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ABSTRACT

FERRITIN NANOCAGE AS A MAGNETIC CARRIER

Aslan, Tugba Nur
Ph.D., Department of Chemistry
Supervisor: Prof. Dr. Miirvet Volkan

February 2015, 153 pages

There is a large focus on ferritin protein cages due to its biological importance, its
behaviour as a useful platform for material synthesis and also providing chemical

modification of the exterior surface to create functionality.

In this study, iron oxide nanoparticles were synthesized within the cavity of the
ferritin (magnetoferritin). Non-radioactive rhenium was incorporated on the protein
exterior via conjugation of histidine molecules by using glutaraldehyde crosslinker.
185Re was also bound to magnetoferritin. The rhenium was bound to histidine
modified magnetoferritin surface ~ 6 fold more than those bound directly to non-
modified magnetoferritin surface and it has the stability of 88% + 1.8 after 3 days in

human blood serum.

The toxicity and cellular uptake experiments of prepared biomaterial were tested in
MCF-10 (healthy) and MDA-MB-231 (cancerous) cell lines. The biocompatibility is
still protected for apoferritin after treatment with cells for 3 days. Thus, utilizing
apoferritin holds promise for cancer therapy with a reduced toxicity. The uptake of
nanoparticles by the cells increased in 4 hours and cancerous cells exhibited the
highest uptake than healthy cells.



The effect of iron loadings on relaxivities for MRI application and peroxidase-like
activity of magnetoferritin were also investigated. r2 relaxivity and peroxidase-like
properties of magnetoferritin showed an increase as the iron loadings increase. The
high r2 relaxivity shows that magnetoferritin may serve as T, contrast agent with
high efficiency.

Keywords: Magnetoferritin, Iron Oxide Nanoparticles, Rhenium Tri-Carbonyl

Complex, Magnetic Resonance Imaging, Cytotoxicity.
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0z

MANYETIK TASIYICI OLARAK FERRITIN NANOKAFESI

Aslan, Tugba Nur
Doktora, Kimya Bolimii
Tez Yoneticisi: Prof. Dr. Miirvet Volkan
Subat 2015, 153 sayfa

Ferritin protein kafeslerine; biyolojik Onemi, material sentezi icin kullanish bir
platform olmas1 ve ayni zamanda fonksiyonellik kazandirmak i¢in dis yiizeyinin

modifikasyonuna olanak saglamasi agisindan, biiyiik bir ilgi duyulmaktadir.

Bu calismada, ferritin i¢ boslugunda demir oksit nanoparcaciklari sentezlenmistir
(manyetoferritin). Radyoaktif olmayan renyum ¢apraz baglayici olarak glutaraldehit
kullanilarak histidin molekiilleri protein kafesin dis yiizeyine baglanmustir. 185Re ayni
zamanda manyetoferritine de baglanmigtir. Histidin ile modifiye edilmis
manyetoferritine baglanan renyum, modifiye edilmemis manyetoferritin ylizeyine
baglanana gore ~ 6 kat daha fazla baglanmistir ve hazirlanan biyomateryal insan kan

serumunda 3 giinden sonra 88% =+ 1.8 oraninda kararliliga sahiptir.

Hazirlanan biyomateryalin toksisite ve hiicre i¢i alim deneyleri MCF-10 (saglikli) ve
MDA-MB-231 (kanserli) hiicre hatlarinda test edilmistir. Hiicrelerin 3 giin boyunca
islem gormesinin ardindan apoferritin i¢in hala biyouyumluluk korunmaktadir. Yani,

apoferritin kullanimi1 diistik bir toksisite ile kanser tedavisi i¢cin umut vadetmektedir.
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Nanoparcaciklarin hiicrelerin i¢ine alimi1 4 saatte artmistir ve kanserli hiicreler

saglikl hiicrelere gore daha fazla alim gostermistir.

Manyetoferritin nano kafeslerinin manyetik rezonans goriintiileme i¢in relaksasyon
ve peroksidaz benzeri aktivite 6zellikleri iizerine demir yilikleme faktoriinlin etkisi
incelenmistir. r2 relaksasyon ve peroksidaz benzeri ozellikleri demir yiiklemesi
arttikca artis gOstermistir. Yiiksek r2 relaksasyon degeri manyetoferritinin yiiksek

etkinlikle T, kontrast ajan1 olarak kullanilabilecegini gosterir.

Anahtar Kelimeler: Manyetoferritin, Demir Oksit Nanoparg¢aciklari, Renyum Tri-

Karbonil Kompleks, Manyetik Rezonans Goriintiileme, Sitotoksisite.
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CHAPTER 1

INTRODUCTION

1.1 An Introduction to Nanomaterials and Protein Cage Architectures

Recently, there have been many studies carried out on nanomaterials due to their
different chemical and physical properties compared to those of bulk materials, thus
they have many applications especially in biomedical field such as cancer therapy
due to the intrinsic property of hypertherapy of the magnetic particles, drug delivery
and as magnetic resonance imaging (MRI) contrast agents [1]. For especially these
medical applications, soluble, biocompatible, nontoxic and effective magnetic
particles should be synthesized. The critical points are the particle sizes, surface

charecteristics and their magnetic responses [2,3].

In order to obtain water soluble nanoparticles, there have been many methods being
used, since the dispersibility in water is the first requirement for biocompatibility.
Thus, among these methods, the synthesis of the nanoparticles in water is the main
concern and there are some methods commonly used such as coprecipitation method
[4]. It is an economic and an easy way for the synthesis of water soluble particles,
however obtaining particles with narrow size distribution is really difficult by this
method [5]. Thus the surface modification of the nanoparticles with some water
soluble coating materials especially silica are mostly being under investigation to be
able to prepare chemically stable and homogenously dispersed particles in water [6].
There are a large number of studies performed with silica coating especially for iron

oxide nanoparticles due to its magnetic properties [6,7].



These surface coating materials used for the transfer of the nanoparticles into
aqueous solutions, also provides surface modification in order to attach biologically

important moieties for the purposes of diagnosis and therapy [5].

For many applications, it is important to have dispersed nanoparticles, however small
particles generally form agglomerates. Thus, to protect nanoparticles against
degradation during synthesis, to provide stabilization and also for further
functionalization, some strategies have been developed for coating them with some
organic molecules [5,8]. Among these surface coating materials, small organic
molecules or surfactants [8], polymers [9], and biomolecules, or coating with an
inorganic material [8], metal or metal oxides [10,11] were studied and used to

prevent agglomeration and improve biocompatibility.

