavirus & 7, hepatitis B and
C virus®, human immunodeficiency virus, or Helicobacter pylori'®, unhealthy diet'?,
obesity*?, physical inactivity'®, as well as internal factors, such as hormones**, and
immune conditions® °. Generally, the presence of one or more of these factors results

in a detectable cancer within ten or more years.

In the US, cancer is the second most common disease'®. It is reported that
approximately 14.5 million cancer patients survived until 2014 and it is expected that
this value will increase nearly 1.6 million in 2015%". On the other hand, there is a
significant increase in the incidence of cancer cases in our country. Each year
thousands of cancer cases are diagnosed in Turkey and the most commonly diagnosed
cancer type is the lung cancer among men, while breast cancer is the most frequent
cancer type among women according to the results of the Ministry of Health of

Turkey®.

Although screening offers an opportunity for the diagnosis of cancer in early stages, it
is not enough to provide extensive treatment and better outcomes. The early prognosis
and treatment of cancer, before symptoms appear, remain poor with current imaging
and therapeutic modalities in oncology clinic. Unfortunately, more than half of cancer

patients have metastasized cancer cells that invade other organs of the body when



cancer is detected, which reduce the effectiveness of treatment and increase mortality

rate for cancer of the breast, colon, rectum, cervix, and lung®®.

Some of the cancer biomarkers alter their expressions according to biological
conditions. They are genes, microRNAs?°, proteins, lipids, carbohydrates, and small
metabolite molecules®®. They can be used as early cancer indicators which are often
over-expressed in tumor cells rather than healthy cells such as gastrin-releasing peptide
receptor for breast, colon, lung, and especially prostate cancer?!, L-ferritin receptors
for breast cancer??, KIT protein for gastrointestinal stromal tumors®, MMR enzyme
loss for Lynch syndrome which is associated with malignant colon®*, rectum,
endometrium, stomach and small bowel cancer?, prostate-specific membrane antigen
for prostate cancer, and VEGF/VEGFRs for tumor angiogenesis®. By using these
biomarkers as targets, not only could we predict tumor characteristics such as
metastasis, hormone dependence, induction of angiogenesis, but also it could facilitate
decision making for diagnosis and treatment of cancer accurately. As an example,
Neurophilin-1 (NRP-1) is a transmembrane glycoprotein co-receptor of vascular
endothelial growth factor (VEGF) and is highly expressed in cancer cells to promote
angiogenesis of tumor tissue. Depending on this molecular mechanism, human
monoclonal anti-NRP-1 antibody MNRP1685A was developed for the treatment of
advanced solid tumors and further modification was done by combining anticancer

drugs such as bevacizumab and paclitaxel to increase efficiency of therapy?® 7.

In addition to early diagnosis of cancer, we also need to improve quality of the life of
cancer survivors with further advancements in diagnosis and subsequently monitoring

tumor progression, metastasis, and then effectiveness of the therapy with high



specificity?. Also, in order to develop novel imaging agents and new anticancer
agents, the exact mechanism of action of these agents and their effects in biological

systems need to be investigated.
1.1.1 Cancer Diagnosis and Therapy

Multidisciplinary approaches have led to biomedical imaging modalities which are not
only highly sensitive, but also have good resolution properties. These techniques have
assisted us in understanding the biological phenomena and diagnose several diseases
over the last few decades. Currently, detection of diseases are based on several
chemical or biological clinical tests, histopathological analysis of tissue specimen, as
well as imaging techniques. In order to detect tumor at early stage, managing disease
course in patients, and decrease mortality rate of cancer patients, diagnostic screening

methods and cancer therapy agents should urgently be improved.

Imaging techniques are important for the diagnosis of cancer in early stages. They can
be used for presenting accurate location of cancer cells, tumor morphology and cancer
metabolism?®. As imaging modalities, Positron emission tomography (PET), single-
photon emission computed tomography (SPECT), computed tomography (CT),
ultrasound (US), optical fluorescence imaging, and magnetic resonance imaging
(MRI) are widely used. Their potential benefits and drawbacks are illustrated in Figure

1.1.

PET and SPECT are nuclear imaging methods which give information about the
functional processes and metabolic activity, based on the used biologically active
material. These conventional imaging techniques differ in terms of sensitivity, spatial

resolution, used radioactive contrast agents and cost?.



CT uses X-ray for the detection of different tissues. Even though CT is non-invasive
and has high resolution, radiation exposure during clinical examination may result in
dangerous outcomes, such as induction of cancer®. Recent developments in
nanotechnology lead to new alternative materials that perform better than aromatic
iodinated contrast agents, such as gold nanorods, fullerenes and carbon nanotubes
which can be functionalized by conjugation with several targeting agents in order to

increase retention rate and tissue specific accumulation®..

Besides being an inexpensive and flexible imaging modality, US has widespread use
for several applications. With the advances in technology, 3D imaging systems have
been produced to get higher diagnostic accuracy of pathology®2. Microbubbles have
been used to increase sensitivity of US imaging. For selective assessment and
treatment of inflammation®®, ischemia—reperfusion injury, angiogenesis, and
thrombosis, these microbubbles have been modified by a variety of targeting ligands
and combined with drugs®* over the last ten years. Furthermore, contrast-enhanced US
method is capable of detecting early tumor angiogenesis by using microbubbles

functionalized with echistatin®.



Figure 1.1 Medical imaging techniques.

Optical or fluorescence imaging is based on photon detection by a charge-coupled
device (CCD) camera. It is used for visualization of fluorescently labeled specific cells
in vitro and in vivo. There are advantages and disadvantages of fluorescence imaging
technique. It is relatively cost effective, portable and provides real time imaging. On
the other hand, autofluorescence and limited light penetration depth may be
problematic when you need high spatial sampling of photons propagating through
animal tissues®. The most commonly used florophores are polymethines-organic dyes
suh as Cy5.5, Cy7*" and indocyanine green which is FDA approved for clinical use3.
Activatable fluorescent probes which do not emit light as unbound but give

fluorescence by enzymatic activation if bound to its target inside the cell have newly



emerged®, It is possible to detect tumor early with highly sensitive fluorochromes that
conjugate to overexpressed growth factor receptors on the cancer cells. For example,
tumor specific fluorescence imaging was demonstrated in an ovarian cancer patient
through the folate conjugated FITC in a plot study*°. For the diagnosis of breast cancer,
Pham W. et al. synthesized Cy7 conjugated with AREPPTRTFAYWG peptide
sequence that provides uMUC-1 antigen specific binding of the dye*. With the
advances in nanotechnology new materials have been evaluated for in vivo molecular
cancer imaging applications such as dye-containing silica or lipoprotein or calcium
phosphate nanoparticles, quantum dots (QDs), inorganic fluorescent semiconductor

nanocrystals, upconversion nanoparticles, Au nanoclusters and Ag nanoclusters?®.

Radiology is accepted as “gold standard” for understanding the effectiveness of
treatment and response of body to the applied treatment?3. Up to now, the most widely
used clinical and preclinical radiology imaging technique to detect physiological
processes, anatomical details and disease state is MRI. The main reasons for the
superiority of MRI are high spatial resolution at submillimeter scale, high contrast
between soft tissues, being a noninvasive method and the absence of ionizing radiation
during imaging. There are several parameters that affect signal intensity and distinct
contrast in MR imaging. Some of them are proton relaxation rates, water proton
densities, tumbling rates or time, field strength, acquisition sequence*!, accessibility
of water to the agent, electron spin state, MR frequency and (super)paramagnetism of
the contrast agent*?. These physicochemical mechanisms can be used to produce

responsive contrast agents as well*? (Figure 1.2).



Classically, the principle behind MRI can be explained as alignment of protons of
water molecules in the presence of an external magnetic field (Bo). Longitudinal
magnetization is the alignment of proton nuclear spins in the same direction of Bowhen

radiofrequency (RF) pulse is applied.

In contrast, transverse magnetization occurs when the proton nuclear spins are aligned
antiparallel with Bo. During transverse magnetization, longitudinal magnetization is
reduced. Under a magnetic field, nuclear spin transition is called “spin flip” and its

guantum state is expressed with the following formula:
o = yBo

where oo is Larmor frequency, y is gyromagetic ratio*,
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Figure 1.2 Schematic illustration of physicochemical mechanisms to alter MRI

C

contrast. Reproduced by permission of Wiley*2.

After removal of the RF pulse, the excited water protons relax to the ground state by
emitting the energy gained from the RF pulse. There are two different relaxation

processes. Longitudinal (spin-lattice) relaxation which is known as T1, derives from



the longitudinal magnetization recovery. On the other hand, reduction of transverse
magnetization resulting from the loss of phase coherence and dephasing between the
proton nuclear spins produces transverse (spin-spin) relaxation known as T2 (Figure
1.3). Upon reconstruction of these signals with Fourier transform, gray scale images
are obtained. Thus, images are sorted into two groups: T1-weighted images and T2-
weighted images. The inverse of relaxations is called as relaxation rate “R1 or R2” (s
1. A brighter contrast is obtained if T1 relaxation rate (R1) is faster. Darker contrast
is observed in the presence of a faster T2 relaxation rate (R2)*.
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Figure 1.3 Schematic illustration of relaxations of magnetic particles.

MRI gives more reliable results for clinicians in the diagnosis diseases related to
invasion of structures when compare to CT and US #*. If the contrast between diseased
region and the healthy region is uncertain, it is sometimes very hard to detect the region
of interest (RO1)*. Although low expression levels of some biomarkers and relatively
low sensitivity (for example, false-positive rate of 10% for breast cancer, limited
detection of small tumors or subtle anatomical changes*) of MRI limit its application

in diagnosis of some of pathologies, using contrast agents can overcome these



limitations. The basic function of contrast agents is to accelerate magnetic relaxation
to create much more contrast in RIO, which gives opportunity for discrimination
between the pathological lesions and the healthy tissues. In 2010, approximately 35%
of all clinical MRI in the USA was performed with the help of contrast agents*. There
are two types of contrast agents: positive contrast agents result in brighter images,
while negative contrast agents produce a darker image. Although they have strong
contrast enhancement effects, their tissue specificity and selectivity need to be

improved.

Contrast agents that are designed to enhance MRI signal comprise various materials,
such as metals (gold, silver, and cobalt) and metal oxides (Fe3Os, TiOz, and SiO2)*.
Generally, T1 contrast agents demonstrate paramagnetic properties. The inorganic
materials that have been applied clinically are mainly gadolinium (Gd**) chelates
which have unpaired electrons, a large magnetic moment and relaxivity (r1 and r»)
values around 4-6 mM-s* 4 Food and drug administration (FDA) and European
agencies have approved Gd based contrast agents for clinical use*. In 1988, the first
approved contrast agent was GADTPA (gadopentetate dimeglumine, Magnevist®) for
imaging of pathologies in liver and gastrointestinal system*°. For a standard MRI scan,
the minimum concentration of positive contrast agent is approximately 10 to 500 uM,
depending on the imaging system properties*?. It is known that free Gd is very toxic.
The exchange of Gd with other metal species, called transmetallation, and chelate
dissociation due to the protonation of the ligands at acidic environment are the main
factors for adverse effects of Gd chelates in the body®°. The determined lethal dosage
for mouse is 0.2 mmol kgt Gd*. It causes well-known toxicity observed as

nephrogenic systemic fibrosis, which is a serious syndrome, on human patients with
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severe kidney failure. Rui et al. investigated toxicity of several T1 contrast agents
using a mouse model. They observed that Gd accumulates in the liver, spleen, and
especially kidneys*. In vivo studies also showed deposition of Gd in bone*. In a study
performed by Kanazawa et al. commercially available gadolinium-diethylenetriamine
pentaacetic acid (GADTPA BMA, Omniscan®), was administered intravenously to the
patients with bladder cancer. They reported that use of this T1 contrast agent gives
opportunity for quantification and discrimination of bladder tumors and the normal
bladder wall®*. Gd based nanoparticles with minimum toxicity and prolonged
circulation time have been evaluated after surface modifications by scientists. Li et al.
reported potassium/gadolinium iron hexacyanoferrate nanoparticles can be used as
positive MRI contrast agents and measured a relaxivity of 12.3 mM s, Under
infrared (IR) radiation, these nanoparticles convert IR energy to thermal energy which

gives opportunity for cancer therapy®2.

Due to their high magnetization properties, MnO containing materials have also been
tested as T1 contrast agents. When compared to Gd(111) chelates, MnO contrast agents
have more contrast enhancement potential in MRI. However their high toxicity often
diminishes their clinical application. Potential severe effects of MnO have been studied
by several researchers in vitro and in vivo % 5355, Chen et al. modified the surface of
MnO nanoparticles with N-(trimethoxysilylpropyl) ethylene diamine triacetic acid
(TETT) silane which increases water solubility and biocompatibility. In order to
achieve glioma specific binding, these nanoparticle were further decorated with folic
acid, which showed that these nanoparticles can be used for glioma diagnosis by
MRI®, In another study, manganese oxide (MnO) nanocrystals with the size of 15-20

nm were incorporated into a pH sensitive polymer. This material generates bright
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contrast when taken by low pH compartments in the cell such as lysosome®’. Huang et
al. synthesized and characterized a new T1 contrast agent for brain tumor imaging
which was coated with HSA that provides long term stability and monodispersity of
MnO nanoparticles in biological media. Unlike phospholipid-coated MnO
nanoparticles (0.21 s*'mM?), this modification does not cause a significant reduction

in the relaxivity of material®®.

For T2 weighted sequences, superparamagnetic iron oxide nanoparticles (SPION)
have been clinically applied. Very small and single domain ferromagnetic particles
demonstrate superparamagnetism where the energy barriers are relatively low with
respect to thermal energy, and therefore the magnetization occurs with thermal
excitations. In other words, superparamagnetic materials can be magnetized as soon as
an external magnetic field is applied and their average magnetization is zero without a

magnetic field like paramagnetic material but their magnetic susceptibility is larger

than paramagnetic materials (Figure 1.4).
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Figure 1.4 Schematic illustration of hysteresis loop of superparamagnetic materials.

There are two sources for SPIONs: one of them is magnetite (FesOs), other is

maghemite (y-Fe204)%®°. They have characteristically monocrystalline structure.
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SPIONSs with different coating agents and hydrodynamic sizes (ranging from 5 nm to
3500 nm) have been approved®® as T2 contrast agents by the FDA or are in clinical
development®!. Some of the commercial ones are called Feridex = Endorem, Clariscan,

Resovist = Cliavist, Sinerem and Abdoscan®.

In clinical study, researchers investigated MRI contrast enhancement of Resovist®,
which is a reticuloendothelial system (RES) specific dextran coated SPION, with 1.5-
T MR scanner. For liver lesions larger than 2 cm, these nanoparticles could be used

for detection accurately (95.2%)°.

Yang et al. synthesized PEG coated SPIONs and functionalized with folate as tumor
targeting ligand. They reported that these nanoparticles selectively accumulates in
cancer cells both in vitro and in vivo. MRI of a mouse model revealed that the dark
contrast generated from folate conjugated PEG coated SPIONSs is significantly high at
the tumor site rather than healthy tissue®®. As an alternative strategy, hydrophobic
SPIONs with 9.9 nm diameter were encapsulated into polymeric micelles and were
functionalized with the attachment of RGD peptide for tumor a3 integrin imaging by

MRI%,

In the literature, there are several studies about SPIONs prepared with different sizes
and compositions by using different strategies and comparison of their contrast effects
in MRI%5%7. Combination of Co and Mn with iron oxide nanoparticles (CoFe204 and
MnFe;QO4) also leads to more prominent T2 contrast enhancement. However, there are
some considerations about the toxicity of these nanoparticles due to the production of
free metal ions that may result in dangerous outcomes in nervous system®. Though

iron oxide nanoparticles are typically considered negative contrast agents, SPIONs
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with mean size of 5 nm or less demonstrate T1 MRI contrast effects. Some groups
have developed hybrid systems by combining polymers and SPIONSs to obtain dual

T1/T2 responsive probe for tumor detection®-"?,

SPIONSs can be used for imaging of apoptosis, angiogenesis, -amyloid accumulation,
inflammation and gene expression via MRI2. On the other hand, biological
applications of SPIONSs are not restricted to MRI contrast enhancement. SPIONSs can
be used for tissue repair, immunoassay, detoxification of biological fluids,

hyperthermia, drug delivery”, and cell separation purposes as well ",

Although SPIONs have several advantages such as biocompatibility and long blood
circulation time, we have to take disturbance in iron homeostasis, oxidative stress, and

altered cellular responses into consideration in clinical use”®.

Thanks to the improvements in synthesis methodologies, there are important
developments in the preparation of high quality magnetic nanoparticles. Synthesis
methods of magnetic nanoparticles can be categorized into four groups: co-
precipitation, thermal decomposition, microemulsion, and hydrothermal synthesis
techniques. By using these methods, nanoparticles with different compositions and
phases can be synthesized such as iron oxides, pure metals, alloys and ferromagnets.
During nanoparticle production, the main purpose is to obtain highly stable,

monodisperse, uniform, as well as size and shape controlled magnetic nanoparticles™.

Co-precipitation is one of the most common method for magnetic materials’ synthesis,
especially iron oxides. This process occurs under elevated temperatures or room
temperature in the presence of base and inert atmosphere’®. The physicochemical

properties of the final products such as composition and size are mostly determined by
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the content of the initially used salts, and the chemical properties of precipitation
medium’’. Although this method is very simple and fast, the nanoparticles synthesized

with co-precipitation technique are very polydisperse.

The best and most common method for the synthesis of size and shape controlled
magnetic nanoparticles is thermal decomposition technique which is performed at high
temperatures (ranging from 240 to 320 °C) and needs organic solvents with stabilizing
surfactants. Generally, metal acetylacetonates, metal cupferronates and carbonyls are
used as precursors. Surfactants used as stabilizing agent include hexadecylamine, oleic
acid or fatty acids such as decanoic acid, lauric acid, myristic acid, palmitic acid, oleic
acid and stearic acid’®. By changing the ratio of these two materials and hydrocarbon
solvents, size, shape and composition of the product can be modified”. Nanoparticles
with very narrow size distribution and very small size can be synthesized by this
method. However, it is a little bit more complicated and time consuming technique
than other methods. Nanoparticles synthesized with thermal decomposition method
are generally not water soluble, thus they need a surface capping agent such as
poly(ethylene glycol) (PEG) or dextran for biomedical applications. It is also
noteworthy that water soluble nanoparticles can be obtained with this method if
monocarboxyl-terminated PEG™ or R,w-dicarboxyl-terminated PEG are used as

surface capping agent®.

Microemulsion method is also used to prepare magnetic nanoparticles at ambient
conditions. This method depends on stabilization of two different thermodynamically
stable isotropic dispersion of immiscible liquids by an interfacial film of surfactant

molecules®!. The most important disadvantage of microemulsion method is that
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generally controlling shape, size and dispersity is very hard. Moreover, it is not an
efficient method for magnetic nanoparticle synthesis, because you have to use large

amounts of solvents for a little amount of product.

Another method for magnetic nanoparticle synthesis is hydrothermal method.
Although this synthesis method is simple, high temperature (above 200 °C) and
pressure conditions (higher than 2000 psi) are required for the production of size and
morphology controlled materials®’. Basic mechanism behind the hydrothermal method
is the separation and phase transfer at the interfaces of the liquid, solid, and solution
phases. However the detail of mechanism of hydrothermal method is unclear. In order
to get monodispersed and uniform metal and metal oxide nanoparticles, a mixture of

high-boiling-point reducing agent, electrostatic stabilizer and surfactant are required.