The major difficulty in the synthesis of nanoparticles is to prepare them with narrow
size distribution. The control of the size is very important since the properties of
nanoparticles are significantly affected by the particle size [12]. Sizes in ranging
from 1 to tens of nanometers are the dimensions those of a virus and a protein with
(20—450 nm) and (5—50 nm), respectively, thus this is important especially in order

to improve tissular diffusion and to have long sedimentation times [2].

Protein cage architecture is a cage like and self assembled naturally occured
biological systems that are composed of different sizes of their subunits. The use of
these architectures such as ferritins, virus capsids and heat shock proteins provide a
size-constrained reaction environment in other words, serving as a template, thus this
cage like proteins are of importance for especially inorganic mineral formation in
their inner cavity with a narrow size distribution and also these systems prevent
coagulation between the nanoparticles, so they can function as carriers and storage

devices for metal ions for biomedical applications [13-16].

There are three distinct interfaces in a protein cage structure; these are the interior

surface, the exterior surface, and the interface between subunits.
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These interfaces can be modified by the help of chemical and genetic ways in order
to impart multifunctionality to the prepared bionanomaterial without damaging the
structure of the cage (Figure 1) [15,17].
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Figure 1. Schematic representation of the interfaces of a protein cage.

They also provide surface modification for the attachment of biological agents such
as cell targeting ligands due to the naturally existed functional groups on the exterior
surface, while the interior cavity is carrying the synthesized mineral, a kind of drug
or therapeutics [18,19]. The interfaces are used to determine the effect of the protein-
protein interactions to the self-assembly systems and to design multi component

proteins [15,20]. Thus, protein cage like architectures have numerous advantages as
mentioned.



There are a number of cage like structures that are currently being studied. A small
library is given for protein shells with cage like architectures with different sizes as
seen in Figure 2 [15]. These are viral capsids like cowpea chlorotic mottle virus
(CCMV), ferritins and ferritin-like proteins, [21] heat shock proteins (Hsps) [22] and
DNA binding proteins [23].

Figure 2. Images of some protein cages.

As shown in figure 2, the protein cage architectures are; A) Cowpea mosaic virus
with 31 nm in diameter. B) Brome mosaic virus with 28 nm in diameter. C) Cowpea
chlorotic mottle viriis with 28 nm in diameter. D) MS2 bacteriophage with 27 nm in
diameter. E) Lumazine synthase with 15 nm in diameter. F) Ferritin with 12 nm in
diameter. G) Small heat shock protein with 12 nm in diameter. H) DNA binding
protein from starved cells with 9 nm in diameter [15].

1.2 Ferritin Protein Cage
In this study, human H-chain ferritin and horse spleen ferritin were used. Ferritin is

one of the best choices of protein cages because it is already found in living systems

and serves as an iron storage protein.



Thus immune system does not recognize it as a threat to a large extent when
compared with the other protein cages and naked nanoparticles. It is also a very
stable protein under working conditions at a very wide pH and temperature ranges to

be manipulated by chemical ways [24,25].

1.2.1 Ferritin Structure and Function

As an iron storage protein; ferritins are found in biological species, such as bacteria,
plants and animals [26]. The protein is abundant in liver, spleen and bone marrow
[27]. Iron is in the form of hydrous ferric oxide with the similar structure of the
ferrihydrite mineral FeOOHs) in the protein and ferritin concentrates up to 4500 Fe
atoms per cage with the intrinsic functionality of the sequestration of iron [23,28,29].
450 kDa molecular mass of ferritin has a very robust and stable protein shell. The
diameters of ferritin are 8 nm and 12 nm for inner cavity and exterior shell,

respectively (Figure 3) [30,31].

Iron stored
as mineral
inside ferritin

»

12 nm outer diameter

8 nm interior diameter

Figure 3. Schematic representation of horse-spleen ferritin and the diameters for

inner and exterior cavity [32].

The packing of ferritin with 4:3:2 symmetry produces 2 types of channels that are
hydrophilic and hydrophobic channels.



Around the three-fold symmetry axis, 8 pores are formed by the accumulation of
acidic amino residues and these pores produce hydrophilic channels that serve as a

pathway for metal ions.

Besides, around four fold symmetry axis, 6 hydrophobic channels are formed by
hydrophobic amino acids accumulation that is considered to be an outlet of proton or
entrance of electron, (Figure 4) [26,33-35].

Figure 4. lllustration of pores on the exterior surface of the protein [36].

It is also composed of 24 subunits that include H- and L- polypeptide units
responsible for the mineral formation in the cavity. The amount of the H- and L-
units vary according to the organs and biological species. The most abundant organs
in terms of H-chain subunit are; heart and brain. However, liver and spleen are rich
in L subunit with 90 % ratio. H and L-subunits are about %55 similar in their amino

acid sequences with the identical molecular weights [37-40].

There are di-iron ferroxidase centers in H-chain subunit that is responsible for
enzymatic oxidation reaction of iron and so Fe (Il) is oxidized to Fe (lll) at these
centers [41]. L-subunit does not have such a site but contains additional glutamate

residues on the inner surface of the protein [42,43].
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Figure 5. Ferroxidase center of human H-chain ferritin. A and B; Dinuclear iron

centers, C; Nucleation site [44].

As shown in Figure 5, there are ferroxidase centers and nucleation sites with
additional amino acids for human H-chain ferritin. These additional residues creates
more negatively charged inner surface [44] that facilitate mineralization to form the

iron core in vivo [45].

The presence of hydrophilic and hydrophobic channels also makes possible to
remove iron from the cage by a slow reductive dissolution process. This empty
protein is named as ‘apoferritin’ and without disturbing the structure of protein cage
[12], it is used in the mineralization of some metals. In all the mineralization
processes, the negatively charged interior surface creates an electrostatic gradient and
this situation facilitates the metal entry from the pores and so that the mineralization

beginning from the nucleation and core growth [13,46].

Besides iron oxide biomimic mineralizalion, some metal oxide nanoparticles
including Mn(O)OH [47], Mn30, [48], Co(O)OH [49], Co30, [31], CdS [30], FePt
[48] are synthesized for their magnetic properties in the cavity of ferritin.



The synthesis of metalic nanoparticles, such as Ni, Cu, Ag and Au for their optical,
electrical and physiochemical properties such as intrinsic photoluminescence and
selective catalytic activities for especially their potential biomedical, [50-53] could
be achieved by the reduction reaction with a metal salt interested and a strong
reducing agent like NaBHy, in the ferritin cavity [46].