Nanoparticles obtained by methods mentioned before are generally unstable under
physiological conditions. Therefore, they are stabilized with biocompatible materials
which are monomeric stabilizers such as carboxylates or phosphates, inorganic
materials such as gold and silica, or polymers such as dextran, PEG, polyvinyl alcohol
(PVA), poly(D,L-lactide-coglycolide (PDL)®%!, alginate, starch or chitosan® to prevent
agglomeration or precipitation, and to improve colloidal stability in biological media.
Up to now, the most powerful and common coating agent has been dextran, which is
found on the surface of some FDA approved contrast agents for MRI®2. In vitro and
in vivo investigations revealed that dextran coating decreases toxicity of nanoparticles
and it is biodegradable and improves their blood distribution profile®. Furthermore;
dextran coated SPIONs give opportunity for attachment of targeting moieties on the

surface of agent due to the tunable surface chemistry.
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As an alternative to covalent attachment methods for surface coating of nanoparticles,
hydrophobic interactions between alkyl chains of peptide amphiphile (PA) and lauric
acid or laurylamine or octyl groups on the surface of nanoparticles can be used for the
functionalization purposes®* 8. PAs are molecules containing a hydrophobic tail
(usually double-chain lipids or single chain fatty acids) and a hydrophilic biologically
active peptide headgroup (capable of mimicking functions of several biomolecules
such as receptors) which are conjugated through a spacer®®. Above the critical micelle
concentration, PAs form soluble micelles. Incorporating a variety of targeting amino
acid sequences to the PA micelles allows not only targeting but also imaging of several

diseases like cancer®’ 88,

Recently, significant progress has been made on the development of unique contrast
agents with tumor targeting properties. These designs are generally based on
conjugation of contrast agent with tumor specific ligands such as DNA, siRNA,
aptamers, small molecules, peptides, proteins and antibodies® which are capable of
binding selectively to cancer biomarkers or receptors for not only tumor targeted
imaging but also non-invasive monitoring of molecular processes, and targeted drug
delivery®. For instance, cyclic(RGDyK)-4-methylcatechol labeled monodispersed
FesO4 nanoparticles were used as integrin targeted T2 contrast agents and these
ultrasmall nanoparticles have 60 mM™s more relaxivity value than clinically used
Feridex® nanoparticles®. Radermacher et al. designed a new SPION agent coated
with PEG and functionalized with TLVSSL peptide sequence, which is called
phosphatidylserine-targeted hexapeptide. This new contrast agent was tested in terms

of necrotic tissue targeting after cancer treatment in an animal liver tumor model.
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When compared to non-targeted nanoparticles, coupling of targeting ligand to the

SPION induced a 3-fold higher accumulation in tumor site®:,

Actually, the effective diagnosis and treatment of solid tumors depend on true
understanding of cancer targeting for proper material design®. The well-known
differences between tumor and healthy tissue are leaky blood vessels (due to the
disordered tight junctions®®) and impaired lymphatic system of the tumor tissue,
namely enhanced permeability and retention (EPR) effect which could be used for
accumulation of particles and drugs via active or passive targeting strategies (Figure
1.5). Size and shape are the most important factors for nonspecific accumulation of
particles. Additionally, increasing blood concentration of a material enhances passive
tumor targeting chance by preventing aggregation, precipitation and serum protein
binding of nanoparticles. On the other hand, active targeting is achieved by coating of
surfaces with tumor specific binding ligands. Chemical and physical properties of

nanoparticles affect their uptake and interactions with biological substances as well®.

In one study, scientists compared the effect of size, coating and addition of a targeting
ligand on the tumor accumulation of iron oxide nanoparticles in vitro and in vivo®.
According to their observations, 30 nm nanoparticles accumulate more than particles
with 100 nm size. Coating of nanoparticles with PEG did not result in significant
differences between in vitro and in vivo uptake of nanoparticles. Furthermore, in vivo
imaging of mice tumor tissue has been achieved by a monovalent Fab’ fragment of
Tmab (FDA approved monoclonal antibody for breast cancer targeting) moiety
coupled to iron oxide nanoparticles. Antibody targeted nanoparticles with smaller size

have greater tumor concentration than passively targeted nanoparticles because of high
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washing out rate of nonspecific particles from neoplastic tissues. Several studies have
explored that upon intravenous administration, materials with a molecular weight
above the renal threshold (40 kDa) and diameter ranging from 10 to 150-200 nm tend

to accumulate preferentially in tumor®2,
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Figure 1.5 Active and passive targeting strategies. Reprinted from reference [89] with

permission®.

Currently used cancer management methods are surgery, radiation, chemotherapy,

endocrinotherapy, immune therapy, and molecular targeted therapy. However, these
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methods have limited advantages due to the poor effectiveness especially for

metastatic disease with acquired resistance at late stage.

Nowadays, one important class of potential therapeutics are peptides that have high
specificity and low toxicity for the treatment of diseases, which depend on
angiogenesis. In the last decade, several promising amino acid sequences have been
identified for the inhibition of cancer progression through preventing vessel formation.
The advantages of peptides for cancer targeting are their small size which leads to
good tissue penetration, functionalization capability which gives opportunity for
encapsulation or surface coating of nanoparticles, and being a component of

combination therapies®.

Actually, inorganic chemistry in medicine can be categorized into two different
approaches: one of them utilizes ligands (metal ions in different forms; either free or
bound to a biomacromolecule such as protein) as drugs, other uses metals as imaging

agents previously discussed in detail®®.

Herein, inorganic chemotherapeutics used in cancer treatment will be discussed in
detail. The main mechanism of conventional cancer drugs is eliminating malignant
cells without considering the presence of healthy cells in the environment. Although
they usually manage their duty efficiently, their precision is insufficient and they have
several adverse side effects such as nephrotoxicity”’, ototoxicity, and allergy®.
Research on chemotherapeutics for cancer is important for designing novel anti-cancer
drugs against tumors to overcome the toxicity of these drugs and achieve more

precision.
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Over the past decade, metal based drugs have attracted attention because of their
biological and pharmaceutical properties as anticancer agents. Metallopharmaceuticals
such as BBR3464, satraplatin and picoplatin contain platinum (Pt), which binds to
DNA and interferes with its normal function, halting DNA replication, and thereby
leading to cell death. The most commonly used Pt containing potent anticancer drugs
are cisplatin, carboplatin, oxaliplatin and KP1537. However acquired resistance after
repeated administrations limits their medical use®®. By mimicking superoxide
dismutase (SOD) enzyme, Mn chelates can be used for cancer therapy. NAMI-A and
KP1339, which are chemotherapeutic agents, include ruthenium (Ru) compound.
Besides having strong complex forming ability with various ligands®, greater
resistance to hydrolysis provide advantages to Ru compounds as anticancer drugs®®.
Other examples of use of inorganic compounds are Arsenix trioxide, namely
Trisenox® for the treatment of acute promyelocytic leukaemia, gallium (KP46) for

melanoma!®?, and lanthanum (KP772) for multi-drug resistant cancer?,

Several researchers have investigated the use of new metal (iron, copper, cobalt, zinc,
cadmium and mercury) compounds for their antineoplastic potential®'%. One
interesting study demonstrated that successful Gd neutron capture therapy was
achieved by incorporation of Gd(l11) chelates into calcium phosphate micelles without
therapeutic drugs. This finding is important because this system can effectively
accumulate in tumor tissue and disrupted cancer cells through y-rays or electron
emission from the Gd nuclides. Furthermore, being an MRI guided cancer targeting
system facilitates imaging of tumor lesions and minimizing toxicity on healthy

tissuel®®,
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He et al. reported the anticancer properties of a gold(I11) porphyrin complex (Au-1a)
loaded microporous silica nanoparticles (MSN) denoted with RGD peptide which
binds integrins overexpressed on cancer cells'®. Cancer cell specific uptake of these
nanoparticles by various cell lines and in vitro selective induction of apoptosis by gold
encapsulated silica nanoparticles in a co-culture model were demonstrated (Figure
1.6). Time dependent and dose dependent accumulation of this silica-gold drug
delivery system in cancer cells revealed the importance of targeting ligand for efficient

therapy.
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Figure 1.6 Cellular uptake and specificity of Au-1la@MSN(R). a) Cytotoxicity of gold

nanoparticles on different cell lines. b) Quantification of cellular uptake of

nanoparticles in L02 normal human liver cells and A549 lung carcinoma cell lines. c)

TUNEL-Hoechst 33342 co-staining of A549/L.02 co-culture cells after treatment with

gold nanoparticles. d) Quantification of time dependent cellular uptake of

nanoparticles. e) Dose-dependent effects of RGD peptide on the cellular uptake of Au-

1a@MSN(R). Reproduced by permission of Wiley®,
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1.1.2 Importance of Material - Biomacromolecule Interactions

Conventional cancer treatment is based on chemotherapy and radiotherapy. The
discovery and characterization of new drug candidates have received a great deal of
attention''? to improve the quality of life of patients for those undergoing treatments.
Up to now, although several different kinds of materials have been developed in order
to increase effectiveness of cancer treatment, we still need to improve capabilities of
these materials?®. Significant improvements in both cancer diagnosis and treatment can
be achieved through detailed understanding of the interactions between materials and
biomolecules which provides important information about the effects of material on
the target of interest in terms of thermodynamic and Kinetic property changes toward
biological molecules such as receptors and deoxyribonucleic acid (DNA), the

metabolic fate in blood and pharmacological activity of material.

One of the most important application of inorganic compounds in medicine is cancer
chemotherapy. There are extensive studies focusing on use and increasing
effectiveness of these metal based antitumor drugs with fewer side effects. The
detailed examination of the chemistry of the material, as well as the kinetics and
affinity of material's interaction with its potential tumor related molecular targets can

yield important insights into material design®.

Currently used chemotherapeutic agents generally demonstrate their function through
DNA damage by binding to DNA and thereby inhibiting replication and transcription
processes. For example; DNA is accepted to be the cellular target of a well-known and
commonly used anticancer drug: cisplatin. The intercalation, groove binding and

covalent binding are the main binding modes for an association between an agent and
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DNA!L, The extensive understanding of binding modes is important to assess the
biological consequences of these DNA adducts. In literature, enormous efforts have
been done to determine physical interaction of a compound with DNA by using several

spectroscopic, calorimetric and molecular modeling methods*1%4,

On the other hand, analyses of interaction between inorganic compounds with serum
proteins are crucial to understand fate of them in blood stream and their
pharmacokinetic behavior. Although efficient transfer of an agent to the target often
requires serum protein binding as a drug delivery system, unwanted or random protein-
metal ion interactions may result in toxicity. Human serum albumin (HSA) binding
contributes significantly to the discovery of novel potential materials because it is
capable of transporting various kinds of materials such as drugs'!®, metabolites,
endogenous ligands, and metal ions*® 7. HSA is a globular protein structurally
dominated by a-helices. It has three homologous domains (I, 11 and I1l) and each
contain two separate subdomains (A and B)'*8. Although they are very similar in terms
of their structures, these domains demonstrate different binding properties. Most HSA-
binding drugs bind to the 1IA and I1IA domains, while metals utilize other binding
sites; such as sites A and B, N-terminal binding sites, the Cys34 binding site and
others™®. In the presence of external small molecules, proteins undergo modifications
in their secondary structure, which may affect their stability and binding properties*?°.
Thanks to the physical and biophysical characterization techniques, it is possible to
determine binding sites of several potential inorganic drug candidates and enhance
cytotoxicity of compounds in cancer cells''® 121, Thus, HSA based carriers, hybrid
systems and metal based drugs could be designed and developed rationally for

biomedical applications.
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Chapter 2

BIOACTIVE PEPTIDE AMPHIPHILE FUNCTIONALIZED
SUPERPARAMAGNETIC IRON OXIDE NANOPARTICLES

(SPIONs) FOR IN VIVO TUMOR IMAGIG

26



2.1 INTRODUCTION

Breast cancer is the second most commonly diagnosed cancer type among women
worldwide. According to the estimation from the National Cancer Institute, about
232,670 new cases were diagnosed in 2014, with 40,000 associated deaths due to the
breast cancer in the USY’. Mortality rate from breast cancer has been increasing each
year all over the world. Breast cancer risk is two times higher if a woman has one or
more affected first degree relatives diagnosed with breast cancer due to the inherited
mutations in cancer susceptibility genes such as BRCA1 and BRCA2'??, Aging is

another factor for the development of breast cancer as well*?3,

Over recent years, enormous studies have focused on different diagnostic and
therapeutic approaches to cancer. The most promising strategy has been based on
tumor targeting with overexpressed specific receptors. The conjugation of these
targeting molecules with contrast agents or drugs improves the selective uptake by
tumor cells*?*, Judah Folkman proposed anti-angiogenic therapy in 19715, Although
angiogenesis is a physiological process by which new blood vessels are formed, it is
also crucial for the tumor growth and metastatic spread of cancer cells by supplying
nutrients and oxygen, as well as removing waste products?®. The role of angiogenesis
in supporting solid tumor growth is well documented. Most tumor endothelial cells
produce high levels of VEGF, and VEGF receptors (VEGFRSs). VEGF expression is
up-regulated in response to hypoxia and often increases in regions of necrotic tumor.
Neuropilin-1 (NRP-1) is a co-receptor for VEGF and its expression mediates
angiogenesis and invasion'?” of several tumor cells, such as breast, prostate,
neuroblastomas, astrocytomas, lung, pancreas, bile duct, gastric, colon cancers and

melanoma cells'?® 12 Each breast carcinoma cell has nearly 1-2 x 10° NRP-1
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molecules on its surface. There is a strong affinity between NRP-1 and VEGF165 but
not VEGF121, because the NRP-1 binding site in VEGF165 is encoded by VEGF exon

7, which is absent in VEGF121%7,

Recently, the short peptide sequence ATWLPPR, was identified by Starzec et al.
through peptide libraries displayed on bacteriophage!®. This peptide prevents the
binding of VEGF165 to NRP-1 which plays role as an anti-angiogenic and anticancer
agent. Positive MRI contrast enhancement of a multifunctional nanoparticle including
silica nanoparticles with gadolinium chelate and ATWLPPR peptide as tumor
targeting ligand was tested in a rat intracranial U87 glioblastoma model*®!. The
intratumoral retention of ATWLPPR-targeted nanoparticles was higher than the non-
targeted nanoparticles which demonstrates tumor cell selectivity of this peptide sequence. It
has reported that the shortest amino acid sequence interacting with NRP-1 coreceptor
is LPPR. In this study, | used LPPR as an antiangiogenic tumor vascularate targeting
peptide to hinder the interaction between VEGF and NRP-1 required for angiogenesis

of cancer tissue.

Breast exam and mammography are often used to detect breast cancer at an early stage.
Although mammography can detect tumor and contribute to treatment of patients, this
technique is insufficient if patient is young or has dense breast tissue. MRI is a
powerful medical imaging modality for high resolution visualization of the cancer non-
invasively. Tissue anatomic structures can be monitored through the detection of
magnetization of water protons in the presence of a strong magnetic field. Normal and
pathological tissues may have different intrinsic relaxation times depending on their

physiological environment, specific contrast can be observed between the site of
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interest and the surrounding regions at advanced stages of disease’*2. The sensitivity
of MRI can be greatly enhanced by using contrast agents such as SPIONs which
increase the signal-to-noise ratio. SPIONSs are already used in clinic as contrast agents
in MRI (Feridex®, Endorem®, Gastromark®, Sinerem®) for the diagnosis of liver or

lymph node pathologies and diseases of the bowel wall or mesentery.

Recent advances in the development of surface modified nanoparticles have increased
use of MRI for cancer diagnosis®®. Several groups have reported that tumor specific
MRI T2 imaging agents are biocompatible, biodegradable and have long blood
circulation time, which provide high accumulation in the tumor tissue!3* 1%, As
contrast agents, iron oxide nanoparticles which are known to be strong enhancers of
proton spin—spin relaxation, provide several opportunities in the accurate diagnosis of
cancer'®, The size and coating of nanoparticles strongly influence their contrast
enhancement and tumor targeting properties. There are currently several efforts under
way to reduce hydrophobic interactions between SPIONSs and biological molecules by
coating the surface of nanoparticles with different synthetic and natural chemical
moieties that also give opportunity for the functionalization of nanoparticles for target
specific interaction’. Attachment of a biomarker associated with tumor metastasis
and/or progression on the surface of nanoparticles is an effective approach towards the
early detection of cancer®*® which is called active targeting. Also, nanoparticles can
passively accumulate at tumor site due to their small size as discussed in previous
chapter. For example, iron oxide nanocubes encapsulated with polyethylene glycol-
phospholipid have been shown to increase sensitivity in tumor imaging compared to

Feridex!®”. Lee and coworkers have developed branched PEI and PEG coated SPIONSs
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that are able to bind to negatively charged plasmid DNA due to the positive charge on

their surface and are detectable at the tumor site by MRI1*%,

Our group previously reported that lauric acid and laurylamine capped hydrophobic
SPIONSs can be noncovalently functionalized with peptide amphiphile (PA) molecules

through hydrophobic interactions to render them water soluble and biocompatible®.

We hypothesized that LPPR coated SPIONs could actively reach the cancerous tissue
following systemic administration in vivo. On the other hand, K-PA coated SPIONs
without a tumor targeting moiety were used as a control. We further hypothesized that
the MRI negative contrast enhancement of PA functionalized SPIONs could be
utilized to monitor breast tumors noninvasively and to evaluate the effect of SPIONs
on the time course of distribution and elimination from tumor and different organs. In
this chapter, |1 demonstrated noncovalent coating of SPIONs with proline-rich PAs,
and investigated the efficiency of this superparamagnetic, water-dispersible hybrid
system in enhancing the MR imaging of tumor tissue in rats. The potentials of PA
functionalized SPIONs as an MRI contrast agent were assessed in Sprague-Dawley
rats with mammary gland tumors. In particular, the cellular viability and uptake
behavior of the SPION/PA system were investigated using different healthy and cancer
cell lines, while the biodistribution and bioelimination of the nanoparticles were

investigated by MRI and histological examination in animal tumor model.
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2.2 RESULTS and DISCUSSION

2.2.1 Synthesis and Characterization of the Nanoparticles

Thermal decomposition is an effective method for the production of iron oxide
nanoparticles with minimal variance in shape and size’®. Although the method results
in the formation of water insoluble nanoparticles and requires further modification for
the efficient dispersion in the aqueous environment, it provides higher stability and
significant control over the size and shape of the nanoparticle compared to co-
precipitation, which is another common method for nanoparticle synthesis®. Here,
iron oxide (FesOs) nanocrystals were synthesized through thermal decomposition
strategy. These nanoparticles were hydrophobic and dispersed in a non-polar organic
solvent, hexane (Figure 2.1a). The iron oxide nanoparticles, which were prepared via
thermal decomposition method, had with an average size of 4-16 nm and displayed
superparamagnetic characteristics®® and was verified by vibrating sample

magnetometer (VSM) measurements® in previous study by Guler group.

A variety of methods are available to increase the water-solubility and enhance the
dispersion stability of SPIONSs in physiological conditions, which is critical for the in
vivo applicability of nanoparticles. Principal among these methods are the ligand
addition or ligand exchange approaches!*’. In the former method, noncovalent
interactions, such as electrostatic interactions, hydrophobic interactions and hydrogen
bonding, are the major driving forces for the physical adsorption of molecules to the
surface of SPIONs. Amphiphilic macromolecular ligands and liposomes have been
used for the preparation of water-dispersible SPIO nanocomposites®®. In this study,

PA molecules were utilized in the production of SPION/PA nanocomposites to

31



improve the biocompatibility and biodegradability of the functionalized SPIONSs. In
the PA design, three main segments were used for the development of stable, well-
dispersed SPION/PA system. While alkyl tail of PA enhances the hydrophobic
interactions between alkylated surface of SPIONs and PA, the proline-rich segment (-
PPP) with its hydrogen bond breaking property improves intermolecular cohesive
interactions by avoiding nanofiber formation. Finally, charged amino acid residue is
used to solubilize the system as well as to prevent its aggregation. The PAs were
synthesized by solid phase peptide synthesis strategy (Figure 2.1b,c). SPIONs were
successively transferred into the agueous environment with the non-covalent

interaction based coating procedure.

The hydrodynamic size of SPION/PAs was determined in two different media, water
and 5% dextrose solution, hydrophobic nanoparticles with a core size of 5.3 nm were
found to have hydrodynamic sizes of 58.0 nm £ 0.7 and 58.6 nm £0.1, which are in
the range of optimal values for long circulation times in vivo'** (Figure 2.2). The
hydrodynamic sizes did not significantly change over the measured period of time for
both solutions, and they maintained their dispersion stabilities even after a week.
Nanoparticles dispersed in 5% dextrose solution exhibited smaller changes in their
hydrodynamic sizes compared to those dispersed in water, which is suitable for the
storage of these nanoparticles prior to their administration. Their zeta potentials were
also measured and found to be positively charged due to the lysine residue present in
the PA structure. Zeta potential values of SPION/K-PA were 18.3 + 1.4 mV in water
and 23.7 £ 1.7 mV in 5% dextrose solution. SPION-LPPR nanoparticles exhibited zeta
potentials of 24.8 £ 1.7 mV and 33.2 £ 1.1 mV in water and 5% dextrose solution,

respectively.
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Figure 2.1 a) Images of hydrophobic iron oxide nanoparticles in the absence and
presence of magnetic field when they are dispersed in hexane (10 mg/mL,
concentration based on the iron content) b) Chemical structures of PA molecules, K-

PA, and ¢) LPPR.
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Figure 2.2 DLS analysis to determine the dispersion stability of K-PA coated SPIONs
(A) and LPPR coated SPIONs (B) prepared in two different media as a function of

time.
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2.2.2 In vitro Cytotoxicity and Uptake Studies

The biocompatibility of PA coated SPIONs and free PAs was evaluated on vascular
endothelial cells and human breast cancer cells by using Alamar blue assay. Iron
concentrations were adjusted by measuring iron contents of the solutions using
colorimetric Prussian blue assay. PA amounts in corresponding SPION/PA solutions
were spectroscopically determined. We compared the toxicity profiles of PA and PA
coated SPIONs to understand whether they affect the viability of tumor cells
expressing high levels of NRP-1 (MCF-7) and negative for NRP-1 (MDA-MB-453)
or non-tumor cells (Figure 2.3). No significant toxicity was observed on HUVECs and
MCEF-7 cells for PA coated SPION and free LPPR exposure up to 200 pg/mL at 24 h
and 48 h. In the literature, dextran or citric acid coated nanoparticles were shown to
demonstrate higher cytotoxicity on HUVECs at nanomolar concentrations after 24 h
of exposure*?, When compared to those nanoparticles, these SPIONs are safer for
biomedical applications. On the other hand, cytotoxicity assay results also showed that
K-PA effects cell viabilities in a dose-dependent manner, especially on tumor cells
which may result from the presence of positively-charged side chains on the surfaces
of unbound PAs that may increase their interactions with the cell membrane, resulting
in membrane damage'®®. Interestingly, PA coated SPIONs showed high cytotoxicity
on non-metastatic, semi-adherent MDA-MB-453 cells, even at low concentrations.
Bachelder et al. reported that in hypoxic environment, metastatic cells increase their
survival rate by increasing expression level of VEGF and its receptor, NRP-1. On the
contrary, non-metastatic cells do not have NRP-1 and thus, they are more prone to

144

apoptosis***. The observed differences in viabilities of two breast cancer cells may be

derived from that mechanism.
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Prior to in vivo studies, the biocompatibility of the nanoparticles was further analyzed
using live-dead assay. For in vitro studies, selected concentration (75 pg/mL) is
equivalent of MR administration dosage which was calculated according to the total
circulating blood volume of a rat (64 mL/kg of body weight)**®. The data in Figure 2.4
indicate that there was no considerable reduction in vascular cell viability after
exposure to free PA and PA coated SPION compared to the no-treatment group. More
than 90% of the cells were able to survive in the presence of PA coated SPIONs after

24 h incubation, suggesting that these nanoparticles could be employed safely in MRI.

Endothelial cells were stained with Prussian blue to visualize the cellular uptake of
nanoparticles. Clustered blue particles were present on the surfaces and interiors of
HUVECs exposed to SPION-K or SPION-LPPR (Figure 2.5). Nanoparticles were
retained in cells within 6 h. The binding efficiency of PA coated SPIONs reached
approximately 90% for HUVECs. Under the same conditions, no blue dots were
observed in non-treated control cells. The strong binding interaction exhibited by PA
coated SPIONs may result from the electrostatic interactions between negatively
charged phospholipid membrane of the cells and the positively charged nanoparticles.
In addition, it is known that positively charged nanoparticles have higher uptake rates

than negatively charged particles'#®.

In order to test specific targeting capability of LPPR coated SPIONs and thus
inhibitory effect of angiogenesis, Matrigel tube formation assay was used in vitro
(Figure 2.6). Capillary-like structure formation was demonstrated in the presence and
absence of PA coated SPIONs. At 6 h after seeding, HUVECSs interconnected via

cellular extensions in control and SPION-K treated groups, whereas tubes were
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disrupted as soon as SPION-LPPR treatment was applied. A similar pattern was
observed at 24 h. The effect of SPIONs on tube formation was clearly indicated with
quantification. It can be seen that there is a significant difference between SPION-
LPPR treated cells and non-treated control group. According to tube formation assay,
LPPR coated SPIONs can selectively bind to the components of angiogenesis and

prevent tube formation.
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Figure 2.3 Dose-dependent cytotoxicity profiles of PA coated SPIONs and free PAs
on different cell lines. Cell viability of HUVEC (a, b), MCF-7 cells (c, d) and MDA-
MB-453 cells (e, f) treated with free PAs (50-500 pug/mL which is equivalent content
of iron assembled with PA) and PA coated SPIONs (50-500 pg/mL) at 24 h (left
column) or 48 h (right column). Values were compared to those of the untreated
controls and are presented as percentages. Data represent means * standard error of

mean (SEM) of a minimum of 3 independent experiments performed in quadruplicates

38



(A)

(B) 150+
§1N~
2
2
S s
>
L3 PP
<L Q\o \SQ »QQ
¢ o
4
)

Figure 2.4 Viability of HUVECs. (A) Cells were tested for cell death after treatment
with free K-PA or LPPR-PA (855 pg/mL) and PA coated SPIONs (75 pg/mL) for 24
h by live-dead assay. Live cells were stained with Calcein-Am (green) and dead cells
were stained with ethidium homodimer-1 (red), magnification: 10X. (B)

Quantification of viability of experimental groups. TCP: tissue culture plate.
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Figure 2.5 Prussian blue assay of HUVECs. (A) Light microscopy of HUVECs
following 6 h of incubation with and w/o SPION-K or SPION-LPPR. (B) Lower panel
is higher magnification of samples (40X). Experiments were performed two
independent times in triplicate. Scale bars are 50 um and 20 pm for upper and lower

panels, respectively.
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Figure 2.6 Tube formation on Matrigel. LPPR coated SPIONs exhibit rapid anti-
angiogenic effect. Network formation was examined after seeding HUVECs in
Matrigel-coated plates during 6 h and 24 h period. Scale bar: 100 uM. The error bars

represent SEM, (n = 3), (p<0.001).
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2.2.3 In vivo Cancer Model

7,12-Dimethylbenz(a) anthracene (DMBA) is a well known carcinogen which leads to
the release of lipid peroxides and formation of free radicals to induce tumorigenesis'#’.
In order to optimize DMBA concentration for cancer model, we firstly performed
preliminary experiments. The animals were distributed into three groups depending on
their weight each containing 2 animals. Rats were exposed to 3 different
concentrations of DMBA (20, 50, 80 mg/kg body weight). Palpable mammary tumors
were observed in DMBA treated animals after 12 weeks (Figure 2.7b). Tumors in 20
mg/kg body weight of DMBA group were very small for MRI experiments. On the
other hand, 80 mg/kg body weight of DMBA injection results in lots of tumors with
different size and shape. Therefore, 50 mg/kg DMBA was selected for further study to
produce animal breast tumor. Animals can survive for several weeks with solid breast
tumor. These solid tumors have hypoxic and necrotic core and highly vascularized rim

(Figure 2.7c) which demonstrates the high growth rate and aggressiveness of the

cancer*8,

One of the limitations of this chemically induced breast cancer model is that the treated
rats eat their tumors when tumor volume reaches 100 mm? or more. Therefore, we
waited the regrowth of breast tumor prior to MRI imaging of some groups, and the
larger tumors shown in Figure 2.15 consequently represent late-stage tumors that

exhibited rapid growth during the 15 days observation period.
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Figure 2.7 Chemically induced breast cancer progression in female Spraque-Dawley
rats. Photograph of a rat before injection (A), pulpable tumor formation at injection

site (B), and last stages of cancer characterized with necrotic tissue (C).
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2.2.4 In vivo Magnetic Resonance Imaging (MRI) Studies

We evaluated the capacity of the PA coated SPIONs to serve as a negative contrast
agent in T2-weighted MRI in vivo. Relative signal intensity (SI) of nanoparticles in
tumors, healthy breast tissue and RES organs were determined as a function of time
for up to 15 days after contrast agent injection through the tail vein, using a clinical
1.5 T MRI system with a T2-weighted m-GRASE sequence. The binding specificity
of SPIONSs to the mammary tumors was determined in a chemically induced rat model
of breast cancer. Unfortunately, specific targeting of anti-angiogenic peptide (LPPR)
coated SPIONSs to highly vascularized breast tumor was not characterized. Although
toxicity results derived from in vitro data demonstrated the biocompatibility of LPPR
coated SPIONSs, it did not fully reflect the in vivo outcomes'#®. The tail vein injection
of LPPR coated SPIONSs showed toxicity in vivo at highest and lowest concentrations

even in different solvents. For this reason, we continued our study with SPION/K-PA.

MRI results showed that the nanoparticles preferentially accumulated in tumor tissue
rather than RES organs. Compared to the T2-weighted images prior to the
administration of SPION/K-PA and non-injected control groups, significant negative
enhancement of the MRI signal for SPION/K-PA in the tumor tissue was observed
from 1 h to 4 h (Figure 2.8, 2.9 and 2.10). In order to quantify signal contrast
enhancement, signal intensity changes resulting from nanoparticle uptake into tumor
and other organs were calculated in the RIO of the T2-weighted m-GRASE images as
a function of time (Figure 2.11). Importantly, signal intensities of mammary tumors
decreased by approximately 45% and 65% at 1 h and 4 h after SPION/K-PA injection,
respectively. These results confirmed that SPION/K-PA could serve as an effective

negative contrast agent for the diagnosis of cancer by MRI. Additionally, there was no
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statistically considerable difference between the organs of healthy and tumor-bearing
animals in terms of the signal drop in breast and RES organs following the
administration of nanoparticles. Relative SIs were observed to be reduced in the liver,
kidney and spleen of both healthy and tumor-bearing animals immediately following
nanoparticle administration, which may be a consequence of the fast blood flow rate
in these organs®. Nevertheless, the signal intensity of magnetic nanoparticles in RES
organs started to increase to the same levels as the pre-injection groups at 1 h (Figure
2.11). Compared to the T2 values measured using pre-contrast images, the particles
did not produce a T2 shortening after 15 days in any organ. This indicated that

nanoparticles were removed from the organs within two weeks.

Though SPION/PA does not possess any targeting ligands on its surface, it can
efficiently accumulate in tumors because of the leaky vascular structure of tumor tissue
(EPR effect). Using this phenomenon, SPIONs have been previously utilized for in
vivo cancer imaging via MRI in the absence of a biologically active targeting ligand®2.
However, there is a distinct lack of information regarding the elimination routes and

times of retention associated with SPIONSs in different organs.
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Figure 2.8 In vivo MRI. Signal intensity changes in T2 relaxations at pre injection, 4
h and 15 d post administration of SPION/K-PA (5 mg/kg) in breast, liver, spleen,
kidney and breast tumor of rats. A clear gradual signal intensity drop in the breast

tumor was observed after SPION/K-PA administration.

46



Pre injection 4 h after NP injection 15 d after injection

Figure 2.9 MR images from healthy rats.
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Pre injection 4 h after NP injection

Figure 2.10 In vivo MR images from tumor bearing rats.
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Figure 2.11 Quantification of signal intensity changes in T2 relaxations at pre-,
immediately after injection, 1 h, 4 h and 15 d post administration of SPION-K (5

mg/kg) in breast, liver, spleen and kidney tissues of rats.
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2.2.5 Histological Examination and Tissue Distribution of SPION/K-PA

We examined the short and long-term distribution of SPION/K-PA within the tissue
sections of rats after nanoparticle injection. RES organs are the main site of
accumulation for nanoparticles. Nanoparticle aggregation at these locales may cause
inflammation, release of toxic byproducts by biodegradation or uncontrolled and
unpredictable patterns of localization. In addition, prolonged nanoparticle exposure
may result in hematopoietic, bone marrow and/or renal toxicity*®2. In particular, the
infiltration of monocytes and lymphocytes through the portal space or centrolobular
veins is the most important indicator of the inflammatory process in liver'>3. There
were no obvious pathological changes or any lesions in the liver and the number of
lymphocyte did not alter in the spleen of both healthy and tumor-bearing rats after
nanoparticle injection (Figure 2.12 and 2.13). Additionally, shortened tube cavity,
atrophy of the renal tubular and glomerular epithelial cells, and transparent tubes were
lacking in the kidney of experimental groups as well. We therefore demonstrated that
exposure to SPION/K-PA does not result in inflammation or systemic toxicity not only

in short term but also at two weeks post-injection.

To further verify the accumulation and distribution of SPION/K-PA in tumors and
harvested organs, Prussian blue staining was carried out as shown in Figure 2.14, 2.15
and 2.16. In the tumors of rats administered with SPION/K-PA, we could detect a large
number of blue dots, which indicates the elevated uptake of nanoparticles. Prussian
blue staining of liver, spleen and kidney tissues in the SPION/K-PA group revealed no
significant uptake of nanoparticles in both healthy and cancerous rats after 4 h. These

results are in accordance with those obtained by MRI.
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When designing an effective nanomaterial for diagnostic applications, one of the most
important issues is to increase the material’s residence time in the organ of interest and
thereby allow imaging to be performed for as long as possible prior to its clearance.
However, the material should also be broken down and removed from the body after
imaging to prevent its cumulative accumulation®®*. Taken together, our results
demonstrated that SPION/K-PA is biocompatible and biodegradable and may be
incorporated within the iron stores of body, while localizing into the tumor site and

allowing enhanced MRI imaging following injection®.
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Figure 2.12 H&E staining for analyzing the tissue morphology of the kidney, liver
and spleen of healthy rats (control) or 4 h and 15 days following the injection of

SPION/K-PA (5 mg/kg) (original magnification x200 and scale bar:50 pum).

52



Figure 2.13 H&E staining for analyzing the tissue morphology of the kidney, liver
and spleen of tumor bearing rats (control) or 4 h and 15 days following the injection
of SPION/K-PA (5 mg/kg). Photographs were taken at x200 magnification. Scale bar:

50 pm.
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Figure 2.14 Prussian blue staining for investigating iron accumulation in the tumor of
rats (control) or 4 h and 15 days following the injection of SPION/K-PA (5 mg/kg)

(original magnification, x200, scale bar: 50 pm).

Control

15d

Figure 2.15 Representative photomicrographs of the liver, kidney and spleen of
healthy rats (control) or 4 h and 15 days following the injection of SPION/K-PA (5
mg/kg) stained with Prussian blue staining for analyzing iron accumulation. Positive

staining appears in blue dots. (Original magnification x200. Scale bar: 50 pm).
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Figure 2.16 Prussian blue staining for investigating iron accumulation in the tumor,
kidney, liver and spleen of tumor baring rats (control) or 4 h and 15 days following the

injection of SPION/K-PA (5 mg/kg) (original magnification x200, scale bar is 50 um).
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2.3 CONCLUSION

In summary, these results showed that proline-rich PA molecules are suitable for
transferring hydrophobic iron oxide nanoparticles into aqueous environments through
noncovalent interactions. The MRI signal of breast tumor tissue significantly enhanced
after the administration of SPION/K-PA, suggesting that the nanocomposite system is
promising as a MRI negative contrast agent. Studies regarding the in vivo fate of
SPION/K-PA suggest that the co-assembled system is biocompatible and
biodegradable, as confirmed by the long-term consistency of the MRI signal and the
material’s lack of accumulation in RES organs in histological analyses. Due to the ease
of functionalization of nanoparticles, the practical utility of PA functionalized SPIONs
can be further extended by appending bioactive epitopes into the PA construct to

selectively target a specific type of receptor or cell.
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2.4 EXPERIMENTAL SECTION

2.4.1 Materials

1-Dodecylamine (98%) and iron(lll) 2,4-pentanedionate (97%) (Fe(acac)s) were
purchased from Alfa Aesar. 1,2-Hexadecanediol was purchased from Sigma-Aldrich.
Lauric acid and trifluoroacetic acid (TFA) were purchased from Merck. Chemicals
required for peptide synthesis, such as 9-fluorenylmethoxycarbonyl (Fmoc), tert-
butyloxycarbonyl (Boc) protected amino acids, [4-[a-(2°,4’-dimethoxyphenyl)Fmoc-
aminomethyl]phenoxy]acetamidonorleucyl-MBHA resin (Rink amide MBHA resin)
and  2-(1H-Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium  hexafluorophosphate
(HBTU) were purchased from NovaBiochem. All reagents and solvents were used as
received. Water used during the experiments was deionized by a Millipore Milli-Q

purifier system and had a resistance of 18 MQ.cm.

2.4.2 Synthesis of superparamagnetic iron oxide particles

Superparamagnetic nanoparticles were synthesized by Melis Sardan Ekiz according to
a previously described procedure with minor modifications’®. Briefly, 6 mmol (1.112
g) lauric acid, 6 mmol (1.2 g) laurylamine and 10 mmol (2.584 g) 1,2-hexadecanediol
were mixed in 20 mL of dibenzylether and heated. When the reaction medium reached
200 °C, 2 mmol (0.706 g) Fe(acac)s was added and the sample was stirred for 1-1.5 h
at 200 °C under inert atmosphere. A condenser was added to the setup for reflux and
the system was moved to a hot jacket heater to increase the temperature to 300 °C.
Following 1 h of stirring at this temperature, the mixture was allowed to cool to room
temperature and 50 mL ethanol was added under air. The mixture was centrifuged at

8000 rpm for 15 min, the supernatant was removed and 2-3 ml of hexane was added
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to the pellet. After 1 min of sonication, 20-30 mL of ethanol was added to the mixture.
Lastly, the sample was centrifuged again and the brownish supernatant was discarded.
Ethanol addition, centrifugation and decantation steps were repeated until the
supernatant was observed to exhibit a clean color. The colorless supernatant was then
discarded and 6-7 mL of hexane was added to the pellet. SPIONs were obtained by
sonication for 5 min followed by centrifugation for 10 min at 6000 rpm, and stored at

4 °C until use.

2.4.3 Peptide amphiphile (PA) synthesis

Peptide synthesis was performed by using solid phase peptide synthesis by Melis
Sardan Ekiz. MBHA Rink Amide resin was used as the solid support for the synthesis
of the Lauryl-PPPGK-Am and Lauryl-PPPGKLPPR-OH PAs, and used at a loading
of 059 mmollg. Amino acid couplings were carried out in
piperidine/dimethylformamide (DMF) in the presence of 2 equivalents of Fmoc
protected amino acid, 1.95 equivalents of HBTU and 3 equivalents of N,N-
diisopropylethylamine (DIEA) for 2 h. Base-labile Fmoc protecting groups were
removed by treatment with 20% DMF solution for 20 min. Acid-labile groups were
cleaved and the peptide was removed from the resin using a cleavage cocktail solution
(trifluoroacetic acid (TFA) : triisoproplysilane (TIS) : H20 in the ratio of 95:2.5:2.5),
which was added to the beads and left to react for 2 h at room temperature. Excess
TFA was then removed by rotary evaporation, the remaining viscous peptide solution
was treated with ice-cold diethyl ether, and the resulting white pellet was freeze-dried.
The chemical composition of the PAs was elucidated by reverse phase high-

performance liquid chromatography (HPLC) using an Agilent 6530 accurate-Mass Q-

58



TOF LC/MS equipped with an Agilent 1200 HPLC. A Phenomenex Luna 3 C8 100A
(50 x 3.00 mm) column and a water (0.1% formic acid)/acetonitrile (0.1% formic acid)
gradient were used as stationary phase and mobile phase, respectively. The PAs were
purified on an Agilent 1200 HPLC having Agilent Zorbax 300SB-C8 (21.2 x 150 mm)

column with a water (0.1% TFA)/acetonitrile (0.1% TFA) gradient.

2.4.4 Surface coating of SPIONs

50 mg of PAs were dissolved in deionized water (20 mL), heated up to 55-65 °C and
ultrasonicated. 7 mg of SPIONs in hexane (2 mL) was then added to the peptide
solution during the sonication process. PA molecules and SPIONs were mixed at a
weight ratio of 7:1 and a volume ratio of 10:1, respectively. After an hour of repeated
sonication and vortexing steps at indicated temperature range, the solution was purified
by centrifugation at 6500 rpm for 5 min, using ultrafiltration tubes with 50 kDa cut-
off membranes (Millipore Amicon Ultra-Regenerated Cellulose). This step was

repeated at least 2 times.

2.4.5 Morphological characterization of SP1O nanoparticles

TEM was performed using a FEI Tecnai G2 F30. 10 uL of 50-fold diluted, SPION
samples were placed on a carbon film (300 mesh) coated copper grid and incubated
for 5 min. The excess solution was then removed by pipetting, and the grids were dried
under fume hood at room temperature for over 2 h. Nanoparticle diameters were

determined by using Image J software from at least 100 nanoparticles.

2.4.6 Particle size and zeta potential analysis
Hydrodynamic sizes and zeta potentials of the particles were measured by DLS. A

Malvern Nanosizer/Zetasizer nano-ZS ZEN 3600 (Malvern Instruments, USA)
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instrument with a detector angle of 173° was used for DLS analysis. Hydrophobic
particles and hydrophilic particles were diluted with hexane and water, respectively,
and measurements were performed in quartz cuvettes. In addition, dip cell electrodes
were used in Zeta measurements. All measurements were done in triplicate and
standard deviations were calculated from the mean of data. For experiments conducted
in 5% dextrose solution at 25 °C. Refractive index, viscosity and dielectric constant
values were assumed to be 1.34, 1.03 Pa.s and 77.37, respectively. The concentration
of'iron oxide nanoparticles was set to 250 pg/mL for all experiments, and the refractive

index of magnetite particles was taken as 2.42.