Ferritin has another intrinsic property that allows encapsulation of nanoparticles or
drugs inside the protein. It is the capability of disassemble to its subunits and
reassemble of ferritin to reform the 24-mer protein structure again while trapping the
molecules within its interior, at the low pH (<3) values and then at higher pH values
(>6), respectively [54,55].

As an magnetic resonance imaging (MRI) contrast agent; Gd-HPDO3A (gadolinium-
[10-(2-hydroxypropyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triaceticacid]) molecule
[56] and also as an anti-cancer drug; cisplatin and carboplatin was encapsulated

inside ferritin by utilizing this way [57].

Amine groups coming from amino acid residues like lysine [58] and carboxylic acid
groups located on the ferritin exterior surface [59,60] can be used for the further
modification as mentioned before. As an example, in some surface modification
studies; fluorophore 4-(2-hydroxyethoxy)-7-nitro-2,1,3-benzoxadiazole (NBD)
molecule was covalently coupled to the lysine groups exposed on the external ferritin
shell to obtain a water soluble fluorescent nanostructure [61] and by coupling N,N-
dimethyl-11,3-propanediamine molecules to the carboxyl groups of the protein, a
cationized ferritin was obtained for the labeling of negatively charged cell and tissues
[62].

Ferritin can be designed as a targeting agent by incorporating, on its exterior, some
small peptides that have the specific binding property to some receptors. As an
example for this; Douglas group has incorporated RGD-4C (CDCRGDCFC) peptide

that has a binding affinity to o3 and o5 cell receptors.
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These receptors is upregulated on tumor vasculature, so RGD-4C peptide can be used
as a targeting ligand to cancerous cells and they have also showed that RGD-4C

modification did not disturb the ferritin intact structure [12].

Ferritin mostly accumulates in liver, so this makes it difficult to direct ferritin to the
tumor region. For this reason, in order to increase in vivo blood clearance time of
ferritin, the surface was modified by dextran. Dyomics Dy-776 as a near-infrared
fluorescence compound was also attached to the dextran surface to detect the

nanostructure [63].

As another example for imparting multifunctonality to the ferritin cage, a triple
loading process was achieved for tumor imaging. A RGD4C peptide and Cy5.5
molecules were introduced on to the surfaces of two kind of ferritin samples by
genetic and chemical ways and then by utilizing the intrinsic property of ferritin
protein cage allowing disassembling and then reassembling, these two kind of ferritin
samples were mixed and ®*Cu was encapsulated within the cavity for the aim of

radiolabeling by the help of reassemble method [64].
1.2.2 Iron Mineralization Mechanism in Apoferritin Protein Cage

Apoferritin can be obtained by a chemical procedure that includes firstly the
reduction of Fe®*, which is bound to the protein, to Fe?*, then gradual removal of iron
as soluble ferrous complex. This procedure is a repetitive cycles of a
demineralization process until the colour change of the solution from red-brown to
colourless is observed. This indicates that all the iron is removed and an empty cage
Is obtained [65,66].

Iron can be mineralized as superparamagnetic magnetite and/or maghemite form in

the apoferritin cage, so then the final biomaterial is called ‘magnetoferritin’ [65].



In all the procedures, the magnetoferritin synthesis involves incremental additions of
Fe (11) and oxidant (H,O5) to protein. Firstly the flow of Fe** through the hydrophilic
channels of ferritin takes place, and then Fe®" is oxidized to Fe** by the catalysis of
ferroxidase centers and finally, the nucleation of Fe** to form Fe (l11) oxide that

reacts with excess Fe (1) at the nucleation sites occurs (Figure 6) [42,66].
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Figure 6. The reaction pathways for magnetoferritin beginning from native ferritin.

By controlling the amount of iron and protein, nanoparticles with variable particle
sizes can be synthesized. If the amount of loaded iron is increased, larger cores can
be obtained [66].

The mineral is synthesized with a very different magnetic property from that of
native ferritin, and very similar to that of magnetite (Fe3s0,4) and maghemite (Fe,O3),
thus producing this biocompatible ferrofluid ‘magnetoferritin’ is of importance in

especially magnetic resonance imaging applications [65,67].
1.3 An Introduction to Radiochemistry and Radiotherapy
Radiochemistry is the field that deals with the radioactive materials. While

radioactive isotopes of elements are of interest, also the non radioactive isotopes that

are called stable isotopes are being under investigation by utilising the properties and
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chemical reactions of the radioactive isotopes. In the radiochemistry studies, both

natural and man made radioactive isotopes are being used.

The absorption of radiation within the living materials has an effect at the molecular
state and leads to changes in biochemistry that provides biological outcomes.
Thus, this improves the understanding of some medical treatments such as cancer

radiotherapy.

Radiotherapy is a kind of therapy using high energy radiation such as x-rays and
gamma rays in order to kill or damage the cancerous tumor. This can control or stop
the growth of the cancer cells, since radiation cause damage to the DNA of these

cells that may also result cellular death.

In the radiotherapy treatments, whole body is exposed to the radiation, so it is also
mostly possible to encounter normal cell damages as well as the tumor ones. The
damaged normal cells have the ability to repair themselves however there may seen

some side effects on the the body being treated.

In order to overcome this problem, there should be a treatment that easily target
tumor cells and just kill these cells as possible. Therefore, nanoparticles are good

candidates at this stage.

By the way of chemical or genetic modifications of the nanoparticles, radionuclides
can be irreversibly binded to the surface of the nanoparticles for example; magnetic
particles, by functionalization with radionuclide-binding molecules [68]. Thus, tumor
could be magnetically targeted with the radiolabeled nanoparticles as carriers
resulting in effective localized radiation theraphy. Thus, it is aimed to affect the part
of the body in which the cancerous tumors accumulate. In imaging (diagnosis) and
theraphy techniques, radioactive labeling process in which one atom in a molecule is
replaced by a radioactive one is seen as a very effective way. Lists of radionuclides

used in imaging and radiotherapy are given in Table 1 and Table 2, respectively.
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Table 1. Some radionuclides used in radioimaging and their properties [69].

Radionuclide | Emission type | Half-hfe E,... (keV)
| v(812%).B | 8.0days | (v): 284,364,637
“Ga v 783h | 93.184.300393
Ml v 672 h 171,245
| v 132h 159

T ¥ 6.0 h 140
18p Positron 183 h 640
He Positron 204 min 960
BN Positron 9.96 min 1190
0 Posiron | 2.07 min 1720

Table 2. Some radionuclides with their properties used in radiotherapy [69].

Radionuclide | Emission type | Half-hife Eax (keV) Range in tissue
136Re v. B 892 h (B): 1069 Max. 5 mm
%o v. B 269h (B): 1853 Max. 10.2 mm
13%pe v. B 170h ( B): 2120 Max. 11 mm
Por B 52.7 days 1463 Max. 3 mm

2p B 14.3 days 1710 Max 8.7 mm

Oy B 64.1h 2280 Max. 12 mm
ac a 10 days 5830, 5792 40-80 pm
g a 72h 5870 60-80 um
213g; a 457 min 5869 50-80 pm

Radionuclide imaging is commonly performed by; positron emission tomography
(PET) and single photon emission computed tomography (SPECT) [69]. PET is a
technique that can be referred as a noninvasive nuclear imaging way and produces

images of the tissues and organs based on their metabolic activity.
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A short lived positron emitting radioactive isotope or a radiopharmaceutical is
introduced into the body as a source by either intravenous injection or inhalation way
and then the amount of gamma rays emitted indirectly by this positron emitting
radionuclide is measured. SPECT is the nuclear imaging technique using a gamma
emitting radioisotope as a source of gamma rays and then creating a 3D information

of the tissue.

While Tc is mostly preferred to be used in SPECT, the radioactive isotopes of its
congener, rhenium as **Re and '®Re; is the promising radiotrace for the aim of
therapeutic applications. Their carbonyl complexes are of interest due to their small
size providing easy labeling of biomolecules and their resistant to oxidation,

chemically robust structure and low cost [70,71].

In the structure of the tricarbonyl complexes [M(CO)3(H20)s]" of Tc and Re,
carbonyl groups have an inert behaviour and the labile water molecules can easily be

exchanged by some functional groups such as amines and imines [72,73].

1.3.1 The Chemistry of Rhenium

For radiation therapy application, 3~ emitting radioisotope of Re is one of the
preferred candidates for its maximum energy of 2.12 MeV that is so useful in tumor
therapy, it has the ability of damaging cancerous cells with the maximum size of 11
mm in tissue with the penetration range of 2.6 mm. On the other hand, ~ electrons
are attenuated and does not damage to the adjacent organs beyond this range. In
addition to these, Re emits gamma radiation with the energy of 155 keV similar to
that of Tc, so it can be also used for radioimaging studies [74—76].

Non-radioactive Re occurs as a mixture of *®Re (37.4%) and '*'Re (62.6%) in

nature. The radioactive isotopes of Re that are used in medicine are '**Re and *®Re.
The properties of the isotopes are given in Table 3.
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Table 3. Radioactive Isotopes of Rhenium.

Isotope | Half-life | Max. B energy (MeV) | yv-Energy (keV)
'%Re | 90 hours 1.07 (71%) 137 (9%)
'%%pe | 17 hours 2.12 (100%) 155 (15%)

1.3.2 The Chemistry of Technetium

It has been reported that there exists 22 technesium isotopes with the molecular

weights between 90 and 111. Some radioactive isotopes are given in Table 4. There

are not any stable isotopes of technesium.

The radioactive isotopes with the longest half life of technesium; are °'Tc (ty, =2.6 x
10° years), ®Tc (t, = 4.2 x 10° years) and **Tc (ty, = 2.1 x 10° years). Two isotopes
are of importance that are; **Tc and its metastable nuclear isomer **™Tc [77]. The y-
emitting isomer; ™ Tc is the short lived radioactive isotope and usually preferred for

medical imaging. The reason for this is its suitable half-life and gamma emission

energy of 141 keV [77,78].

Table 4. Some radioactive Isotopes of Technetium.

Isotope Preparation Half-hife
*"Te *"Mo(d.2n)’ Tc 2.6 x 10° years
“ImTe | **Run.2y)’ Ru. ¥ ™ Tc 91 days
*Te *Mo(p.n)Te 42 x 10° years
*Te fission of U (6.2%) 2.11 x 10° years
#nTe | **Mo(n.y)* Mo.*™Te 6.01 hours
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1.3.3 Non-radioactive Surrogate/Isotope of *™Tc/***'®Re

It is so difficult to study with radioactive materials in usual laboratories, since the
requirement of special equipments for the necessity of safety. Thus, working with a
surrogate element that possesses similar chemical properties with the radioactive

isotope we are interested in may facilitate the studies.

The surrogate of Tc is rhenium and as mentioned, its chemical properties are very
close to Tc. Therefore, the nonradioactive isotope of rhenium was used in all the
experiments. After achieving the targeted and satisfactory results in the experiments,

the method can be adapted for the radioactive isotopes of Re or Tc.
1.4 Chromatographic Separation

Chromatography is basicly a separation technique by which the constituents of a
mixture are separated between two phases. Size exclusion chromatography and ion

exchange chromatography methods are used in the thesis [79].

Size exclusion chromatography (SEC) is used for the separation of the biological
molecules by their sizes by using a porous material, as a column packing material,

serving as a molecular sieve. Two types of column materials are used in the thesis.

A superose 6 (GE Healthcare) is an agarose based, gel like material and it consists of
crosslinked sugar molecules, so that the pores in the material have different pore

sizes.
A sephadex medium contains cross-linked dextran gel and used to remove of small

molecules from large molecules and also used for buffer exchange. G-25 fraction
range is 1000-5000 Da.
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lon exchange chromatography is the separation technique based on the affinities of
the constituents in a mixture to the ion exchanger. An anion exchange material was
used that retains anions using a positively charged functional group in a column for

the separation [79].

1.4.1 Gel Electrophoresis

Gel electrophoresis is the separation and analysis method used for the molecules

such as DNA and proteins.

Its’ working principle is based on the molecules’ size and charge. During the
separation, positively charged molecules move towards the cathode; negatively
charged part and for the negatively charged molecules, the movement is towards the

anode; positively charged part.

The gels that are commonly used are agarose and polyacrylamide gels. Agarose gels
the natural polysaccharide polymers that are made from seaweed and these are used
for the proteins larger than 200 kDa.

The electrophoresis using polyacrylamide gel is generally abbreviated as PAGE. This
gel is used for the proteins between the sizes of 5 to 2,000 kDa. Pore sizes can be
arranged by changing the ratios of the concentrations of acrylamide and bis-
acrylamide while preparing the gel. Resolving gels are made between 6% and 15%
and stacking gels that are poured on top of the running gel are made in 5%
proportions. In order to compare the sizes of the analytes, there are some markers

which include a mixture of known sizes [80].