2.4.7 Iron content determination

Iron concentration was determined through colorimetric Prussian blue assay prior to
PA coating and in vitro and bioimaging experiments. In the Prussian Blue assay, a
calibration curve was plotted by preparing serially diluted iron solutions (1000 ppm,
VWR-BDH Prolabo) in 6 N HCI. All samples including standards and unknowns were
digested at 65 °C for an hour for the conversion of iron from nanoparticle form to ionic
form. 160 uLL HCI and 40 pL of 5% KaFe[CN]e was then added to 160 pL of samples.
Three independent repeats of each sample were prepared for measurement, and HCI
and 5% KsFe[CN]e in water was used as blank solution. Samples were allowed to stain
for 20-25 min, and solution color was observed to change from yellow to blue in high-
concentration samples following the reaction. UV absorbance was measured at 690

nm by using Spectramax M5 (Molecular Devices).
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2.4.8 PA content determination

PA-coated SPIONs were purified from excess PA molecules by ultrafiltration using
Millipore Microcon Centrifugal Filter Units at a cut-off point of 50 K MW. SPIONs
were filtered 2 to 3 times at 6500 rpm for 5 min. The eluted parts were collected at
each step and PA concentrations were measured by NanoDrop 2000 (Thermo
Scientific). Results were compared with the results obtained from samples prepared
with known amounts of PAs. Peptide quantification method offered by Thermo
Scientific was utilized to measure the absorbance at analysis wavelength of 205 nm
with an extinction coefficient of 31 mg/mL at 1 cm path length'*®. PA solutions were
prepared at different concentrations in the range of 0.5 mg/mL to 0 mg/mL by serial

dilution.

2.4.9 In vitro studies

Viability profiles of human vascular endothelial cells (HUVEC) estrogen receptor
(ER) positive human breast adenocarcinoma (MCF-7) cells and and triple negative
human breast carcinoma cells (MDA-MB-453) were characterized in the presence of
PAs and SPIONs. HUVECs and MDA-MB-453 were kindly donated by Yeditepe
University, and Bilkent University, respectively. MCF-7 cells were obtained from the

American Type Culture Collection (ATCC, Manassas, VA, USA).

Cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) (Sigma
Chemicals, St. Louis, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco,
Carlsbad, CA, USA) and 1% penicillin/streptomycin. Culturing was performed in
standard humidified incubators with constant 5% CO: at 37 °C. Cells were harvested

with trypsin-EDTA after reaching 80% confluency.
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2.4.9.1 Cell viability analyses

Alamar blue assay was used to evaluate the biocompotibility of free PA and PA coated
SPIONSs on cells. Harvested cells were seeded into 96-well plates (Costars, Corning
Inc., NY, USA) with their respective standard culture media at densities of 1 x 10*
cells/well HUVEC or MCF-7, and 3 x 10* cells/well MDA-MB-453. Sterilized and
sonicated free PA and SPIONs were diluted 1:4 in culture medium prior to use. The
final concentration ranges for the PA and nanoparticles were 0-2.125 uM (equivalent
content of iron assembled with PA is indicated in the figure) and 0-500 pg/mL,
respectively. After 21 or 45 h of incubation, 100 pL of Alamar blue solution (10% in
serum free culture medium) was added to each well after discarding old medium.
Following 3 h of incubation, fluorescence readings of the wells were recorded by an
M5 Microplate Reader (Molecular Devices, USA) with excitation at 530 nm and
emission at 590 nm. Biocompatibility of the samples on vascular cells was also
evaluated by live-dead assay (Invitrogen) according to the manufacturer’s instructions.
HUVECs were seeded into 96-well plates with their standard culture medium at a
density of 5 x 10° cell/well and treated with SPION/PA (75 ug/mL, according to Fe
concentration) and PA (214 ug/mL, 317 uM) for 24 h (n=3). HUVECs were then
washed with sterile phosphate buffered saline (PBS) and stained with 1 pM calcein-
AM and 2 pM ethidium homodimer-1. Five images were taken under fluorescence

microscopy and quantified using Image J for each sample.

2.4.9.2 SPION accumulation analyses in cells
SPION accumulation was visualized by staining the cells with Prussian blue, which

imparts a blue-purple color in the presence of iron. HUVECs were used for Prussian
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blue staining. Cells were seeded at a density of 1 x 10* cells/well into 96-well plates,
incubated until 80% confluency and subsequently treated with SPION/PA (75 pg/mL).
After 6 h of incubation, medium was discarded and unbound particles were removed
by washing with PBS (10x) three times. The cells were then fixed with 4%
paraformaldehyde (100 uL) for approximately 15 min. A mixture of 6 N HCI: 20%
KaFe[CN]s, 1:1 (v:v) was prepared immediately prior to use, and 100 pL of solution
was added to each well. Cells were then incubated for 60 min, washed with PBS and

examined under optical microscope at various magnifications.

2.4.9.3 Microtube formation assay

The microtubule formation assay was performed on 96-well plates coated with 40
ul/well of Matrigel (BD Biosciences, Bedford, MA, USA). Matrigel was incubated at
37 °C for 30 min to allow polymerization. HUVECs were seeded at 4 x 10* cells/well.
SPIONSs (75 pg/mL) were added to cell suspension after seeding. After taking bright
field images of cells at 6 h and 24 h, tubule formation was quantified by measuring the

tube length of the capillary tubes in at least three images using NIH ImageJ software.

2.4.10 Animal breast cancer model

All protocols involving animals were approved by the Institutional Animal Care and
Use Committee of Diskapi Yildirim Beyazit Training and Research Hospital. A total
of 36 Sprague-Dawley rats (12-14 week old, weighing about 200-250 g) were supplied
from ADACELL Laboratories (Ankara, Turkey) and used for MRI experiments and
histological studies. Animals were randomly divided into two groups (healthy and
tumor-bearing). Animals were maintained at constant temperature and a relative

humidity of 50-60% under 12 h light/dark cycles, and had access to food and water ad

63



libitum. Initially, preliminary experiments was performed on 6 rats to optimize DMBA
to create cancer model. Mammary carcinomas were induced through subcutaneous
injections into the second right mammary pads of adult 2 female rats using single doses
of 20, 50 and 80 mg/kg body weight of DMBA dissolved in sesame oil. Rats were
palpated weekly to check for tumor formation. Spontaneous mammary tumor
formation was observed 3 months after chemical injection in each group. The volume
of each tumor was measured by digital caliper and calculated using the following
formula: Tumor volume (mm?®) = (D x d?)/2 (D: big diameter, d: small diameter of
tumor)®®’. MRI measurements were performed when tumor volumes reached 100

mm?,

2.4.11 MRI analyses

In order to evaluate the efficiency of SPION/K-PA as a negative contrast agent for
MRI, healthy and tumor-bearing rats were randomly divided into 3 groups (n= 4-6)
and imaged with or w/o SPION/K-PA administration. A without-injection group was
used as control. In other groups, rats were slowly injected with SPION/K-PA (5 mg
Fe/kg body weight in 5% dextrose solution) through the tail vein and sacrificed after
4 h or 15 days. During imaging, Spraque-Dawley rats were anesthetized by
intraperitoneal injection of ketamycin (80 mg/kg) and xylazine (20 mg/kg). MRI was
performed using a 1.5 T clinical whole body MR scanner (Philips MR system) within
a sense C3 small surface coil (Figure 2.17). Images of rats were obtained immediately
prior to SPION treatment, during nanoparticle injection, and at 1 h, 4 h and 15 days
after injection, with the following sequences and parameters: m-GRASE (gradient and

spin-echo weighted imaging): act. TR (ms) 2126, active TE (ms) n* 18, field of view
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(cm) 160 x 200, min slice gap (mm) 0, thickness 2.2 mm, ACQ matrix Mxp (mm) 84
X 72. T2-weighted spin echo coronal: TR (ms) 3000, TE (ms) 80, field of view (cm)
160 x 200, slice gap (mm) 0, thickness 2.2 mm, ACQ matrix Mxp (mm) 388 x 270.
T2-weighted fat sat: TR (ms) 3000, TE (ms) 80, field of view (cm) 160 x 200, slice
gap (mm) 0, thickness 2.2 mm, ACQ matrix Mxp (mm) 388 x 270. All MRI data were
transferred to and analyzed on a diagnostic workstation equipped with a dedicated
software for MRI examination (Philips extended MR workspace 2.6.3.4 2009). Images
were evaluated by two radiologists with a minimum of 10 years of experience in the
field of body MRI. In order to compare SPION-mediated darkening, all images were
collected at the same image depth. Signal intensities (SI) of the regions of interest
(ROI) were collected from circles of equivalent sizes (~ 5 mm diameter) drawn on the
liver, spleen, kidney, breast or tumor tissue. The same procedure was applied to the
no-injection group as control. Signal intensity differences were analyzed from all slice
images of all tested organs and the breast tumor. Relative signal enhancement was
calculated using Sl values acquired before (SI pre) and after (Sl post) the injection of

SPIONS, per the following formula: 1 + [(SI post — SI pre)/SI pre].

Figure 2. 17 MRI procedure.
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2.4.12 Histological analyses

Histological analysis was performed on tissues obtained from the harvested organs,
and their general appearances, clearance profiles and tissue distributions were
evaluated to further analyze the in vivo biosafety and efficiency of SPION/K-PA.
Animals were euthanized after the completion of MR imaging. Mammary tumor, liver,
spleen, and kidneys were dissected and fixed overnight in 10% formalin, embedded in
paraffin, sectioned with a Leica microtome (5 pm thickness), and stained with
hematoxylin and eosin (H&E) as described elsewhere'®8. Iron deposits were identified
using standard Prussian blue staining protocol. Histological sections were observed

under optical microscopy.

2.4.13 Statistical analysis

All data were presented as £ SEM for all in vitro and in vivo results. Plotting was
performed using the GraphPad Prism 5 software (La Jolla, CA). Viability results were
evaluated using one-way analysis of variance (ANOVA) with Tukey’s test for group-
wise comparisons. MRI results were compared by two-way ANOVA test. p values less
than 0.05 were considered as statistically significant. Statistical analyses of tube length

were performed using two-way ANOVA with Bonferonni multiple comparison test.
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Chapter 3

INTERACTIONS BETWEEN METAL IONS AND
BIOMACROMOLECULES

Part of this thesis is published in the following article*>® 1°: Reprinted from

“Comparison of Au(lll) and Ga(lll) Tons’ Binding to Calf Thymus DNA:
Spectroscopic Characterization and Thermal Analysis”; Sarioglu O.F., Gursacli R.,
Ozdemir A., Tekinay T., Biol Trace Elem Res., 2014, pp:445-52 and “Comparative
serum albumin interactions and antitumor effects of Au(l11) andGa(lll)ions”; Sarioglu
O.F., Ozdemir A., Karaboduk K., Tekinay T., J Trace Elem Med Biol. 2015, pp:111-

5; with permission from Springer and Elsevier, respectively.
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3.1 INTRODUCTION

The development of metal-based anticancer drugs mainly started after the observation
of accumulation of cisplatin and its analogues around the tumor site clinically.
Platinum (Pt) based drugs for oncology therapy have attracted an increasing interest in

the last 30 years'®!

. On the other hand, heavily restricted activity and a number of toxic
effects of these drugs have triggered an increased research about non-Pt metal-based
agents®®® 183 As an alternative to Pt, a large family of gallium, gold, ruthenium,
germanium, cobalt, copper and zinc containing complexes have been developed®.
The second metal species that have been approved for cancer therapy is the gallium
(Ga), which can preferentially accumulate into mitochondria and impair mitochondrial
functions of tumor cells through p53-dependent mechanism?*®®. Furthermore, gallium
nitrate salt has been used for the treatment of hypercalcemia, Hodgkin’s lymphoma
and bladder cancer'®-1% Due to having similar chemical properties with Fe(lll),
especially with respect to ionic radius, electron affinity, electronegativity, coordination
geometry and Lewis bases affinity'® 1%’ Ga can participate in iron related cellular
processes or interact with proteins responsible for iron metabolism?*®. Actually, one of
the anticancer mechanism of action of this metal is based on disrupting iron dependent
proliferation and other iron containing processes in cancer cells®®. One mechanism is
through binding to the enzyme ribonucleotide reductase and inhibiting its catalytic
activity. Ribonucleotide reductase is necessary for DNA replication and DNA repair,
and it blocks apoptosis by catalyzing the reduction of ribonucleotides to
deoxyribonucleotides. In this way, it can prevent the activation of the proapoptotic

factors Bax and caspase-3'61: 163 170 Also gallium complexes can exhibit antitumor
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activity in the presence of phenolate rings*', amine and pyridine groups by inhibiting

the activity of proteasome!?.

The most important advantage of Gallium nitrate is the lack of cross-resistance with
conventional chemotherapeutic drugs and the absence of myelosuppressive function.

Also this metal salt can be used when the blood count is low®®

and other drugs have
failed.

Au(lll) compounds are isoelectronic and isostructural with Pt(Il) complexes, with
which they share a square-planar tetracoordinated geometry. Therefore, gold (Au) can
act in asimilar way to that of the Pt(11) complexes. Recently, several biologically stable
and non-toxic Au(lll) complexes have been synthesized and evaluated in terms of in
vitro and in vivo anti-cancer activities on various mice/ rat models against
neuroblastoma'’®, melanoma, hepatocellular carcinoma'’, colon cancer”,
nasopharyngeal carcinoma (NPC)*"® and NPC-associated metastasis. It was reported
that, Au(l11) complexes can inhibit the activities of thiol-containing enzymes such as
thioredoxin reductase'’’, through ligand exchange reactions to form Au-S(Se)
bonds!’® or inhibit telomerase and STAT3 activity'’®. In addition, these complexes are

capable of producing reactive oxygen species (ROS)! which results in cellular

damage.

Due to the importance of DNA on regulation of biological processes and cell division,
several DNA targeting metal binders have been developed as effective
chemotherapeutic agents®®" 82 These agents interact with DNA through several
modes; coordination to bases, groove binding, intercalative and insertion binding, and

dual-mode coordination and intercalation. Thus they interfere with the replication
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process and inhibit the proliferation of cancer cells'®*. Therefore, understanding the
specific binding sites on DNA and binding modes of complexes is important for
elucidating the nature of metal-induced structural changes (e.g. bending, loss of base
pairing, base extrusion, and intercalation), as well as the kinetics and mechanism of

their formation'8

which could help the development of new metal based reagents and
the characterization of these anticancer drugs'®?. HSA is composed of a single
polypeptide chain of 585 amino acids that is divided into three homologous domains
(I-1n): 1 (2-195), 11 (196-383) and 111 (384-585); and each domain consists of two
subdomains (A and B)!84 HSA is the most abundant protein in blood and the biological
carrier of various biological, synthetic materials and drugs. F. Kratz reviewed the
different drug delivery systems that uses serum albumin as a drug carrier'®. Binding
of a drug to serum albumin affects pharmacokinetics, stability and half-life of this
drug®. Due to its major role in blood, small molecules-HSA interactions has been an

essential field of research in biochemistry, life sciences, clinical medicine and

toxicology for the last decades®®*.

In this chapter, we describe and compare the effects of Au(l11) and Ga(lll) bindings on
CT DNA, HSA and differential cytotoxicity of these two metal ions on breast cancer
cells via several analytical methods. These results will be crucial for future studies

involving the antineoplastic properties of these metals.
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3.2 RESULTS and DISCUSSION

3.2.1 Binding of DNA with Metal lons

3.2.1.1 Characterization of the Binding of Metal lons to DNA by UV-Visible (UV-
Vis) Absorbance Spectroscopy

UV-Vis absorbance measurement is a common method to investigate the structural
changes of DNA and HSA. In order to explore structural alterations of CT DNA with

the addition of metal ions, the UV-Vis absorption spectra were observed.

As seen in Figure 3.1, free CT DNA showed absorbance band at 258 nm, and displayed
altered intensities in the presence of metal ions. It can be seen that the addition of
Au(lll) ions resulted in a gradual and concentration-dependent increase
(hyperchromism) in the absorbance spectrum, while Ga(lll) ions triggered a slight and
again concentration-dependent decrease (hypochromism). The observed changes in
the absorption of DNA in the presence of Au ions may be due to the intermolecular

interactions between DNA and metal ions.

It is reported that hyperchromism and hypochromism are the absorption spectra
features of DNA due to the double helical structure. Although hypochromism is related
to charge-transfer interactions and gives insight into conformational changes of DNA,
hyperchromism is the indicator of DNA melting and denaturation*2. According to the
UV-Vis absorbance data, DNA denaturation may result from the interaction between
Au ions and DNA. On the other hand, Ga may not disrupt DNA structure. This analysis
suggested that Au(l11) and Ga(lll) ions bind to DNA by different binding modes and
affinities. In addition, Au(lll) ions show stronger binding characteristics than Ga(lll),

since Au bears a higher impact on the spectral intensity of DNA.
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Figure 3.1 UV-Vis absorbance spectra of CT DNA-metal system within 240-280 nm.
Concentrations of 0, 40, 80, 160, and 320 x 10° M were used for a) Au(Ill) and b)

Ga(lll) ions. pH =7.4.
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3.2.1.2 Competitive Binding of Au(l11) and Ga(lll) lons with EtBr-DNA Mixture
Competitive ethidium bromide (EtBr) displacement experiments were performed to
test whether metal ions are capable of intercalative binding to DNA, and whether the
intercalative binding strengths change with increasing metal ion concentrations.
Displacement was monitored by a decrease in EtBr—-DNA fluorescence in the presence
of metal ions (Table 3.1). The fluorescence emission spectra of intercalated EtBr with
increasing concentration of metal ions, especially at higher concentrations, represented
a significant reduction of the emission intensities of EtBr-DNA mixture and quenching
of its fluorescence. Though this result may suggest both metal ions are capable of
intercalating between CT DNA strands, it is known that groove binders can also cause
a reduction in the emission intensity of EtBr-DNA mixtures, so Au(lll) and Ga(lll)

ions may have groove binding properties®’.

Table 3.1 Relative fluorescence ratios of EtBr-CT DNA mixture after incubation with

varying molar ratios of Au(l1l) and Ga(lll) ions.?

Relative Fluorescence (F) (%)

[metal ion]/[ctDNA] Au(lll) Ga(llr)
0.25 95+ 1.54 98.03+0.99
0.5 93.31+1.77 90.89 +5.03
1 71.74 +6.51 7454 +5.31
2 49.81+1.85 42.56 £ 6.72

2 DNA concentrations were constant for all samples (200 uM), while metal ion

concentrations were varying (50-100-200-400 puM).
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3.2.1.3 Analysis of Conformational Changes

Circular dichroism (CD) is a method based on the interactions of chiral molecules with
circularly polarized electromagnetic rays. The differences between the absorption of
right and left handed circularly polarized light by chiral molecules produce CD signal.
Generally, ellipticity, which describes the quantity of CD signal, is expressed in
degrees'®. In the past decades, this technique has been commonly used to study
nucleic acid structures and to monitor conformational polymorphism of DNA (B-form,

A-form and Z-form) upon addition a molecule.