Electrophoresis is divided into two categories; native and denaturing gel
electrophoresis. The running conditions of the native gels are non-denaturing, that
provides the maintanance of the analyte’s natural structure. Thus, native gel does not

need a charged denaturing agent. The molecules are separated according to their size
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and their charge that are affecting the mobilities and visualized with a staining
chemical. Besides, by running with the denaturing gels, the structures of the analytes
are disrupted that result in unfolding of the subunits of the molecules. Thus, the
linear lenght and mass-to-charge ratio affects the mobilities of the subunits. It is
needed a denaturating agent and the common used one is sodium dodecyl sulfate
(SDS) especially for proteins. The method is abbreviated as SDS-PAGE.

Most common gels used for the proteins are polyacrylamide gels in the presence of
SDS. SDS coats the protein and makes it negatively charged, thus the separation is
made by the sizes of the proteins.

1.5 Cytotoxicity Studies

Cytotoxicity is the degree of an agent of being toxic to cells, i.e. have specific
destructive action on cells. Cells can give different responses to cytotoxic materials,
like necrosis (losing membrane integrity) or apoptosis (generating a program of
controlled cell death). Also cells may undergo rapid death (forming cell lysis) and
they may stop growing and dividing (decrease in cell viability). These events can be
triggered by some toxic agents, drugs or by disturbance of the cellular homeostasis in
the presence of some disease. As necrosis happens, a rapid swelling of cells take
place and membrane integrity is lost, after that cells shut down their metabolism and
release their contents outside [81].

In the case of apoptosis, firstly some nuclear changes happen, beginning from the
cell membrane damage. Then some morphological changes follow; these involve
chromatin condensation, nuclear fragmentation and shrinkage. At last, cells mostly

undergo necrosis, in other words; forming lysis (Figure 7) [79].
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Figure 7. Structural changes of cells during necrosis or apoptosis [83].

During apoptosis, cells generate a programme for the removal of damaged cells
during cell development when they experience a threat such as infections with
viruses, a genetic damage progression and in the situation of aged immune cells.
Therefore, apoptosis is vital for survival and development of the cells [84]. On the
other hand, apoptosis also takes place for the formation of the organisms like the
formation of fingers and toes of the fetus, the loss of frog tail [81]. These are the
examples for the proliferation of the organisms. Thus, this balance between life and
death indicates the importance of apoptosis, but any problem in its mechanism may

cause cancer or other diseases.

Apoptosis and necrosis differs in every aspect; apoptosis is a genetically
programmed event and in contrast to the apoptosis, necrosis takes place under the
harsh conditions that damage the cells and it happens randomly when cells encounter

a serous injury, since it does not programmed by the cells.
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Therefore, in order to evaluate the potential of the materials or drugs to cause
damage to the healthy and cancerous cells, some cytotoxicity tests and assays are
being used. These assays are necessary to screen the toxicity for compounds used in
medicine and to develop a therapeutic agent; may be in the form of a nanoparticle or
a drug. In order to assess the cytotoxic effects to the cells, one of the common ways
is measuring the cell membrane integrity and cell viability. Materials having toxic
effects mostly interfere in the cell membrane integrity. Some dyes, for example,
propidium iodide and trypan blue has the ability to penetrate through the damaged
cell membrane and stain the intracellular contents, however it is excluded from the

healthy cell membrane and staining can not be achieved (Figure 8).

Figure 8. The situation of the live and dead cells when exposed to the dye.

1.5.1 XTT Cell Viability Assay

XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5- carboxanilide)
assay is a commonly used cytotoxicity test for the determination of viable cells upon
treatment with therapeutic agents or drugs and to find out the toxic concentration of
the agents that are incubated with the cells by measuring the metabolic activity of the
cells and membrane permeability [85].

In the assay, if the cells are incubated with XTT molecule, it penetrates into the cell

membrane with the metabolic activity and is reduced to its purple formazan salt
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(Figure 9) and trapped inside the cell. The coloured product is then measured

spectrophotometrically at 415 nm.
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Figure 9. Conversion of XTT to formazan [86].

Dead cells do not have mitochondrial activity, so XTT is not reduced and the purple
formazan is not formed. By measuring the absorbance of formazan, cell viability is
calculated, since the amount of measured formazan is proportional to the number of
viable cells. % cell viability versus concentration graps are drawn in order to find out

the 1Csg values.

ICs is the concentration of a chemical, drug or a therapeutic agent that is required for
50% inhibition in vitro. It is an important parameter leading to the estimations and

designs of the other cytotoxicity assays.

1.5.2 Annexin V/PI Staining

Apoptotic cells are determined by Annexin V and Pl staining. Annexin V is a cellular
protein that has the affinity to bind the phosphatidylserine (PS) groups normally
located on the inner surface of the cell membrane that is the cytoplasmic surface. For
the detection of annexin V, a fluorescent compound; FITC (fluorescein
isothiocyanide) was conjugated to annexin V that emits at 518 nm. PI; propidium

iodide is called as vital dye, emits fluorescence at 617 nm [87].
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In the case of apoptosis event, translocation of PS groups from inner to outer
membrane takes place. Annexin V-FITC conjugate binds on PS groups from

Annexin V group. This is called the early apoptotic stage.

If membrane permeability increases, Pl enters inside of the cell, and then the
fluorescence signal of PI is measured. This is called the late apoptotic stage (Figure
10).
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Figure 10. The annexin V and PI function during apoptosis [88].

Therefore, the incubated cells with the agents are stained with Annexin V/PI and
their fluorescence signals are measured by using flow cytometer instrument. A flow
cytometer measures the fluorescence intensity of the stained cells, as they flow

through the beam in a suspension fluid.

The fluid carries the cells past the light one by one and signals from the individual

cells are detected for the analysis. Data is given as histograms (Figure 11).

21



MDA etoposide 60uM-T2h

Annexin-V FITC

Figure 11. The cell cycle histogram for etoposide

The etoposide is a well known drug undergoing apoptosis that is used for control
experiments. In the histogram, one axis shows the FI (flourescence intensity) of Pl

while the other is showing FI of Annexin V-FITC.

In the flow cytometry profiles; there are four areas showing the percent populations
of the events. These are; Area Al: viable cells, Area A2: dead cells, Area A3: early
apoptotic, Area A4: late apoptotic events. From the profiles, apoptotic cell
populations (the total % population of early and late apoptosis) were obtained and

drawn versus concentration (Figure 11).

1.5.3 Cellular Uptake and Prussian Blue Staining

In order to observe and quantify the nanoparticles taken up by the cells, Prussian

Blue staining method and spectroscopic measurements were used in the study.
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Prussian Blue staining is the method used to visualize the distribution of iron in
tissue sections, since the nanoparticles synthesized includes iron in this study.

The reaction is between iron oxide nanoparticles taken up by the cells and acidic
solution of ferrocyanide. The presence of acid facilitates the degradation of
nanoparticles into Fe (111) ions in the cells, then Fe (111) and ferrocyanide form a blue
complex called Prussian Blue and this can be observed by the use of light

microscope. The reaction is shown in Equation 1.
K* + Fe’* + [Fe?*(CN), ]+ — KFe3*[Fe* (CN)]
Equation 1. The reaction between Fe (111) and ferrocyanide to form Prussian Blue.

By staining with Prussian Blue, only the iron existence in the cells can be observed,
however by staining the background with a counterstain, it can be possible to observe
both the iron and the cell cycle better. Nuclear Fast Red staining was used for this
aim. Nuclei and cytoplasma are counterstained with this dye and the colour of the

stained sections become pink to light red.

1.6 Peroxidase-like Activity

The peroxidase enzyme catalyzes the oxidation of the organic molecules by
hydrogen peroxide while it is reduced to water. The nanoparticles possess the similar

activity in the presence of a substrate with hydrogen peroxide [89].

As a substrate, a molecule of which oxidized form is coloured is preferred such as
DAB (3,3’-Diaminobenzidine) as shown in the Figure 12.
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Figure 12. HRP (Horseradish peroxidase enzyme) catalyzes the oxidation of the

DAB as a substrate by H,O; into a brown precipitate product [90].

The peroxidase-like activity has some applications especially in biological systems.
For example, it can be used to reduce the organic molecules toxicities and at the
treatment of waste water with the help of the colour change [91]. Some nanoparticles
have been found to scavenge the hydrogen peroxide and superoxide anion; this is
also important in maintaining redox balance in biological systems by scavenging
excess reactive oxygen species, since these species may cause oxidative stress and
damage the cells [92].

1.7 Magnetic Resonance Imaging (MRI)
The imaging techniques concentrate on understanding of the physiology of the living
organisms, early detection and assesment of the diseases [93]. For an example,

macrophages are the immune system cells that are formed in the situation of an

infection or damaged cell formation and these are important for the defense system.
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On the other hand, macrophages are associated with some diseases such as
atherosclerosis that results from plaques and arthritis, so imaging these large cells is

one of the important and useful aims for assessing the state of the diseases.

Magnetic resonance imaging technique is a noninvasive and common way in clinical

medicine for the visualization of the plaques and also the organs [94,95].

A magnetic field and radio frequencies are used in magnetic resonance imaging
technique. Most clinical MRI is generally performed at 1.5 - 3 T (tesla) and relies on
the magnetic properties of the H atom to produce images, since H has a single proton
and large magnetic moment. On the other hand, the nuclei of some atoms such as

sodium, fluorine can be used for imaging studies [96].

The human body is made up of around 70% H,O and so the most abundant element
is hydrogen. The proton densities in tissues are really different due to water content
and environment, so tissues have different proton relaxation times from each other

that are allowing clinicians to see the tissues with different image contrasts.

In order to figure out the varying contrasts of the tissues on MRI, understanding of
the effect of 'free water and bound water' on the images are necessary. Free water
moves disorganized and rapidly. They are not so close to the macromolecules like
proteins and DNA, however bound water's motion is restricted due to the proximity

to the macromolecules by hydrogen bonding.

The amounts of free and bound water in tissues vary to a large extent. The organs
such as brain and liver, called soft tissues, having a large intracellular surface area,
posses a huge number of bound water. However, free water exists in tissues such as
glands, cysts, cerebrospinal fluid and urine to a large extent. Thus, the images appear

different in these locations than the soft tissues [96]
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In normal conditions, H atoms are oriented randomly if a magnetic field is not
applied. When a magnetic field (Bo) is applied, H atoms align parallel to the field, on
the other hand; some are aligned against the field (antiparallel) as seen in Figure 13
and so there will be a net number of protons aligned with the magnetic field
direction. It is called longitudinal magnetization. The direction of the longitudinal

magnetization is given in the direction of z and called Mz, conventionally.
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Figure 13. a. H atoms in the absence of external field, b. H atoms in the presence of
external field [97].

In the application, patient lies in the MRI scanner, the hydrogen protons in his/her
body lines up by using an electromagnet, for example; iron, and a large number of
these aligned protons will cancel each other. Only a small number of protons are not

canceled out, that is responsible for producing the image.

In the next step, a part of the body is exposed to a 90° radio frequency (RF) pulse.
The protons in that area absorb this energy and due to their angular momentum they
start to spin and wobble about the axis of the external field by the radio frequency

application and so a net magnetization is developed towards the transverse plane that
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Is perpendicular to the magnetic field (along z axis). It is called Transverse

magnetization (in Xy plane) as seen in Figure 14.
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Figure 14. (a) Spinning protons wobble around the magnetization (Bo) axis. (b)

Formation of transverse magnetization.

By removing the pulse application, the protons relax back to their original positions
and the excess energy is released. This produces the MR signal, forming an image.

Thus, relaxation is the measurement of how fast these hydrogen atoms relax; while

relaxivity is a measurement of the ability of a magnet to make the atoms relax.
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Therefore, two independent processes in two directions, longitudinal relaxation and
transverse relaxation, can be measured to generate an MR image as mentioned
above. Relaxation in the longitudinal axis and transverse axis is called as; T1 and T2

relaxation, respectively or in other words; recovery and decay.

1.7.1 Longitudinal Magnetization and T1 contrast

After the application of RF pulse, several protons flip back to the lower energy state
that is parallel to magnetic field; z axis, giving up the energy to the surroundings or
in other words; the lattice. This is also called spin-lattice relaxation. So, T1 is the

time at which longitudinal (Mz) component of the magnetization vector recovers the

63% of its equilibrium magnetization in the direction of Bo (Figure 15).
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Figure 15. Gain in magnetization in z axis [98].

The recovery of magnetization occurs due to an exchange of energy between protons
and their environment, so T1 is most efficient when there are interactions with the
lattice and T1 relaxation times of the tissues varies with the mobility of their protons.
Thus, it is a characteristic of the sample and indicates how faster the sample

magnetizes again.
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As mentioned before, free and bound water molecules have different relaxation rates

since they have different motional energy.

Free water molecules move rapidly and they recover magnetization slowly. On the
other hand, bound water has slow motions due to the coordination of the molecules
and this situation lowers the average energy of the water molecules, so water nearby

the molecules magnetizes faster than free water [99].