As a mean for further exploring the binding of the metal ions to DNA, CD spectra
were recorded when varying concentrations of Au(l11) and Ga(lll) ions were added to
CT DNA. The B-conformation of DNA is characterized by two positive peaks at 220
and 275 nm and a negative peak at 245 nm'®. The peak around 245 nm corresponds
to the helicity of DNA, and the peak around 275 nm corresponds to the stacking of
DNA bases'®. It is known that an intensity increase at 275 nm can be attributed to B
to A conformational transition'®. Our CD spectra revealed that metal-DNA bindings
do not significantly alter the DNA structure. Interaction between DNA and Au(lll)
ions causes reduction in the intensities of CD values at 245 nm and no consistent
change at 275 nm was observed, which may indicate that the right-handed helicity of
B-DNA is modified (Figure 3.2a). There is no peak shift and no increase in the spectra
of Au samples at 275 nm. These results indicated that DNA structure does not change
after Au ion binding. After the addition of Ga, we observed minor changes at 245 and
275 nm in the CD spectra (Figure 3.2b). Apparently, Ga(lll) ions are not as influential

as Au(lll) ions on CT DNA. Furthermore, as with Au(lll) samples, Ga(lll)-DNA
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interactions may take place without conformational transitions in DNA structure.
Although intercalators are known to enhance the intensities of both positive and
negative bands, groove binders demonstrate less or no perturbation on the helicity and
base stacking bands'®2. Therefore, the lack of distinct signatures for conformational
transitions in our CD results suggested that both Au(lll)-DNA and Ga(lll)-DNA
interactions might occur without conformational changes in DNA. In contrast, EB
displacement assay results suggested that Au(l11) and Ga(lll) ions display intercalative
binding properties. The lack of large perturbations and intensity enhancements in CD
bands of metal-DNA complexes indicate that groove binding might be more

responsible for metal-DNA interactions.
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Figure 3.2 CD spectra of CT DNA titrated with varying molarities of a) Au(lll) and

b) Ga(lll) ions within 230-300 nm region.
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3.2.1.4 Thermodynamics of DNA Binding

Isothermal titration calorimetry (ITC) is a well-known and experimentally simple
technique that measures the released or absorbed heat during the reaction. ITC directly
measures enthalpy changes associated with interactions. Experiments can yield
binding isotherms allowing quantification of equilibrium binding constants, and
almost all thermodynamic profile that can be obtained as well**3, The most important
advantages of using this technique are to characterize the thermodynamics of
biomacromolecule binding interactions and the sensitivity of system because of the
improvements in data analysis software and ITC instrumentation. ITC gives
opportunity to measure heat effects as small as 0.1 pcal (0.4 J), heat rates up to 0.1
ucal/sec, binding constants as large as 108-10° M* and reaction rates in the range of
10—12 mol/sec®®. Therefore, it is useful for studying biomacromolecule — metal

interactions.

Figure 3.3 shows the ITC results of the both Au(111)-DNA and Ga(ll1)-DNA reactions.
Reactions are exothermic and Au(l11)-DNA interaction is much more favorable than
Ga(l11)-DNA interaction at ambient conditions. Actually, the reactions were conducted
under constant pressure and temperature conditions. Au(l11)-DNA and Ga(lll)-DNA
reactions displayed negative AG values (Table 3.2), and occur spontaneously through
forward direction at ambient conditions. Au(l11)-DNA binding seems to have a higher
spontaneity over Ga(lll)-DNA binding, though the homogeneity of both reactions
avoids the accurate prediction of reaction spontaneities. The metal-DNA binding
constants were in the range of 10°—~10° M1, The values on Table 3.2 demonstrated that

Au(ll) ions bind to DNA with a much higher affinity than Ga(lll) ions. According to
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AH and AS values, there are considerable differences between Au(III)-DNA and
Ga(l11)-DNA bindings, such that Au(l11)-DNA binding is enthalpically more favorable
but entropically less favorable than Ga(lll)-DNA binding. In addition, these values
were negative in both cases, and since the AG values were negative, the reactions are
enthalpy driven. Overall data indicated that non-covalent interactions (e.g.
electrostatic, van der Waals) are dominant between Au(lll)-DNA and Ga(lll)-DNA
bindings'®.

As a summary, binding reactions of Au(ll1)-DNA and Ga(lll)-DNA are likely to be
spontaneous at ambient conditions, Au(lll)-DNA binding was observed to be much
more favorable and much stronger than Ga(lll)-DNA binding. This data provide
another support for the interaction between these metal ions and the DNA double helix.
Measurement of the strength of association of metal ions with DNA via ITC has
important implications in chemical modifications and drug design strategies for

biomedical usage of these metals.
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Figure 3.3 ITC final thermograms of a) Au(l11)-DNA and b) Ga(ll1)-DNA bindings.

Table 3.2 Thermodynamic parameters obtained by ITC analysis for the binding of CT

DNA with Au(l1) or Ga(lll) ions.

Thermodynamic Au(lll) Ga(llr)
parameters

Ka (binding affinity) 1.43 x 10% + 3 x 10° 1.17 x 10° + 1 x 10*
M-l
AH (enthalpy change) -1.745 x 10% £ 242 -7735+ 1 x 10°
cal/mol
AS (entropy change) -30.3 -2.74
cal/mol/deg
AG (Gibbs free -35.12 -28.92
energy change)
kJ/mol
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3.2.1.5 Investigation of Metal lon Binding by Vibrational Spectroscopy

Fourier transform infrared (FT-IR) spectroscopy is a physic-chemical method based
on measurement of vibration of a molecule excited by IR radiation at a specific
wavelength range (commonly mid-IR region: 400-4000 cm). Simply, the principle of
FT-IR spectroscopy can be explained as; When IR radiation is passed through a
molecule, specific wavelengths are absorbed resulting in the chemical bonds in the
sample to vibrate (contracting, stretching, or bending). Functional groups of a
molecule always absorb radiation in the same wavenumber range, thus band position
gives an idea about the chemical structure in the molecule or changes in the
structure®®. Due to the being convenient, rapid, and non-destructive, requiring less
sample preparation requirements, and working under a wide variety of conditions%,

FT-IR is a powerful technique to examine DNA and protein structure.

FT-IR spectroscopy was performed to determine changes in the double helical
structure of DNA after the addition of Au(l11) and Ga(lll) ions within 600-1800 cm™*
region. The marker bands were chosen for different chemical groups; 1715 cm™ for
guanine, 1663 cm for thymine, 1602 cm™ for adenine, 1496 cm™ for cytosine, 1227
cm? for asymmetric phosphate, 1080 cm™ for symmetric phosphate, 1060 cm™ for
sugar phosphate, 1038 cm™ for carbohydrate, 967 cm™ for backbone marker, 891 cm-
! for deoxyribose and 818 cm™ for B-conformation marker®® 197-1%° Tynpijcally, the
marker bands at 1710-1717 cm™ (guanine), 1222-1227 cm™? (asymmetric PO
stretching), and 825 cm™ (B-conformation marker) are observed in the spectrum of
free DNA with B conformation®’. As seen from Figure 3.4, minor spectral shifts were

observed for these B-conformation markers after binding of metal ions. Table 3.3
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shows that there are minor spectral shifts for nucleotide base markers (guanine,
thymine, adenine and cytosine), which may indicate that the metal-DNA bindings
occur via non-intercalative interactions. The absence of major shifts in phosphate
associated bands and the marker bands revealed that CT DNA may remain in B-family
structure after Au(I11) or Ga(III) ions’ binding®®®. Also the observed small shifts in the
band of sugar conformation may results from indirect effect of the metal ion binding
to DNAZ®,

As a summary, minor shifts were observed in nucleotide base peaks and no apparent
alterations occurred on the conformation of CT DNA following both Au(l11) or Ga(lll)
ions binding. The absence of a significant alterations in the position of bases and the
conformation of DNA suggested that these ions may not directly capable of
influencing DNA synthesis, replication or transcription processes?®. In addition, metal
ions may bind to DNA mainly through groove binding and non-covalent interactions

instead of intercalation.
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Figure 3.4 FT-IR spectra of CT DNA in the range of 60071,800 cm™ when treated
with varying molarities of a) Au(lll), and b) Ga(lll) ions (a: 0, b: 100, ¢: 200 uM of

metal ions).
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Table 3.3 Peak positions and spectral shifts of the Au(lll)-DNA and Ga(lll)-DNA

complexes at different molar ratios.

DNA bands Free ctDNA DNA -100uM  DNA —-200 uM
Au(IID) Au(I1I)
Guanine L7135 -1 -1
Thymine 1663 0 -1
Adenine 1602 0 0
Cytosine 1496 0 0
Phosphate asymmetric 1227 0 0
Phosphate symmetric 1080 0 0
Sugar phosphate
Carbohydrate 1060 0 -2
1038 0 +1
Backbone marker 967 0 0
Deoxyribose 891 0 0
B- conformation 822 0 +3
marker
DNA bands Free cDNA DNA-100pM  DNA — 200 pM
Ga(I1I) Ga(III)
Guanine 1715 -1 -1
Thymine 1662 0 0
Adenine 1602 0 0
Cytosine 1496 0 0
Phosphate asymmetric 1227 0 0
Phosphate symmetric 1080 0 0
Sugar phosphate
Carbohydrate 1059 -2 0
1037 +2 +1
Backbone marker 967 -1 0
Deoxyribose 891 0 0
B- conformation 824 +4 +1
marker
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3.2.2 HSA Studies

3.2.2.1 Analysis of Electronic Spectra to HSA

UV-Vis absorption measurement is a simple method to explore structural changes of
serum albumin and examine serum albumin-metal ion interactions. In order to examine
structural alterations of HSA in the presence of metal ions, UV-Vis spectra were
recorded within 260-300 nm. Typically, HSA shows absorption peak at about 280 nm
due to the aromatic residues (tryptophan, tyrosine, phenylalanine) in the protein®®
(Figure 3.5). With the addition of Au(lll) ions, we observed a gradual increase in the
total intensity of absorbance at 280 nm, whereas Ga(lll) ions did not show a significant
difference on the HSA spectra. This result may indicate stronger binding
characteristics and higher binding affinity for Au(lll) ions, since Au(lll) ions have a
higher impact on the spectra of HSA in a concentration dependent manner. The gradual
enhancement in UV intensity by the addition of Au(lll) ions may cause the exposure
of a large hydrophobic pocket (i.e., 1l1A subdomain of HSA), which contains a
tryptophan (Trp-214), to the surrounding aqueous environment*? 22, The absence of
any blue (towards shorter wavelengths) or red (towards longer wavelengths) shift
provides information about stable polarity of the protein environment upon metal ion
binding?®. UV-Vis absorbance results revealed that the structure of HSA seems to be

more changed upon interaction with gold, rather than Ga.

It is known that HSA has reactive thiol (-SH) group (Cys34) in its structure and these
groups have important function during antioxidant activity of the protein?®*. The high
binding affinity of Au(lll) ions to thiol group of the serum protein may increase the

stability of HSA- Au(l11) compex!’®,
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Figure 3.5 Absorption spectra of HSA with various amount of metal ions. A) Au(ll1)-
HSA and B) Ga(lll)-HSA, and the concentrations of Au(lll) chloride hydrate and

Ga(lll) nitrate hydrate salts used are; 0, 10, 40, 80, 160, 320 puM.

84



3.2.2.2 Analyses of Effects of Binding of Metal lons to Fluorescence Emission of
HSA

When a substance absorbs UV light or electromagnetic radiation, it raises to an excited
electronic state. Fluorescence is the emitted light during transition from an excited
state to a lower energy state. Fluorophores are the main compounds responsible for re-
emitting light. Proteins containing several aromatic groups, or plane or cyclic structure
with several m bonds exhibit fluorescence in the ultraviolet region. The known
fluorophores in proteins are phenylalanine, tyrosine and tryptophan amino acids.
Although three of these amino acids are capable of giving fluorescence, tryptophan
(Trp) is the essential contributor of the process?®. The fluorescence of HSA is mostly
triggered by the Trp, because phenylalanine has a very low quantum vyield and the
fluorescence that comes from tyrosine is drastically quenched by the presence of an

amino group, a carboxyl group or a Trp near to the tyrosine?®,

The effect of metal ions on the fluorescence of HSA was evaluated by fluorescence
quenching experiments. The characteristic fluorescence emission peak of HSA was
observed at 345 nm (Figure 3.6). The addition of Au ion led to a much more decrease
in the fluorescence intensity of HSA along with a spectral shift towards shorter
wavelengths than the Ga ions at the same concentration range. According to
fluorometric measurements, the electrostatic interaction is the predominant
intermolecular force for binding of metal ions to serum protein®’. The blue-shift in
some of the emission spectra can be attributed to the electron density shift from the
benzene ring to the pyrrole ring upon excitation?®®. These data revealed that metal ions

interact with serum albumin and quench its fluorescence. Furthermore, Au(lll) is
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inferred to be better than Ga(lll) in quenching the fluorescence, which may result from

a stronger interaction between Au(l11) and HSA.
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Figure 3.6 Fluorescence spectra of HSA in the presence of A) Au(lll), and B) Ga(lll)

ions. Metal ion concentrations = 0, 10, 40, 80, 160, 320, 640, 1280 uM.
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3.2.2.3 Calorimetric Investigation of the HSA-Metal lon Binding
Isothermal titration calorimetry (ITC) is the only technique capable of measuring the
magnitude of the binding affinity and thermodynamic parameters directly in one

run2%,

ITC was used for the analysis of binding thermodynamics. Titration
experiments were performed where metal ions were titrated into the HSA solution, not
only thermodynamic parameters but also binding constants and the stoichiometry of

the complexes were obtained at a constant temperature and under constant pressure by

ITC.

The interaction enthalpy change of the binding between metal ions and HSA showed
that serum albumin provided a stronger interaction to Au ions than to Ga ions (Figure
3.7). The thermodynamics of associations were demonstrated in Table 3.4 by the
stoichiometry of the interaction (n), the association constant (Ka), the free energy
(AG), enthalpy (AH), and entropy (AS). AH, AS and AG values were all negative in
both reactions, the reactions are enthalpy driven and it reveals that non-covalent
interactions (e.g. electrostatic, van der Waals) are dominant between Au(l11)-HSA and
Ga(l11)-HSA bindings'®. Au(l1l) has a much higher affinity to serum albumin than
Ga(ll)-HSA. In terms of enthalpy and entropy values of these reactions, Au(l11)-HSA
binding is enthalpically more favorable but entropically less favorable than Ga(lll)-
HSA binding. AG values of Au(lll)-HSA and Ga(lll)-HSA bindings were negative,
hence these reactions are exergonic and are likely to occur spontaneously through
forward direction at ambient conditions. Although the homogeneity of both reactions
evades the accurate prediction of reaction spontaneities, Au(ll1)-HSA binding seems
to have a higher spontaneity over Ga(lll)-HSA binding. Also, UV-Vis spectroscopy

and fluorescence spectroscopy results are consistent with the thermal analysis results.
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Figure 3.7 ITC final thermograms of A) Au(l11)-HSA, and B) Ga(lll)-HSA bindings.

Table 3.4 Thermodynamic parameters obtained by ITC analysis for the binding of

HSA with Au(ll) or Ga(lll) ions.

Thermodynamic parameters Au(lll) Ga(lln)

Ka (binding affinity) 3.87x10°+4.9x 10* 9.68 x 10%+5 x 102
M-l

AH (enthalpy change) -1.911 x 10*+ 255 -1.061 x 10* + 231
cal/mol

AS (entropy change) -38.5 -17.3
cal/mol/deg

AG (Gibbs free energy -31.88 -22.74

change) kJ/mol

88



3.2.2.4 Analysis of Effects of Metal lons on the FT-IR Spectra of HSA

FT-IR spectroscopy was employed for the analysis of secondary structure alterations
upon Au(I) or Ga(lll) binding to HSA by combining the curve-fitting results of amid
I bands. Due to the different vibrations of peptide moiety, proteins exhibit
characteristic amide bands and the most information about the change of protein
secondary structure come from the Amide | band of proteins ranging from 1600 to
1700 cm . Fourier self-deconvolution, second derivative analysis and curve fitting

procedure have been employed as described elsewhere?®’: 210,

Curve fitting analysis of the amide | region was performed to estimate approximate
ratios of the three main subgroups of protein secondary structures with respect to the
total protein content, which are adopted at the regions of: 1630 cm™ for B-sheet, 1655
cmtand 1661 cm™ for a-helix, and 1678 cm™ for B-turns. The percentage differences
of these groups with respect to varying concentrations of metal ions were determined.
A representative spectrum of the amide | region following the application of curve

fitting analysis was demonstrated in Figure 3.8.

According to curve-fit data, the a-helix content had a decrease of =5 and 2% after HSA
interacted with Au(lll), and Ga(lll), respectively (Table 3.5). Although B-sheet
structure content of the HSA increased from 25% up to 27% when HAS was titrated
with Au ions, there was no considerable difference in the presence of Ga ions even at
high concentration. B-turn content also increased 3 and 1% after the addition of Aulll),
and Ga(lll), respectively. FT-IR data demonstrated that the alterations in the secondary
structure of serum albumin in Ga(lll) samples were in a-helices and B-turns, this was

a-helices, B-sheets and B-turns for Au(lll) samples.
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Figure 3.8 Representative spectrum of curve-fitted amide | region of HSA.

Table 3.5 Secondary structure of HSA upon treated with Au(l11) or Ga(lll) at different
concentrations. The percentage of different structures were calculated as the ratio of
the corresponding peak areas to the total area of all amide | peaks. The area-percentage

values are the averages of duplicate samples (means + SEM).

HSA only

100 uM Au

200 uM Au

100 uM Ga

200 uM Ga

B-sheets

1595 cm'!
24.98% + 0.73
1599 cm'!
27.61% + 0.62
1598 cm'!
27.22% + 0.58
1601 cm
24.51% + 0.19
1601 cm?
24.67% £ 0.31

a-helices

1633-1657 cmt
54.96% + 0.9
1635-1659 cm™
50.57% + 0.47
1633-1658 cm
49.62% + 3.53
1634-1658 cm™
54.19% + 1.58
1635-1658 cm™
53.81% + 0.44

90

B-turns

1682 cm'*
20.05% £ 1.63
1685 cm'!
21.81% £ 0.15
1683 cm'!
23.15% + 0.58
1684 cm!
21.29% £ 0.05
1683 cm'*
21.47% £ 0.3



3.2.2.5 Antitumor Activities of Au(l11) and Ga(lll) lons

The antitumor activity of the metal ions was evaluated by Alamar blue assay to assess
their effects on cellular proliferation in human breast cancer cell line (MCF-7) in vitro.
Percentages of cell viability relative to non-treated control of MCF-7 cells after 24 h-
exposure to Au(lll) and Ga(lll) ions at a concentration of 0, 50, 100, 250, 500 and
1000 uM are shown in Figure 3.9. There is a dose dependent effect of Au ions on
MCEF-7 cells’ viability. We observed a significant decrease in cell viability up to 10%
at high concentration. On the other hand, Ga(lll) ions did not exhibit significant anti-
proliferative activity against these cells. At tested concentration range, the maximum
impact reached 10% decrease of cell viability when exposed to Ga ions. These results
revealed that the Au ions are more cytotoxic than Ga ions to breast cancer cells.

Therefore, Au can be considered as a potential anti-cancer agent.

MCF-7

Viability (%)

0 50 100 250 500 1000
Concentration (UM)

Figure 3.9 Alamar blue cytotoxicity assay. Histogram for MCF-7 cells treated with

varying concentrations of Au(l11) and Ga(lll) ions for 24 h. *** p < 0.001.
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3.3 CONCLUSION
By using several spectroscopic and calorimetric techniques, we investigated binding
characteristics and affinities of Au(lll) and Ga(lll) ions to model DNA and serum

albumin.

Obtained results clearly indicated that both Au(l1l) and Ga(lll) ions are capable of
interacting with CT DNA and HSA. However Au(lll) ions interact with CT DNA and
HSA more favorably and with a higher affinity than Ga(lll) ions. Although the
interaction between metal ions and DNA does not disrupt conformation of CT DNA,
high concentrations of both metal ions led to considerable changes in the secondary
structure of HSA, especially in the a-helix. Metal ions may interact with grooves of
CT DNA and the non-covalent interactions play a major role for metal ion and DNA
association. Furthermore, thermal analysis of metal-DNA interactions revealed that
both reactions were exothermic at ambient conditions. The quenching in the intrinsic
fluorescence of the Trp residue in HSA upon the addition of metal ions to serum
albumin solution gives information on specific binding of metal ions to this site.
Moreover, the dose dependent antitumor activity of the metal ions was examined by

using human breast cancer cell line, MCF-7.

There are several studies about the anticancer activity of different gold complexes.
They demonstrate their neoplastic function through the interaction with specific
enzymes (selenolor thiol-containing thioredoxin reductase (TrxR), glutathione
reductase, and peroxidase) or activation of apoptotic pathways or dysfunction of

mitochondria?!!. Based on the interaction between Au(lIl), Ga(lll) ions and DNA or
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HSA, new strategies should be employed to increase stability of metal containing

complexes and novel carriers should be designed.