The rate of the recovery is equal to 1/T1 and called 'r1' relaxivity. The shorter T1
value results in higher relaxivity (r1) [100].

1.7.2 Transverse Magnetization and T2 contrast

After a 90° RF pulse, the proton magnetization converts to the transverse
magnetization. Firstly, a strong signal is observed due to the spinning protons
together, called in phase. After a time, due to the different spinning rates of the
protons (out of phase situation) signal starts to decay through a process known as
transverse relaxation [96].

In the transverse magnetization, protons perturb its neighbour protons' magnetic field
with its own small magnetic field. Thus, protons start to spin at a little varying
spinning rate and then spin in different and also opposite directions result in the
cancellations in the magnetization in xy plane, this is a spin-spin relaxation. Then a
reduction in signal in a time interval occurs. So T2 is the time taken for the signal to

decay to 37% of its initial value and it is a tissue specific fenomena (Figure16) [96].
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B T2 Decay

Figure 16. Loss in magnetization in xy axis [98].

Thus, T2 is the parameter that determines how fast the signal decays. The rate of the

decay is 1/T2 and called ‘r2’ relaxivity.

The main parameter that affects T2 relaxation is the local magnetic field created, so it
is directly proportional to the number of spins and water exchange is not required for
the T2 relaxation [96].

The equilibrium, in other words longitudinal magnetization can not be determined by
an easy way, for this reason, it should be converted into the transverse axis to be able
to measure easily. Also these are simultaneous processes and so clinicians can

choose which process to monitor (Figurel?).
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Figure 17. Simultaneous changes in longitudinal and transverse magnetizations for

two different tissues shown in dotted and solid lines [96].
Depending on the process, either bright contrast (T1) or dark contrast (T2) images

can be produced as seen in Figure 18. As a note, water concentration and mobility

effect brightness of images.

Bright contrast a Dark contrast b

Figure 18. a. T1 enhanced MRI, b. T2 enhanced MRI [96].
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1.7.3 MRI Contrast Agents

Magnetic nanoparticles have been studied and found applications in therapeutic and
diagnostic techniques, in hyperthermia and magnetic drug targeting to specific sites
in the body and especially in MRI [96,101,102] for many years because of their
smaller sizes and unique magnetic properties [103,104]. The size of nanoparticles is
of importance since size affects the magnetic properties of the particles. In addition
to these, the ideal MRI contrast agent should have high relaxivity that means high

contrast enhancement [104].

Thus, a large variety of magnetic particles have been synthesized by using different
methods with varying sizes ranging from 10 and 3500 nm [104,105] and several
synthetic and biological attempts including apoferritin [14], dendrimers [106] and
phospholipid membranes [107] were reported for a well defined sized magnetic

nanoparticles as mentioned before.

Paramagnetic metal ions are mostly being used contrast agents up to now due to their
several unpaired electrons in their outer orbitals that create magnetic dipoles under a

magnetic field.

It is important since an electron's magnetic moment is larger (~700 fold) than that of
a proton. This makes nearby protons having a fluctuating magnetic field and results
in an increase in proton relaxation. This is the difference between water relaxation

and relaxation in the presence of a contrast agent.

There are three main parameters that affect rl relaxivity; these are (tm); which is the
mean residence lifetime for metal-bound water, the rotational correlation time (tR);
which is the time it takes for molecule to tumble and (q) ; which is the number of

metal-bound water molecules [108,109].

32



Relaxivity is directly proportional to the number of bound water molecules and
rotational correlation time, however inversely proportional to the residence time for

metal bound water as seen in equation and Figure 19 [99,110].

Figure 19. A schematic molecule acting MRI contrast agent and the parameters
related with the r1 relaxivity [108].

These parameters helped to figure out the rl relaxivity results for magnetoferritin

system as given in results and discussion section.

There are so much paramagnetic metal ions used in MRI (Table 5), but Gd
complexes are the mostly used contrast agent due to Gd metal’s seven unpaired
electrons and its long electron spin relaxation time that renders it an efficient T1

relaxation agent.
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Table 5. A list for some of the paramagnetic metal ions [111].

lon Configuration Magnetic moment
Her + 44+ —— 3.9
5Mn P4 59
pe et ge 59
“cu™ HEHE 1.7
g e 34
64Gd> +++++++ 79
Sepy** HiHE+++++ 106

Superparamagnetic materials are referred to as small ferromagnetic or ferrimagnetic
nanoparticles with the sizes below 50 nm. Each nanoparticle contains several
numbers of paramagnetic ions. As these paramagnetic ions are magnetically ordered
within its structure, the total magnetic moment of the nanoparticles can be considered
as one large magnetic moment that is composed of all the magnetic moments of the
individual atoms that fabricate the nanoparticle and this magnetic moment value
greatly exceeds that of a paramagnetic ion. This is called as superparamagnetism and

this magnetization disappears after the presence of an applied magnetic field.
Based on the structure and size of the nanoparticles, superparamagnetic agents can

also present the property of shortening the T1 relaxation of water; however their

dominant effect is on T2 relaxation due to their large magnetic moment (Figure 20).
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Figure 20. Comparision of MR contrast agents in terms of their magnetic characters

and image enhancements.

The effectiveness of a contrast agent is characterized by their normalized r1 and r2
relaxivities over a range of contrast agent concentrations, which are 1/(T1 X
Concentration) and 1/(T2 x Concentration), respectively. The relaxivity value of a
sample also changes with magnetic field strength, temperature and the medium in
which the measurements are carried out, so while comparing the contrast agents,

these parameters should be taken in consideration.