Auranofin is an antirheumatic gold complex with anticancer activity. Although it
demonstrates high anti-tumor properties in vitro, it reacts and covalently binds to the
Cys-34 of serum albumin which cause toxicity in vivo. On the other hand, thiol proteins
on cell membrane could preferentially increase uptake of serum bound Au ions. This

process may reduce the observed toxicity of metal ions??,

On the other hand, the absence of anti-tumor activity of Ga(lll) ions against breast
cancer cells in vitro does not mean that it cannot be considered as anti-cancer
compound. Actually, the anti-cancer activity of gallium nitrate was tested in humans
with different cancers such as breast, prostate, lung, ovarian, cervical, bladder, renal,
melanoma, sarcoma, chronic lymphocytic leukemia, Hodgkin’s lymphoma and non-
Hodgkin’s lymphoma. The observations revealed that it can be used against bladder
cancer and non-Hodgkin’s lymphoma?!? 214 and combination of this compound with

other drugs results in very good outcomes in the cancer treatment6®.
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3.4 EXPERIMENTAL SECTION

3.4.1 Materials

CT DNA with an initial concentration of 10 mg/mL was purchased from Invitrogen™
(USA). Au(lll) chloride hydrate and Ga(lll) nitrate hydrate (Sigma) were used as
received. Au(lll) chloride hydrate, Ga(lll) nitrate hydrate, and CT DNA stock
solutions were prepared in a 10 mM Tris (tris(hydroxymethyl)aminomethane)-HCI
buffer (pH 7.4) throughout the experiments. Experimental solutions were made by
diluting stock solutions into the buffer solutions to obtain desired final concentrations.
HSA (fatty acid free, 99%) in lyophilized powder form was purchased from Sigma
Aldrich (USA) and used without further purification. Solutions were freshly prepared

prior to experiments.

3.4.2 UV-Vis absorbance spectroscopy

Uv-Vis spectra were recorded at ambient temperature on a NanoDrop 2000
spectrophotometer (Thermo Scientific, USA). The wavelength range was 220-420
nm. Spectra were recorded at 300 pM DNA concentration and in the presence of
Au(ll) chloride hydrate or Ga(lll) nitrate hydrate (concentrations range from 10 to

320 uM).

Protein binding experiments were performed by keeping the concentration of the HSA
(10 uM) constant while varying the concentration of Au(lll) chloride hydrate or
Ga(lll) nitrate hydrate. UV-vis spectra were read after 2 h incubation of HSA and

Au(l11) chloride hydrate or Ga(lll) nitrate hydrate solutions.
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3.4.3 EtBr displacement assay

CT DNA and EtBr was incubated with a final ratio of 10:1 (DNA/EB) in 10 mM Tris-
HCI buffer (pH 7.4), to obtain a DNA/EtBr complex solution at 25 °C for 30 min in a
dark room. Varying concentrations of Au(lll) chloride hydrate and Ga(lll) nitrate
hydrate solutions were mixed with DNA/EtBr complex for half an hour. In all samples,
DNA concentration was constant (200 uM). The fluorescence measurements of the
samples were obtained by a SpectraMax M5 Microplate Reader at Aex of 530 and Aem
of 590 nm. The fluorescence intensities of the samples were evaluated by using the

equation below?*®:
F (%) = (I—1o) / (I 100—lo) X 100

where F and | are the relative fluorescence and emission intensities for EtBr-DNA
mixtures at 590 nm following the addition of metal ion solutions and lo and I100 donate

the emission intensities of free EtBr and EtBr-CT DNA mixtures.

3.4.4 CD spectroscopy

CD spectra of CT DNA (200 uM), and Au(lll) chloride hydrate or Ga(lll) nitrate
hydrate stock solutions were recorded with 1 cm path length quartz cuvette using a
Jasco J-815 spectropolarimeter (Jasco, UK). All CD spectra were an average of three
scans recorded at a scan speed of 100 nm min. Spectrum of buffer was recorded and
subtracted from the spectra of DNA/metal ion mixtures. Measurements were done with

in the 210-300 nm in the nitrogen atmosphere at 25 °C.
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345I1TC

Calorimetric analysis was performed in an 1TC200 microcalorimeter (Microcal®) at 25
°C and at 300 rpm stirring speed to prevent foaming on the biological solution.
Samples were degassed prior to titration. The sample cell was loaded with CT DNA
or HSA (200 uM) and Au(lll) chloride hydrate or Ga(lll) nitrate hydrate solutions (4
mM) were injected into the reaction cell. The data of metal ion titration into buffer
solution were subtracted after data acquisition to analyze biomacromolecule/metal ion
binding parameters. Data were analyzed using MicroCal Origin 7.0 software. The data
were analyzed using a one-site model by the Origin 7.0 software package supplied by

MicroCal. 4G (Gibbs free energy) calculations were made by the following formula?:®:
AG =—RTInKa =AH - TAS (2)

where T is the absolute temperature in Kelvin (298 K) and R = 8.3151 J mol* K™,

3.4.6 FT-IR spectroscopy

Infrared spectra were recorded on a Nicolet 6700 FT-Raman Spectrometer (Thermo-
Scientific, US). Interferograms were accumulated over the spectral range of 4000-600
cm ™t with a nominal resolution of 4 cm™ and 164 scans for better signal to noise ratio.
Eleven point data smoothing was done by Sawatzky—Golay functionality. All the
spectral measurements were performed at room temperature and ambient humidity of
45% RH. In the absence and presence of different concentrations of Au(lll) chloride
hydrate or Ga(lll) nitrate hydrate — CT DNA (200 uM) mixtures were prepared. Final
metal ion concentrations (100 and 200 uM) were used with a final HSA concentration
of 250 uM. Spectra were collected after 2 h incubation of samples at room temperature

with metal ion solutions and measured in duplicate. After 2 h incubation, 20 uL of
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final solutions were dropped and dried on the 96-well plate supplied by instrument,
and samples were dried at room temperature. The protein secondary structure was
determined from the shape of the amide | band at 1600-1700 cm™. The data analysis
software OMNIC™ was used for FT-IR measurements, identification of peak
locations, and basic modifications such as baseline and background corrections.
Background corrections for H2O and CO> were carried out for each analysis. Duplicate
samples were utilized in each analysis, and experiments were repeated independently

for at least two times.

3.4.7 Fluorescence spectroscopy

The fluorescence measurements were performed using SpectraMax M5 Microplate
Reader (Molecular Devices, USA) using a quartz cuvette with 1 cm path length.
Excitation wavelength was 290 nm and emission wavelength range was 300-450 nm.
Titration experiments were carried out by adding increasing concentrations (10-1,280
uM) of Au(lll) chloride hydrate and Ga(lll) nitrate hydrate solutions to HSA solution

(10 pM).

3.4.8 Cell culture and viability assay

MCF-7 cells were maintained in 10% FBS and 1% penicillin/streptomycin (Gibco)
containing DMEM (Gibco) at 37 °C under 5% CO:, and passaged twice weekly
depending on the confluency of cells. The cell viability was estimated by using Alamar
blue Assay. The same procedure was applied as explained in Section 2.4.9.1. Cells
were seeded in 96 well-plate at a density of 1 x 10* cells/well in 100 uL culture
medium, and then treated with different concentrations of metal salt solutions (0-1,000

uM) prepared in DMEM. Incubation was performed at 37 °C and 5% CO> for 24 h.
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Chapter 4

INTERACTIONS BETWEEN BIOMACROMOLECULES AND
BORIC ACID OR BORON COMPOUNDS

Part of this thesis is published in the following article®® 2!”; Reprinted from

“Non-intercalative, Deoxyribose Binding of Boric Acid to Calf Thymus DNA”;
Ozdemir A., Gursacli R., Tekinay T., Biol Trace Elem Res. 2014, pp:268:74, with
permission from Springer and “Spectroscopic evaluation of DNA-borate interactions”;
Ozdemir A., Sarioglu O.F., Tekinay T., Biol Trace Elem Res., 2015, pp:1-8, with

permission from Springer.

A partial content of this work is under preparation for a publication with the following

authors: Ozdemir A., Sarioglu O.F., Tekinay T.
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4.1 INTRODUCTION
Boron is an essential element, and required for many plant functions, including cell

wall cross linking, lignin and nucleic acid biosynthesis?'®

, sugar metabolism as well as
seed production?®. In humans, boron compounds play important roles in membrane
signaling, reactive oxygen species removal, bone function, calcium and magnesium
metabolism and hormone (e.g. insulin, estrogen and testosterone) regulation??°. Boron
atoms are capable of forming covalent bonds with several structures, such as
porphyrins for photodynamic therapy??*, in the same way as carbon atoms in organic
compounds. The main forms of inorganic boron is boric acid B(OH)s. Borates, the
naturally occurring forms of boron, are generally found as salts in soil, aqueous
environment or food and have widespread use as food preservatives, antiseptics and
flame retardants, as well as in cement production and glass industry. Other sources of
boron include borate mining, wood burning, sewage disposal and weathering

processes. It is known that boron compounds have low toxicity, but they are considered

to be toxic to the environment at very high concentrations??? 22,

In recent years, considerable academic interest has been devoted to the development
of nanoscaled boron containing therapeutic and delivery agents®?*2%5, Two boron
compounds (bortezomib and tavaborole) are being used for the treatment of multiple
myeloma and onychomyecosis of the toenail in the market and boron based drug design
will take on an increasingly important role for further development in medicinal
chemistry??t. Various types of boron containing agents have been investigated for
biomedical applications due to the low chemical reactivity and a high resistance to
enzymatic degradation of boron??’. The most important clinical application of boron

IS based on the element’s capacity to absorb neutrons, which has been used to kill
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tumor cells in boron neutron capture therapy (BNCT), a non-invasive technique for
the treatment of various cancers®?® 22°, especially brain tumors?” 2% since 1950s%%.
Up to now, several strategies have been employed to selectively deliver boron atoms
or boron derivative drugs into tumor cells?*? by the use of various agents, such as
liposomes?* 24 and nanoparticles®®. Several studies have investigated the anticancer
activity, growth inhibition and induction of apoptosis at higher doses?3® of boric acid
(BA). Effectiveness of BA for hindering growth and proliferation of prostate cancer
cells and breast tumor cells have already been evaluated?®62%"- 23 There are also
several studies in the literature about the clinical potential of some borates (e.g.
calcium fructoborate) and their effects on the viability of different cancer cell lines®®.
It has been reported that boron compounds are capable of preventing DNA damage?*°
induced by titanium dioxide and paclitaxel. Besides the therapeutic potential of BA
and its derivatives, the underlying mechanism of boron compounds on normal and
pathologic tissues has not yet been established fully?*1-24 Therefore, the relationships
between boron and biomolecules still need to be investigated in order to thoroughly
understand the precise metabolic effects of BA and borates on key biomacromolecules,
such as nucleic acids and to evaluate the potential of the boron containing compounds

in biomedical applications.

This study investigated BA as one of the boron compound of interest, since the
hydroxyl groups of BA can associate with water molecules of biological ligands.
Furthermore BA can form covalent and ester bonds with biomolecules®*. Two
common borates which are widely utilized in industry; ulexite (ule) and colemanite
(col) have been also analyzed under physiological conditions in terms of binding

interactions.

100



It is known that most of the chemotherapeutic drugs interact with DNA of cancer cells
by intercalation, inter- or intrastrand cross-linking, or binding to the N3 atom of DNA
purines, thus stop proliferation and damage tumor cells. As a consequence, a deeper
understanding of the basic mechanism between DNA-Boron compound interactions
may allow the design of novel boron derivatives for cancer inhibition. Therefore, we
used CT DNA as a model biomacromolecule in our experiments. Inorganic boron
compounds can also have lethal effect if they are located within or near the cancer cell

nucleus24,

HSA is the most abundant protein in the blood plasma. In addition to its direct
biological functions, such as the maintenance of osmotic pressure, modulation of fluid
distribution and prevention of the photodegradation of folic acid, it facilitates the
biodistribution of many endogenous and exogenous compounds, including hormones,
fatty acids, metals and drugs*®. The potential interactions between metals and HSA
have been a topic of substantial research, and their understanding is of substantial
importance for the determination of the mechanism of action for metal-containing

drugs®¥'.

In this chapter, HSA and DNA binding characteristics of BA and boron compounds
were investigated using several spectroscopic, calorimetric, and microscopic methods.
Chemical alterations in the secondary structure of these biomacromolecules, the
binding modes and binding constants have been investigated using several tools. We

also addressed whether ule and col are toxic to endothelial cells.
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4.2 RESULTS and DISCUSSION

4.2.1 DNA Binding Characteristics of BA

4.2.1.1 The Effects of Interaction of BA with DNA to Its Absorbance

The absorption maxima of free DNA is observed at 260 nm as a sigmoidal curve which
results from n—m* transitions in the aromatic purine (adenine, guanine) and pyrimidine
(uracil, cytocine, thymine) rings of the nucleic acids?*®. Changes in the UV absorption
band characteristic of DNA (peak intensity or peak position) upon addition of a ligand
show alterations in the DNA secondary structure??®. Especially, the disruption of the

hydrogen bonds between base pairs may occur when a molecule binds to DNA249: 250,

In order to understand association between BA and CT DNA, absorption spectral
titration experiments were performed. Our results demonstrate that there is a molecular
association between BA and CT DNA as seen in Figure 4.1. Though the absorbance
change at 260 nm is negligible at lower concentrations of BA, it is increased
significantly at higher concentration which may result from DNA denaturation. It is
known that decrease in the intensity of maximum peak of DNA, called
hyperchromism, without any shift, is related to the non-intercalative binding of a small
molecule®®™ 252, In addition, EtBr displacement assay was used to prove non-
intercalative binding between BA and CT DNA. EtBr displacement assay results
suggested that BA binding to CT DNA is not intercalation because of stable

fluorescence intensity of EtBr bound DNA following addition of BA (Table 4.1).
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Table 4.1 The relative fluorescence intensity ratios with respect to varying

concentrations of BA.

[DNA]/[Boron] Relative Fluorence Intensity (%0)

molar ratio [DNA]/[BA]
1:0 100+ 4.1
1:1 98 +£35
1:5 97 +1.2
1:20 95+2.3
0.20
0.16 4
()
S 0.12-
g
?
2 0.08-
0.04 4
0.00 ; : ; ——=
220 240 260 280 300 320

Wavelength (nm)

Figure 4.1 UV—-Vis spectra of CT DNA in 0.01 M TE buffer (pH 8.0) in the presence
and absence of BA. Total volume was constant. Arrow shows absorbance change upon
increasing concentrations of BA. a) Free CT DNA (0.01 mM) and DNA-BA

complexes with varying DNA/BA ratios b) [1:1], ¢) [1:5], d) [1:10], and e) [1:50].
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4.2.1.2 Investigation of Conformational Transition of DNA

Isomerizations among distinct conformational states of DNA can be clearly observed
on CD spectra. Unmodified double helical DNA, right-handed B-DNA, has two
distinctive CD bands: a positive band at 277 nm and a negative band around 247 nm
due to the base staking of DNA nucleotides!®. Bands of free CT DNA demonstrate a
classical Gaussian shape, which is characteristic of the B-DNA conformation (Figure
4.2a)?3. Changes in the position of 277 nm band is the indicator of conformational
transition from B to A DNA“, The intensity of both positive and negative peaks
decreased gradually without a significant shifts after BA-DNA complex formation.
CD results revealed that the binding of BA to CT DNA may not cause conformational
change in DNA structure. Figure 4.2b and 4.2c show quantification of alterations in
the band intensities of CD spectra upon the addition of BA. It is known that reduction
in the amplitude of the positive CD band around 280 nm is indicative of DNA
denaturation?. Maybe, the observed decrease in that band in our results is due to

degradation of nucleotides which is consistent with our UV-Vis spectroscopy data.
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Figure 4.2 (a) CD spectra of free DNA and BA- DNA mixtures in 0.01 M Tris-HCI
buffer (pH 7.5). Arrows show the direction of changes in CD spectrum with increasing
BA concentration. (b) Alterations in the amplitude of CD bands at 247 nm and (c) at

277 nm following BA addition.
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4.2.1.3 Morphological Investigation of DNA-BA Interactions

TEM is an important analytical tool in the field of material science and molecular
biology for structure characterization. TEM is based on irradiation of a sample with
electron beam which generally has 60-160 keV energy emitted from an electron gun
under the vacuum. Depending on the electron diffraction contrast and distribution of
electron density of sample, an image can be obtained on the fluorescent screen. Here,
we analyzed the general morphology of BA-DNA complexes by TEM. Structures of
free CT DNA and free BA are shown in Figure 4.3a, b. The observed irregular
structures of free DNA may result from sheared DNA stock (Figure 4.3a). Free BA
clusters form large aggregates as seen in Figure 4.3b. When DNA was incubated with
BA, aggregates were clearly observed (Figure 4.3c). Interestingly, BA molecules were
homogenously dispersed and had regular shapes with diameters in the range of 10-15
nm. BA molecules probably bound to the exposed surfaces of double stranded DNA

clusters.

ey

200 nm P
—_— o —

Figure 4.3 TEM observation of a) 0.1 mM free CT DNA, b) 1 mM BA, and c) 0.1
mM CT DNA + 1 mM BA mixture. All samples were prepared in double distilled

water and negatively stained with 2% uranyl acetate.
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4.2.1.4 Effects of BA Treatment on FT-IR Spectra of DNA

The binding mode of BA to CT DNA was evaluated via FT-IR spectroscopy. We
compared the FT-IR spectra of DNA in the presence and absence of BA with varying
concentrations. The spectra in the 700-1800 cm™* region are presented in Figure 4.4.
The marker bands of DNA and their shifts are tabulated in Table 4.2. The peaks at
1715, 1663, 1604, and 1496 cm* correspond to the vibrations of guanine (G), thymine
(T), adenine (A), and cytosine (C), respectively®®l. After the addition of 1 mM BA to
the DNA solution, the cytosine band at 1496 cm™ shifts to 1499 cm™. A number of
peaks around 1400-1500 cm™* disappeared by binding of BA (Figure 4.4). We
observed that the overall spectral features for nitrogenous bases are similar to free
DNA, which rule out the intercalation of BA to DNA strands. Peaks at 1231 and 1082
cm ™ are denoted to phosphate asymmetric and symmetric stretching, respectively, and
are commonly used to distinguish the binding modes and conformational changes.
With the addition of increasing concentrations of BA, the band at 1231 cm™ gradually
shifted to 1239 cm™. The changes in this position may be attributed to partial
perturbation in native B conformation of DNA. FT-IR outcomes are consistent with
our CD spectroscopy results. In addition, sugar band at 1055 cm™ shifts to 1049 or
1053 cm™ in the presence of high concentration of BA. There is another B
conformation peak at 825 cm™ which slightly shifts to 822, 824, and 821 cm™ in 0.25,
0.5, and 1 mM BA-DNA mixtures, respectively. It is known that the band in 821 cm™
is symmetric stretching of B(4)-0%°. Therefore, the observed shifts in B conformation
marker of DNA may result from the higher vibration of B(4)-O bond at high
concentrations of BA. Our data indicated that the main binding site of BA could be

deoxyribose compared to other regions, because a major shift was observed from 891
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to 881 cm™* which attribute to deoxyribose band upon the addition of BA. In aqueous
conditions, BA can form ester bonds with the hydroxyl groups of the sugars. For
example; the sugar diacid disodium saccharate (glucarate) and BA form complex in
2:1 ratio in aqueous solution®®’. The interaction between sugar and BA may not limited
to function on DNA. It may also affect its cellular uptake through the co-transport

mechanism via a sugar transporter like calcium fructoborate?3.

Arbitrary Units

] L] ] L] L] L L) L L) T
1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800 700
Wavenumber(1/cm)

Figure 4.4 FT-IR spectra of DNA-BA mixtures in the region of 700-1800 cm™. a) free
CT DNA (1 mg/mL), b) DNA + 0.25 mM BA, ¢) DNA + 0.5 mM BA, d) DNA + 1

mM BA.
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Table 4.2 Peak positions and spectral shifts of the free CT DNA and CT DNA-BA
complex at different molar ratios. Concentration of DNA was kept constant (1 mM)

for all samples.

DNA band assignments Free DNA DNA-0.25 DNA-0.5 mM DNA-1
(cm™) mM BA (cm™) BA (cm™) mM BA (ecm™)

Guanine 1715 0 0 0
Thymine 1663 0 -1 0
Adenine 1604 +2 +1 -2
Cytosine 1496 +1 0 +3
Phosphate asymmetric 1231 +7 +8 +6
Phosphate symmetric 1084 +1 0 0
Sugar phosphate 1055 0 -6 =2
Backbone marker 967 0 0 +2
Deoxyribose 891 -10 -10 -9
B-conformation marker 825 -3 -1 -3
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4.2.1.5 Analysis of Thermodynamics of BA-DNA Binding

ITC is a powerful tool for direct determination of thermodynamic parameters (AH,
AG, and AS) associated with binding reactions, stoichiometry of interaction between
two molecules (n), and binding affinity (Ka)?°®. Multiple reports are available in
literature about the ITC-based quantitative measurements of interactions between
biological macromolecules, such as proteins?°264 or DNA?%5-268 and metal ions. In our
study, thermodynamics of BA binding to CT DNA was analyzed via ITC. 5 mM BA
in double-distilled water was titrated into 0.5 mM CT DNA, the thermogram of the
reaction is shown in Figure 4.5. According to binding isotherm, the number of binding
sites for the BA-DNA complex formation is 0.2. Because the BA-DNA interactions
do not involve the formation of a 1:1 bound complex, a sigmoidal plot could not be
fully fitted with the one-site binding model, but a partial fit has been obtained. ITC
data showed that the rapid saturation of the BA-DNA complex resulted from the high
initial molarity of BA. Negative enthalpy change in calories per mole was found to be
—920.6 (x1.44), which revealed the binding reaction is exothermic, and the affinity
constant K, was found to be 9.54 x 10% The obtained thermodynamic parameters
revealed that the interaction between BA and CT DNA is enthalpy driven rather than

entropy.
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Figure 4.5 ITC data for the titration of BA (5 mM) into CT DNA (0.5 mM) at 25 °C.
Top panel demonstrates the differential power of the experiment. Bottom panel

represents integrated heat change after each injection of BA.
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4.2.2 DNA Binding Characteristics of Boron Compounds

4.2.2.1 Spectroscopic Confirmation of the Interaction of Borates with DNA

The UV absorption of a biomacromolecule can be used to understand the interactions
between this molecule and possible targeting ligand. It is known that hyperchromism
of the absorption band of helical DNA at 260 nm after the binding of a ligand may
indicate the presence of a strong intercalative binding (i.e. insertion between the base
pairs) between that ligand and DNA2, On the other hand, hypochromisms are
generally associated with charge-transfer interactions?®. The reverse trend is true if
you are interested in the changes of maximum absorption peak of the ligand:
Hypochromisms and red-shifts result from intercalative binding, whereas

hyperchromism is associated with an electrostatic mode of interaction?”°.

The chemical structures of ule and col were demonstrated in Figure 4.6. Initially, the
mode of binding between borates and DNA was investigated by UV-Vis spectroscopy.
Figure 4.7a and 4.7b show the titration of varying amounts of ule or col into constant
concentration of CT DNA, respectively. The absorbance peak around 258 nm showed
slight hyperchromic shifts following the addition of borate compounds. This
hyperchromicity is observed to be more pronounced (~20%) for col as compared with
ule (10%). Also, same experiment was performed at a constant concentration of
borates and varying concentrations of CT DNA as shown in Figure 4.8a and 4.8b. The
maximum UV absorbance of both boron compounds were observed at 503 nm.
Although ule samples demonstrated concentration-dependent hyperchromism with a
slight blue-shift following DNA binding, col samples showed a gradual hypochromism

at the same region. The binding of ule to CT DNA may depend on electrostatic
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association between the negatively-charged phosphate backbone and positively-
charged metal cations present in the borate structure'? 2%, However, hypochromic
effect of col on CT DNA may indicate that col has a stronger affinity to CT DNA and

potentially interacts with the double helix through intercalative binding.

a H,0 Ho0 H,0 H,0 b _ —2n-
o OH OH OH OH
~ I o | | 0o ‘
B yd e
NN 7 o— \BI o—s \T_o_
I I o
ca ¢ o o} o
\./ a{___ \B/ \B/
B\O/ o Na | |
OH OH
H,0 H,0 H,0 H,0 L —In

Figure 4.6 Chemical structures of (a) ule and (b) col used in study.
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Figure 4.7 UV-Vis spectra of CT DNA (0.01 mM) in the presence (solid line) and
absence (dashed line) of varying concentrations of (a) ule and (b) col at the following

ratios: [DNA/borate] = 0:1, 1:0.1, 1:1, 1.5, 1:10.

114



Absorbance

0.000 T T
495 500 505 510

Wavelength (nm)

0.020

o
o
=
&

Absorbance
g
o
-—
T

0.005 T T
495 500 505 510

Wavelength (nm)
Figure 4.8 UV-Vis spectra of (a) ule (0.1 mM) and (b) col (0.1 mM) in the presence

and absence of different concentrations of CT DNA at the following ratios:

[DNA/borate] = 0:1, 1:1, 2:1. The arrow indicates the spectral sequence with

increasing DNA content.
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4.2.2.2 Competitive DNA Binding Between EtBr and Borates
EtBr is a well-known intercalator and widespread use of it in anticancer drug research
for the investigation of the intercalative capabilities of therapeutic agents is

continuing®"*

. An intercalator molecule can displace this cationic dye already present
between the DNA strands which results in decrease in fluorescence quenching of
EtBr-bound DNA and yields information about the binding mode of the molecule in
question®®’. Displacement of EtBr from DNA after treatment with borates was not
considerable in our experiment (Table 4.3). It has been reported that a competing DNA
intercalator reduces the fluorescence of EtBr-bound DNA by about 50%, because of
the lower fluorescence intensity associated with free EtBr molecules that are displaced
from their original positions by the intercalator?’2. In our case, the addition of borates
causes slight decreases in fluorescence intensity (by 10% and 11% for ule and col,
respectively). Borates have comparable value to some groove binders?’2. Furthermore,
the relationship between col and CT DNA is probably stronger than ule due to the
observed more prominent fluorescence quenching at higher concentrations. The

absence of a significant displacement of EtBr suggested non-intercalative binding

between CT DNA and borates.
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Table 4.3 EtBr displacement assay results showing the fluorescence intensity changes

with respect to different concentrations of borates.

[DNA]/[ Borate ] Relative Fluorence Intensity (% )

molar ratio [DNA] /[ Ule] [DNA]/[Col]
1:0 100+4.1 100+4.1
1:1 96 + 2.7 96 + 3.3
1:5 95+3.9 90+1.8
1:10 90+16 89+25
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4.2.2.3 Investigation of Effects of Borate on DNA Damage

DNA cleavage induced by a molecule can be monitored via agarose electrophoresis
analysis. The accumulation of metal ions around the DNA helix creates oxygen or
hydroxide radicals which results in endonucleolytic cleavage of DNAZ?", It is known
that intercalative or electrostatic binding interactions are capable of decreasing the
mobility of DNA2"4, We performed agarose gel electrophoresis with borate-bound CT-
DNA and borate-bound plasmid DNA to understand whether borates change the
integrity of DNA (Figure 4.9). The migration of CT-DNA and plasmid DNA bands
were examined in the presence of and absence of borates in aqueous buffer solution.
It has been reported that relaxation of the supercoiled circular form of pUC19 plasmid
DNA results in nicked circular and/or linear forms which is observed as retardation of
strands. With the increasing concentrations of borates, the fragmentation of both col
and ule added groups were comparable with control (non-borate treated) DNA,
suggesting that both CT DNA and plasmid DNA do not cleaved despite interacting
with borates. The lack of DNA cleavage activity even at higher concentrations of ule
and col also indicated that the borates prefer a non-intercalative mode of binding and
do not disrupt the structure of DNA. Agarose gel electrophoresis data are consistent
with our EtBr displacement assay results, as the borates were also unable to replace a

known intercalator from the structure of DNA.
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Figure 4.9 Gel electrophoresis diagram showing bands of a) CT DNA (50 ng/uL) and
b) pUC19 plasmid DNA (11 ng/uL) in the presence and absence of varying

concentrations of borates (0, 0.1, 0.5, 2, 10 mM; and 0, 0.1, 1, 10 mM, respectively).
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4.2.2.4 Analysis of Effects of Borates on DNA Conformation
B-DNA displays two positive peaks at 220 and 275 nm, and a negative peak at 245
nm*°, It is known that the peak around 275 nm and 245 nm are attributed to base

stacking and the polynucleotide helicity of DNA, respectively?’

. Additionally, a red
shift at 220 nm and an intensity increase at 275 nm peaks are some of the
characteristics for B to A conformational change'®. CD spectra of CT-DNA in the
presence of increasing concentrations of boron compounds were recorded in order to
explore the effects of borates on the secondary structure of CT DNA. Figure 4.10a and
Figure 4.10b indicated that the association between borates and CT DNA causes a
reduction in the intensities of CD values at 245 nm and 275 nm, and no consistent
change at 220 was observed. CD studies showed that the right-handed helicity of B-
DNA may be modified?”® with slight changes in the base stacking interactions. There
was not B to A conformational transition because the expected peak shift in the spectra
and increase in the intensity at 275 nm for both samples were not observed in our CD
results. Although an intercalator is known to increase the intensities of both positive
and negative bands, groove binders show less or no perturbation on the helicity and
base stacking bands of DNA®2. Importantly, the lack of any considerable alteration in
the intensities of positive and negative peaks following borate treatment suggested that
ule and col could bind to CT DNA through non-intercalative interactions (e.g. groove

binding, electrostatic interactions). Moreover, helicity of B-DNA could be modified

without a major change in the confirmation of CT DNA upon binding of ule and col.

120



CD (mdeg)

V I 1 1 ] 1 1 1 Ll
210 220 230 240 250 260 270 280 290 300
Wavelength(nm)

CD (mdeg)

230 240 250 260 270 280 290 300

200 210 220
Wavelength(nm)

Figure 4.10 CD spectra of CT-DNA (0.2 mM) in the presence of (a) ule and (b) col at

the following ratios: [borate/DNA] = 0:1, 1:8, 1:4, 1:2, 1:1. Arrows show the spectral

changes with respect to increasing concentrations of borates.
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4.2.2.5 Structural Analysis of DNA-Borate Binding

FT-IR spectroscopy is a nondestructive and well established tool for the determination
of chemical bonds and their changes in terms of angle and structure following the
binding of another molecule. Each molecule has characteristic absorption bands when
exposed to IR radiation. The most sensitive spectral region to the secondary structural
components of DNA is observed in the region of 1800-700 cm™* which derives from in
plane double bond vibrations of the bases, vibrations of the glycosidic linkage between
a DNA base and its sugar, antisymmetric and symmetric phosphate vibrations and
phosphate-sugar backbone vibrations?’®. There are also specific marker bands
sensitive to conformational changes between A, B and Z geometries depending on

environmental conditions or binding of a molecule 2.

The IR spectrum of the free CT DNA and its complexes with ule and col was
demonstrated in Figure 4.11 and 4.12. All peak assignments of DNA were made in
accordance with the literature?’’. Bands near 1715 cm™ are assigned to the in-plane
vibrations of guanine stretching, while the band at 1663 cm™ is attributed to thymine
stretching vibrations. The components centered at 1604 cm™ and 1489 cm™ have been
assigned to the ring stretching vibrations of adenine and cytosine, respectively 2’8, No
major shifts were observed in peaks associated with DNA bases for borate
concentrations of up to 2 mM, but the cytosine-associated band at 1487 cm™ was
enhanced in a concentration-dependent manner in the difference spectra of
borate/DNA complexes (Figure 4.13). Higher concentrations of ule and col were
observed to slightly disrupt base vibrations, resulting in 1-2 cm shifts. The presence
of these shifts is due to increased availability to alkaline earth cation (Ca*?) or to alkali

metal ion (Na*?) that are found in the chemical structures of the borates, and these ions
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are capable of binding DNA bases via electrostatic interactions or indirectly affect
purine and pyrimidine bases. In addition, the effects of these ions on thermal stability
and secondary structure of CT DNA were already discussed elsewhere?’® 28,
Phosphate asymmetric stretching of DNA is usually associated with the IR band at
1225 cm™ and showed an upward shift to 1240 cm following the binding of ule and
col. The phosphate symmetric stretching band at 1087 cm™ shifted to 1095 cm™
following ule binding and association between col and CT DNA resulted in major
shifts at these bands (11-13 cm™). We also observed large shifts in the locations and
intensities of 1225 cm™ and 1087 cm™ peaks, which are associated with asymmetric
and symmetric phosphate stretching in the difference spectra of borate-bound DNA.
The band that belongs to DNA backbone at 967 cm™ shifted to 965-977 cm™ in the
presence of ule, and displayed 1-2 cm™ upward shifts following the addition of col.
Also, the binding of borate compounds to CT DNA changed the bands attributed to
the phosphate backbone, which can be seen in the difference spectra of borate/DNA
complexes. Second-derivative analysis of the FT-IR spectra showed various
considerable shifts and intensity changes of the symmetric phosphate peaks of
borate/CT-DNA complexes, especially at higher concentrations of both ule and col
(Figure 4.14) which may derive from electrostatic interactions of positively-charged
ions in the structures of the borates and the negatively charged phosphate groups of
DNA. Deoxyribose sugar vibrations band that is found at 1055 cm™ is associated with
C=0 and C-C stretching within the sugar structure. Sugar phosphate vibrations band
was observed at 967 cm™ in the spectrum of free CT-DNA. The intensity of these
bands reduced significantly, especially at higher concentration of borates as shown in

Figure 5.8. Minor shifts in the deoxyribose sugar vibrations (~3 cm™) of borate-bound
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CT DNA were also presented. The peak at 825 cm™ is a B-DNA conformation marker,
and although binding of ule did not alter the position of this band, binding of col
resulted in 1-2 cm™ shift in the band. It is known that interaction of an agent with DNA
backbone phosphates changes the locations and intensities of -PO, bands. Our FT-IR
study revealed that borates could bind externally to the sugar-phosphate backbone of
the CT-DNA double helix. Furthermore, the general lack of base-related peak shifts is

in line with our CD results, and supports a non-intercalative binding of borates to CT

DNA.
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Figure 4.11 FT-IR spectra of CT DNA-ule mixtures at different concentrations of
borates. (a-e): a) free CT DNA (1 mg/mL) b) CT DNA (1 mg/mL) + borate (0.1 mM)
¢) CT DNA (1 mg/mL) + borate (0.5 mM) d) CT DNA (1 mg/mL) + borate (1 mM) e)

CT DNA (1 mg/mL) + borate (2 mM) in the spectral region of 1800-700 cm™.
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Figure 4.12 FT-IR spectra of CT DNA-col mixtures at different concentrations of
borates. (a-e): a) free CT DNA (1 mg/mL) b) CT DNA (1 mg/mL) + borate (0.1 mM)
c) CT DNA (1 mg/mL) + borate (0.5 mM) d) CT DNA (1 mg/mL) + borate (1 mM) e)

CT DNA (1 mg/mL) + borate (2 mM) in the spectral region of 1800-700 cm™.
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Figure 4.13 FT-IR difference spectra of (A) CT DNA-ule mixtures and (B) CT DNA-
col mixtures within the spectral region of 1800-700 cm™. (a-d): a) CT DNA (1 mg/mL)
+ borate (0.1 mM) b) CT DNA (1 mg/mL) + borate (0.5 mM) c) CT DNA (1 mg/mL)

+ borate (1 mM) d) CT DNA (1 mg/mL) + borate (2 mM).
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Figure 4.14 FT-IR second-derivative spectra of a) CT DNA-ule mixtures and b) CT

DNA-col mixtures within the spectral region of 1100-1000 cm™.

128



4.2.3 HSA Binding Characteristics of Boron Compounds

4.2.3.1 Binding Studies Using UV-Vis Spectra

UV-Vis spectra of HSA with and without boron compounds are shown in Figure 4.15.
HSA displays a characteristic absorbance peak at 278 nm, due to the =—" transitions
of aromatic amino acids. After the addition of increasing concentrations of ule, 39%
increase was observed in the intensity of 278 nm absorbance peak, without any
significant shifts. HSA-col mixture behaves similarly, however the increase in the
intensity of 278 nm absorption peak for the maximum col concentration was 65%. Our
data indicate that boron compounds and HSA are capable of interacting, and that Trp
residues, which are primarily responsible for the 278 nm peak, are potential sites of

interaction.

It is known that HSA is a transporter for Ca2+ ions in blood?!. Ule and col include
calcium in their structure which may affect binding and affinity of these borates, but
there is no specific binding site or motif for Ca on the HSA. Studies revealed that Ca
weakly and unspecifically binds to the serum protein and probably through the
multiple carboxylates present on the surface of serum protein. Therefore; the

contribution of Ca to the binding of borates are not significant?,
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Figure 4.15 UV-Vis spectra of free HSA and different molar ratios of HSA-boron
compound complexes in 10 mM Tris-HCI buffer (pH 7.4); a) [HSA:ule], b) [HSA:col].
Protein concentration was kept constant at 0.01 mM in all samples. Arrows show the

absorbance change following the addition of increasing concentrations of boron

compounds.
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4.2.3.2 Fluorescence Quenching of HSA by Boron Compounds

Fluorescence spectroscopy is a useful method for exploring the interactions between a
ligand molecule and a serum protein. In the 300-500 nm range, only the Trp-214
residue dominates the fluorescence of HSA. To further understand the effect of boron
compounds on HSA, fluorescence spectra were collected from free HSA and HSA-ule
or HSA-col complexes, with excitation and emission wavelengths of 290 nm and 345
nm, respectively (Figure 4.16). After the addition of boron compounds, a reduction in
fluorescence intensity was observed without major shifts in the HSA fluorescence
spectrum, which indicates the presence of complex formation. In particular, such a
quenching in fluorescence spectra may result from excited-state reactions, molecular
rearrangements, energy transfer, ground state complex formation, conformational
changes or collision quenching??. Depending on the fluorescence intensity of Trp at
345 nm, the quenching data can be analyzed according to Stern-Volmer equation: Fo/F
= K [Q] + 1where Fo and F are the fluorescence intensity in the absence and presence
of quencher, K is the Stern-Volmer quenching constant taken as the binding constant
of the small molecule and [Q] is the concentration of the quencher. The slope of the
Fo/F versus [Q] plot can therefore be used to calculate the K value?’. The plot of Fo/F
as a function of quencher concentration is shown in Figure 4.16A” and 4.16B’. The
binding constants obtained were Kyie= 1.37 x 10° M and Keoi= 1.78 x 10 M2 which
suggests a low affinity between boron compounds and serum albumin. The calculated
association constants from fluorescence spectroscopy exhibited great similarity. The

absence of any shift in the fluorescence spectra indicates that the polar environment of
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Trp 214 did not change after the binding of boron compounds?®. In addition, borates

may bind to 1A binding site in HSA near Trp 214.
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Figure 4.16 Fluorescence emission spectra of HSA-borate complexes in agueous
solution (pH 7.4) for the interactions of HSA-ule a) and HSA-col b); a: 3 uM of free
HSA, b-j: HSA-borate complexes for the borate concentrations of 3-100 pM. Inset

plots show Stern-Volmer plots of HSA-ule (a’) and HSA-col (b’) at 298 K.
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4.2.3.3 Analysis of Protein Conformation

CD studies are useful to determine protein interactions, folding and secondary
structure?®*. The two negative bands at 209 and 221 nm are characteristic in the CD
spectrum of the HSA, and occur due to the n—n* and n—n* transitions of amide
groups in the far UV region?® 26, Shifts in the CD spectrum of serum albumin after
treatment with boron compounds were used to estimate changes in the secondary
structure of the protein upon interaction with ule or col. Our data suggest that ule and
col exhibit similar behaviors in CD spectra (Figure 4.17). Furthermore, no change in

the shape of CD spectra was observed.

According to equation based on mean residue ellipticity value at 208 nm, free HSA
had a- helix content of 58%. Upon the addition of boron compounds, a minor reduction
in the a-helix content of the protein could be observed as a reduction in the CD signal
without any shift. The quantitative results revealed that a-helix content of HSA
decreased to 53% following ule binding, and to 52% following col binding which was
indicator of loss of a-helical content of serum protein and binding of boron compounds

to the protein®’.
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Figure 4.17 CD spectra of HSA-ule A) and HSA-col B) interactions (a: 1 uM of free

HSA, b: HSA-borate complexes (50 uM of ule or col) in 5 mM Tris-HCI buffer (pH

7.4) at 298 K.
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4.2.3.4 Structural Analysis of HSA Binding of Borates

FT-IR spectroscopy can be used to reveal the secondary structure of globular proteins
based on the vibrational frequencies and vibrational modes of their functional groups.
The amide | band in particular is highly sensitive to conformational changes. However,
it must be kept in mind that the results of FT-IR-based secondary structure analysis
may not be consistent with those derived from other techniques, due to the fact that
regions associated with certain structures may overlap?’®. For example; while X- ray
crystallography analysis suggests that HSA does not contain B-structures (B-turns or
[B-sheets), peaks associated with these motifs are observed in the IR spectrum of HSA,

and are in fact attributable to a low frequency a-helix band.

The IR spectrum of HSA exhibits characteristic bands at around 1652 cm™ and 1546
cm?, attributed to the amide I and amide II bands, respectively. Figure 4.18 is the FT-
IR spectra of the free HSA, and difference spectra of HSA obtained by subtraction of
the spectrum of free borates from the HSA-borate complexes. As can be seen in Figure
4.18, peak positions were slightly changed upon the binding of both ule and col. In
particular, ata 1:1 molar ratio of HSA:ule, the amide Il band shifted from 1652 to 1642
cm™, while a shift from 1652 to 1645 cm™ was observed in a mixture of HSA:col at
1:4 molar ratio. We observed minimal changes in the shape, position and the intensity
of amide I bands after exposure of boron compounds at different concentrations, which

is also evaluated quantitatively in Table 4.4.

Curve fitting analysis of the amide I region in the 1600-1700 cm range demonstrated
that col binding resulted in minor protein secondary structural changes, such that the

percentage ratio of a-helices shifted from 55% (free HSA) to 53% at 1:1 molar ratio,
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and to 51% at 1:4 molar ratio. B-sheet associated peaks increased from 18% (free HSA)
to 23-24%, while initial B-turn (14%) and random coil (13%) ratios of free HSA
changed by 1-3% with the addition of different concentrations of col. In ule-HSA
complexes, the composition changed to 51% a-helix, 22% B-sheet, 18% B-turn and 9%

random coil at the highest concentration.
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Figure 4.18 FT-IR spectra and difference spectra of HSA-ule a) and HSA-col b)

interactions in aqueous solutions under different molar ratios (a, b, c, d; [1:0], [1:0.5],
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[1:1], [1:4] respectively). The final concentration of HSA was kept constant at 0.25

mM in each sample.

Difference spectra of HSA (b-d) obtained by subtracting the spectrum of free borates

from that of the HSA-Borate complex is in the range of 1800-1400 cm™.

Table 4.4 Curve fitting analysis results of 0.25 mM free HSA and protein incubated
with ule and col at different concentrations at pH 7.4. The wavelength values at each
row represent where the maximal peak values for the defined group occur. The
percentage values at each row represent the percentage of the area for the defined
group with respect to the total surface area at 1600-1700 cm™ region. The area

percentage values are the averages of triplicate samples.

a- helix B- sheet B- turn Random
sample (1660 — 1649 (1640-1615 (1680-1661 (1648 —1641
P cm?) cm?) cm?) cm?)
(%0)(+3) (%0)(+3) (%0)(+4) (%)(£2)
Free HSA 55 18 14 13
[HSA : col] [1:0.5] 55 21 11 13
[1:1] 53 23 12 12
[1:4] 51 24 14 11
[HSA : ule] [1:0.5] 55 17 16 12
[1:1] 52 20 16 12
[1:4] 51 22 18 9
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4.2.3.5 Cytotoxicity of Boron Compounds on HUVECs

Here, we evaluated the toxicity of boron compounds against human umbilical vein
endothelial cells (HUVEC) using the Alamar blue cell viability assay. This assay
measures the reducing environment (i.e. the aerobic activity) of cells through the
reduction of resazurin to resorufin. The effect of ule and col on the above-mentioned
cell line was investigated after 48 h incubation period (Figure 4.19). Our results
revealed that viabilities of HUVECs were not affected by the addition of ule or col at
all tested concentrations, indicating that both compounds are non-toxic to HUVECs.
Although Turkez et al. demonstrated that these boron compounds have antioxidant

capacity and no genotoxic effect in blood cells, they may result in oxidative stress in

excessive concentrations?*2,
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Figure 4.19 Variations in HUVEC viability after 48 h incubation with different
concentrations of borates; HUVECs treated with ule a) and HUVECSs treated with col
b) at varying concentrations. The results are expressed as means £ SEM (n = 4) and

presented as percentages of control.
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4.3 CONCLUSION

In this chapter, DNA and HSA binding properties of BA and two common natural
borates were investigated by different tools. Hyperchromic shifts in the absorption
spectra of DNA-BA mixtures suggested the non-intercalative binding of half metal to
DNA. The capability of BA binding to DNA was also monitored with electron
microscopy technique. Shifts in characteristic peaks of CT DNA was evaluated upon
binding of BA and the possible target for BA was found to be the deoxyribose sugar
of DNA. The studies about the effects of BA on the secondary structure of CT DNA
revealed that the secondary structure of DNA was not so much influenced after
incubation with low concentrations of BA, but DNA degradation may occur at high
concentrations. Calorimetric data indicated that an exothermic reaction takes play
during the binding of BA to CT DNA and this half metal have a moderate affinity to

CT DNA.

According to our results, we concluded that both boron compounds can bind to CT
DNA with similar DNA binding characteristics. The ability to cleave DNA is the main
characteristics of DNA intercalators used as anticancer agents. We therefore tested the
effects of ule and col on CT DNA and observed that borates do not cause the
unwinding of the DNA helix or any other significant change in its secondary structure.
In addition, CD and FT-IR spectroscopy results indicated that both compounds interact
with DNA under a non-intercalative mode of binding, and borates might interact with
DNA through sugar-phosphate backbone binding. In terms of serum albumin binding
characteristics, ule and col have similar properties, and electrostatic interactions may
play an important role during the binding process. After interacting with the boron

compounds, slight changes were observed in the secondary structure of HSA, which
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may be explained by the external binding of the borate to the serum protein through
electrostatic interactions. Fluorescence quenching experiments showed moderate
binding for the borate compounds ule and col. It is remarkable that borates cause no
endothelial cytotoxicity at all tested concentrations. This chapter highlights the
importance of small structural differences for the binding characteristics of a potential

biomolecular targeting ligand which could influence its activity as a drug.

The well-known applications of boron containing compounds based on the interaction
between enzymes or nuclear receptors and boron as a ligand?®. These studies focused
on the biological outcomes of these interactions and toxicity of these compounds. In
spite of these findings, the direct interaction of these compounds with DNA or serum
albumin is not understood. The potential targets of boron compounds have been

described in this study.

Several studies revealed that there are two important sites (I and Il) for ligand binding
to HSA. The well-known site specific marker molecules should be used to further
explore binding region of a molecule in serum albumin. Warfarin is a bulky
heterocyclic anion and used as anticoagulant drug. Ibuprofen is an aromatic
carboxylate and used as non-steroidal anti-inflammatory agent. They have very high
affinity for Sudlow’s site I and II, respectively?®®. Site marker competitive experiments
should be performed by using these drugs to further investigate effect of boric acid and

borates on HSA.
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4.4 EXPERIMENTAL SECTION

4.4.1 Materials and solutions

All reagents are used as purchased. Ultrapure CT DNA (CAT No. 15633-019) was
obtained from Invitrogen, CA. pUC19 plasmid DNA and Quick-Load® 1 kb DNA
ladder were purchased from New England Biolabs, UK. HSA,
Tris(hydroxymethyl)aminomethane (Tris), BA and EtBr were obtained from Sigma-
Aldrich Chemicals, USA. Ca;Bs011-5H.0 (CAS No. 1318-33-8, ~92% pure) and
NaCaBs0g-8H,O (CAS No. 1319-33-1, ~93% pure) were supplied from Eti Mine
Works General Management, Turkey. All reagents were used as supplied without
further purification. The chemical structures of two borates were drawn with
ACD/ChemSketch (Advanced Chemistry Development Inc., Canada) software. 0.01
M Tris-HCI buffer (pH 7.4) was used as buffer medium in experiments. Buffer pH was
adjusted using NaOH or HCI. Stock solutions of borates were prepared by dissolving
boron compounds to a concentration of 1.0 M in nanopure water. Stock solutions were
diluted as necessary to obtain the desired concentrations prior to each experiment.
DNA concentration per nucleotide was determined spectrophotometrically using a
molar absorptivity of 6600 M cm™ at 260 nm?*. The ratio of absorbance at 260 and
280 nm was found to be 1.8, indicating the purity of DNA2Y, Concentrations of diluted
HSA solutions were determined spectrophotometrically, using a molar extinction

coefficient of 3.66 x 10* L mol™* cm™ at 280 nm?%2,

4.4.2 UV-Vis absorbance spectroscopy
Electronic absorption spectra were measured with a Thermo Scientific NanoDrop

2000 benchtop spectrophotometer (Thermo-Fisher Scientific, USA) at 297 K. The
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spectra were obtained be keeping the concentration of DNA at 0.01 mM while varying
concentrations of BA (0.01, 0.05, 0.1, and 0.50 mM) in 0.01 M Tris-EDTA (pH 8.0).
Mixtures were allowed to incubate for 1 h before measurement. The absorption
titration experiments were performed by titrating either varying concentrations of
borates (0.001-0.1 mM) against a constant concentration of CT DNA (0.01 mM) or
titrating varying concentrations of CT DNA (0.1, 0.2 mM) against a constant
concentration of borates (0.1 mM). The titration readings were recorded in the
wavelength range of 200-800 nm. The absorbance measurements were performed by
keeping the HSA concentration constant (0.01 mM) while varying the borate

concentrations from 0.01 mM to 1 mM.

4.4.3 EtBr displacement assay

Displacement assay was performed in the presence of increasing concentration of
boron compounds (0.1-1 M) and constant concentrations of CT DNA (0.1 M) and EtBr
(0.01 M) in 0.01 M Tris—HCI buffer (pH 7.4) at room temperature. The same procedure

was applied as mentioned in Section 3.4.3.

444 TEM

Free CT DNA (0.1 mM), free BA (1 mM), and CT DNA (0.1 mM) - BA (1 mM)
mixtures were placed on a copper TEM grid coated with carbon film and negative
stained with 2% uranyl acetate for 5 min. Following staining, the excess solution on
grid was removed by pipetting, and the grid was allowed to air dry prior to imaging.
TEM images were taken by using a Tecnai G2 Spirit Biotwin microscope (FEI, USA)

at an accelerated voltage of 80 kV.
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445I1TC

ITC experiments were performed on an ITC200 microcalorimeter (Microcal®, USA)
at 25 °C. One site binding model was employed for the analysis of interaction between
BA and CT DNA by the Windows-based Origin software pack (Microcal®, USA)
following baseline adjustment. DNA (0.5 mM) was maintained in the sample cell and
the reference cell contained doubly distilled water. 5 mM BA solution was introduced
into the sample cell by means of syringes. All the solutions were thoroughly degassed
prior to use. Thermodynamic parameters were calculated with the formula mentioned

in previous chapter.

4.4.6 DNA cleavage and mobility experiments

For the gel electrophoresis experiments, CT DNA (50 ng/uL) or pUC19 plasmid DNA
(11 ng/uL) was treated with varying concentrations of borates and then samples were
incubated for 1-2 h at 37 °C. Samples were analyzed by electrophoresis for 90 min at
70 V on 1% agarose gel containing Tris-acetate—-EDTA (TAE) buffer. The gel was
stained with 1 pg/mL of EtBr and the DNA bands were visualized under UV light, and

photographed by using Gel Documentation System (Bio-Rad, USA).

4.4.7 Fluorescence measurements

HSA stock solution was prepared in 10 mM Tris-HCI buffer (pH 7.4) at room
temperature, with a concentration of 6 uM. Various concentrations of borate hydrate
solutions (6-200 uM) were mixed with equal concentration of HSA (3 uM) to obtain
final concentrations of borates in the range of 3-100 uM in the HSA-Borate mixture.
Fluorescence readings were taken after 10 min. Excitation wavelength was set at 290

nm, while emissions were recorded from 300 - 500 nm. Readings were conducted with
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SpectraMax M5 Microplate Reader (Molecular Devices, US) in a quartz cuvette with

a 0.01 cm path length.

4.4.8 CD spectroscopy

Spectra of CT DNA and borate mixtures were recorded with Jasco J-815
spectrophotometer (Jasco, UK) using quartz cuvettes with 0.1 cm path-lengths and
three scans averaged for each CD spectrum. CD spectra were obtained using a scan
speed of 100 nm/min at 25 °C in a nitrogen atmosphere. For each measurement a
spectrum of buffer solution was taken and subtracted from the spectra of DNA or HSA
and borate-biomacromolecule mixtures through base line correction. All spectra were
acquired in the wavelength range 200-320 nm for DNA or 190-250 nm for HSA
experiments. The CD spectra of BA (0.1 mM) — DNA (0.1 mM) mixtures in 10 mM
Tris-HCI (pH 7.5) were recorded after successive additions of BA. Titrations were
performed by keeping the concentration of CT DNA constant (0.01 mM) while the
concentration of ule (0.025-0.2 mM) or col (0.01-0.1 mM) was varied in a solution
containing 0.005 M Tris-HCI buffer (pH 7.4). The CD spectra of HSA (1 uM) were
taken in the presence and absence of ule (50 uM) and col (50 uM). All plottings were
conducted using GraphPad Prism5 software (La Jolla, CA). The results were taken as
millidegrees. The a-helix content of HSA was calculated from the molar ellipticity (0)

at 208 nm according to the following equation 2%,

% helix = (~[0]208 - 4000) / (33000 - 4000) x 100
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4.4.9 FT-IR spectroscopy

FTIR spectra of free biomacromolecule and biomacromolecule-borate mixtures were
recorded on a Nicolet 6700 FT-IR Spectrometer (Thermo-Scientific, US) ) equipped
with a deuterated triglycine sulfate (DTGS) detector and a KBr beamsplitter over the
spectral range 1800-600 cm~ with a resolution of 4 cm™ and 128 scans. Spectra were
recorded with BA concentrations 0.25, 0.5, 1 mM and a final CT DNA concentration
of 1 mM (n=3). The FT-IR spectra were recorded after 3 h incubation of borates (0.1-
2 mM) with a final DNA concentration of 1 mg/mL in Tris—HCI buffer (pH 7.4). A
sharp band of CT DNA at 968 cm™* was used as an internal reference band?%*. We used
the same procedure during FT-IR experiments as explained in Section 3.4.6. IR
spectrum of free borates is recorded and subtracted from the spectra of borate/DNA
complexes. This is done to ensure that the observed changes in peak positions and
intensities in DNA are due to interaction with borates. Difference spectra [(borate/CT-

DNA complexes)—(borate)] were generated after normalization.

Solutions of borates were added dropwise to obtain homogenous mixtures with borate
concentrations of 1 mM, 0.25 mM and 0.1 mM, and a final HSA concentration of 0.25
mM. After 3 h of incubation, 20 pL of borate-HSA mixtures were dropped and
subsequently dried on a 96-well plate at 37 °C for 1 h prior to FT-IR transmittance
analysis. Curve fitting analysis of the amide | region between 1700-1600 cm™ was
performed to fit the Lorentizian line shapes in order to estimate approximate ratios of
four main subgroups of protein secondary structures, with respect to the total protein

content. The regions of interest were 1615 - 1640 cm™ for B-sheets, 1641 - 1648 cm™
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for random coils, 1649 - 1660 cm™ for a-helices, and 1661 - 1680 cm™ for B-turns®®.

All tests were done in triplicate.

Analysis of all spectroscopy data and statistical analysis were performed using
GrapPad Prism software version 5.00 for Windows (GraphPad Software, San Diego,

California).

4.4.10 Cytotoxicity assay

HUVECs (American Type Culture Collection) were cultured in 75 cm? culture flasks
using DMEM (Gibco) supplemented with 10% FBS and 1% penicillin/streptomycin
(Gibco) at 37 °C and 5% CO». Viabilities of these cells were determined via Alamar
blue assay with and without the inclusion of borate compounds. In a 96-well plate,
cells were seeded at density of 1 x 10* cells per well and cultured at standard conditions
prior to borate treatment. Varying concentrations of sterilized borate compounds (0-
1000 puM) prepared in DMEM were added to each well, and the cells were then
incubated for 48 h. The same procedure was applied for Alamar blue assay as
explained in Section 2.4.9.1. Results were analyzed for statistical significance using
ANOVA and Tukey tests. Changes were considered significant at p<0.05. Each

experiment was performed in quadruplicate (n = 4).
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Chapter 5

CONCLUSION and PROSPECTS
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Cancer is one of the most common causes of death in the world. Each year millions of
people are diagnosed with cancer and get therapy to overcome this disease. Although
there are standard screening procedures in clinics, they are not sensitive and accurate
enough for early detection of most tumors. In recent years, new improvements in
material design and treatments have facilitated the understanding of cancer biology.
However, there are still several challenges to fully overcome cancer due to its
heterogeneous nature and contributions of several metabolic factors. Nowadays,
researchers have focused on developing new agents for early diagnosis of cancer and

more efficient cancer treatment.

Research on SPIONSs has been growing exponentially in the last decade. SPIONs are
used as negative contrast agents for MRI, but their application is generally limited to
the detection of liver pathologies in clinics. Effective synthetic methods have been
developed for direct fabrication of surface-functionalized, water-soluble iron oxide
nanoparticles, but these techniques are generally incapable of producing nanoparticles
with diameters below 100 nm. Thermal decomposition can be used to synthesize
smaller sized hydrophobic SPIONs (5-10 nm), and these nanoparticles can then be
coated with a hydrophilic ligand to increase their solubility and allow their use in
biomedical applications. SPIONs are capable of binding and carrying several small
molecules such as drugs, DNA, protein, peptide and other imaging probes which are
generally covalently attached to the surface. It is possible to achieve cancer cell
specific targeting of nanoparticles by using receptor mediated interactions. For this
purpose, biological ligands or synthetic materials mimicking the function of ligand of
interest, which are highly expressed in tumor cells rather than healthy cells, could be

used. Although angiogenesis is a well-known biological process during growth,
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development and wound healing, it is also important for the development of the
malignancy of cancer. NRP-1 is a receptor protein for VEGF165 and is overexpressed
by most of the tumor cells, in addition to being associated with tumor angiogenesis. It
has been reported that peptides with LPPR amino acid sequence selectively bind to
NRP-1 and inhibit binding of VEGF165. Peptides are a commonly employed type of
targeting ligand for cancer imaging, and have been demonstrated to stimulate increased
accumulation of functionalized nanoparticles in cancer cells, in addition to imparting

with desirable RES and blood clearance profiles.

In this thesis, the surface functionalization of SPIONs with LPPR-PA or K-PA to allow
their selective uptake into the tumor vascular cells was demonstrated. The fabrication,
structure, stability, morphology and targeting capacities of PA-coated SPIONs were
characterized, and their effects on viability of HUVECSs and breast cancer cells were
demonstrated. In particular, the effects of PA-coated SPIONs on the tube formation
characteristics of vascular cells were investigated through Matrigel assay and the
localization of the SPIONs were confirmed within the cells. This PA/SPION co-
assembled system aims to enhance MRI negative contrast in tumor tissue rather than
healthy organs, therefore, we tested whether PA-coated SPIONs demonstrate the
capacity to serve as contrast agents for in vivo tumor detection in chemically induced
breast cancer model by MRI following 4 h and 15 days after intravenous injection of
SPIONs to Spraque-Dawley rats. Biodistribution analysis was performed for various
organs to determine the possible toxicity and accumulation of PA-coated SPIONS.
Viability assays indicated presence of a high degree of biocompatibility of
nanoparticles and free PAs, but we observed cell specific toxicity at high

concentrations of samples. The comparison of effect of SPION-K and SPION-LPPR
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on tube formation of human vascular endothelial cells indicated that SPION-LPPR

selectively prevents angiogenesis process, probably by binding to NRP-1 receptor.

MR imaging revealed that SPION/K-PA accumulated in tumor tissues enhancing their
imaging potential. Although nanoparticles immediately accumulated in RES organs
and especially in the liver and kidney within minutes, the MR signal intensity in these
organs diminished after 1 h and nanoparticles were subsequently cleared from these
organs within two weeks. Histological observations also validated the accumulation of
nanoparticles in tumor tissue at 4 h and their bioelimination from the organs of both
healthy and experimental rats after two weeks. The absence of pathological
inflammatory responses revealed the biocompatibility of SPION/K-PA in vivo.
Overall, K-PA functionalized SPIONs appear to be a suitable negative contrast agent

for in vivo tumor imaging by MR.

The binding of a molecule to biomacromolecules provides insight into the evolution
of chemico-biological interactions for biochemistry, drug design and pharmacology.
In the rest of the thesis, | investigated the binding mechanism and affinities of Au, Ga,
BA, ule and col to DNA and HSA. Furthermore, their effects on the structures of these
biomacromolecules were examined in detail by using various spectroscopic and
calorimetric methods to predict their potential targets and to explore their anticancer
potential as well as possible mechanism of action. The subtle differences between the
metal or half-metal/biomacromolecule interactions were described. In addition,
chemoprevention of metal ions against breast cancer cells was demonstrated. On the

other hand, the absence of toxicity against health tissue was revealed on HUVECSs.
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Our investigation of the metal or half-metal/biomacromolecule binding mechanism is
of considerable importance for the development of new therapeutic materials for
cancer therapy. The effectiveness of a therapy is mostly based on high accumulation
rate of therapeutic molecule in tumor tissue. Understanding of binding Kinetics,
structural effects of potential therapeutic agents on biological molecules and possible
functions of these molecules could help the design of drugs and drug delivery systems
to increase success of therapy. The metal based drugs with anti-tumor activity will

have a great significance for development in chemotherapy.
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