Superparamagnetic iron oxide nanoparticles, mostly as magnetite and maghemite, are
good contrast agents with the higher r2 relaxivities due to their larger magnetic
moments compared with a single molecule of paramagnetic substances under a
magnetic field [112,113] as mentioned and there are some contrast agents having
higher relaxivity values in terms of both rl and r2 relaxivities than Gd complexes
which have been prepared and used commercially such as ferumoxtran-10,

ferumoxides are in magnetite/maghemite origin [114,115]

Among the MR contrast agents, biocompatible magnetic materials prepared in the
protein cage architectures especially in ferritin cages are of importance.
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There are some studies that characterize ferritin-magnetic composite materials as
MRI contrast agents. Magnetoferritin samples were prepared for relaxometry
measurements under varying magnetic fields between 1 to 64 MHz, at varying
temperatures and it was found out to be a promising MRI contrast agent with
especially the higher r2 value [116,117]. In this study, the rl and r2 relaxivity
properties were investigated in order to figure out the effect of iron loading on these

properties in detail and given in results and discussion part.
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1.8 Aim of This Study

In this study, the main goal is to design and synthesize a functional biomaterial with
the aim of diagnosis and therapy of the cancerous cells. For this purpose, apoferritin
protein cages were mineralized with iron oxide nanoparticles for the use of MRI
contrast agents. The exterior surface of protein cages were chemically modified by
incorporating histidine molecules via glutaraldehyde crosslinker and then protein was
labeled with a nonradioactive Re complex. The cytotoxicity effects were tested on
healthy and cancerous cell lines. Finally, the effect of Fe loading factor on relaxivity
for MRI application and peroxidase-like activity of magnetoferritin samples were
investigated. In the experiments, all necessary optimization and characterization

studies were carried out.
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CHAPTER 2

EXPERIMENTAL PART

2.1 Instrumentation and Characterization Techniques

2.1.1 Chromatography

In this thesis size exclusion chromatography (SEC), ion exchange chromatography
and gel electrophoresis separation techniques were used. Protein was passed over
size exclusion chromatography before and after the mineralization and surface
modification reactions for both purification and characterization of the prepared

protein.

2.1.1.1 Size Exclusion Chromatography (SEC)

Akta Pharmacia (Montana State University) fast protein liquid chromatography
(FPLC) system equipped with a quad-tech UV-Vis detector was used for the SEC

applications and a superose 6 (GE Healthcare) columns were preferred.

The second system for the application of size exclusion chromatography was passing
the samples through PD-10 desalting columns (GE Healthcare) prepacked with G-25
sephadex column (1.5 cm x 5.5 cm) and collecting the fractions as 1 mL of solutions,

then measuring the absorbances of fractions at 280 nm and 410 nm.
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2.1.1.2 lon Exchange Chromatography

In the study, an anion exchange column was used for the purification and

characterization of the protein before mineralization.

As an anion exchange, a mono Q column (GE Healthcare) was used. The mono Q is
a hydrophilic resin containing a strong anion exchanger with the particle size of 10
um. As the charged groups, there are —CH»-N* (CHs)3 molecules on the resin and it

has the capability of separation of molecules with molecular weights up to 10"

2.1.2 Gel Electrophoresis

Two kinds of electrophoresis methods were used; these are Native page
electrophoresis and SDS page electrophoresis that were utilized under non-

denaturing and denaturing conditions, respectively.

2.1.3 Bradford Assay

This method is a colorimetric protein assay that is used to determine the
concentration of protein in solution. Dye Coomassie Brilliant Blue G-250 binds to
the protein through its amine groups. The dye has absorbance maxima at 470 nm and
650 nm. As dye binds to protein, the absorbance maximum shifts to 595 nm and then
protein concentration is determined by measuring the absorbance at 595 nm. The
increase of absorbance at 595 nm is proportional to the amount of protein. The

disadvantage of the method is its short linear range, from 0 mg/mL to 2 mg/mL.

There are two protocols; Standard Assay and Micro Assay, their working ranges are
0.2-1.5 mg/mL protein and 0.001-0.010 mg/mL protein, respectively [118]. In the
study, standard assay protocol was used. According to the protein, Bovine serum
albumin standart solutions are prepared containing a range of 0.2-1.5 mg/mL protein

and 0.1 M NaCl in 10pL solutions. 10puL solutions of unknown protein sample are
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prepared by dilutions and in the medium of 0.1 M NaCl. 200 pL of dye reagent is
added to the standarts and samples and they are vortexed. After incubation of 5-10

min., absorbances were measured and calibration curve is prepared.

2.1.4 Transmission Electron Microscopy (TEM)

For the shape and size characterization of the protein samples, TEM (JEOL 2100 F)
at the accelerating voltage of 100 kV at METU Central Laboratory and TEM (LEO
912AB) at 100 kV at Montana State University was used.

Samples were stained with 1 % uranyl acetate solution in order to visualize the
protein hollow shell, since uranyl acetate produces contrast around protein cage.
Uranyl acetate is a negative stain commonly used in electron microscopy. In negative

staining, to produce contrast, background is stained and leaving the protein visible.
2.1.5 Nuclear Magnetic Resonance (NMR) Instrument

Magnetic characterizing measurements of the two sets of mineralized samples with
the theoretical number of 500 to 5000 iron loadings were carried out on Anasazi FT-
NMR 90 MHz (2.1 T) and Bruker DPX 300 MHz (7.0 T) spectrometers (Montana
State University).

2.1.6 Inductively coupled plasma mass spectrometry (ICP-MS)

ICP-MS (Thermo Scientific X series) instrument with a concentric nebulizer and

Peltier effect cooled spray chamber was used for the determination of ***Re and **'Re

isotopes in the experiments. Instrumental working parameters are given in Table 6.
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Table 6. Operating conditions for ICP-MS instrument.

Plasma power 1300 W
Nebulizer gas flow rate 0.84 L/min
Auxiliary gas flow rate 0.5 L/min
Plasma gas flow rate 13 L/min
Integration time for each mass 20/10 ms

ICP-MS system can be coupled with a variety of separation techniques; Here, High
Performance  Liquid  Chromatography-Inductively  Coupled  Plasma-Mass

Spectrometer (HPLC-ICP-MS) coupled system was used for the separation and
detection (Figure 21).

| Separation > Detection >

ICP-MS

Interface

l

It 1s difficult to determine Re
in ppb levels by other
spectroscopic methods.

Figure 21. lllustration of the HPLC-ICP-MS instrumentation.

HPLC instrument was hyphenated to ICP-MS by use of PTFE tubing (40 cm 0.56
mm i.d.). Column outlet was connected directly to the nebulizer by passing the

peristaltic pumps and Tygon connections were used at the junctions.
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2.1.7 High performance liquid chromatography (HPLC)

Dionex 3000 HPLC pump with online degasser system was used for the
chromatography experiments. For the injection, A Rheodyne 8125 flow injection
system with 100 pL sample loop was used. Species were separated using S5 SAX
anion exchange column. Instrumental working parameters are given in Table 7.

Table 7. Working conditions for HPLC instrument.

Column Spherisorb S5 SAX

Mobile phase 5.0 mM sodium citrate in 10.0% MeOH at pH 4.5,
5.0 mM sodium citrate in 10.0% MeOH at pH 3

Flow rate 1.50 mL/min.

Injection volume 100 puL

2.2 Chemical List

In all the experimental studies, Millipore water purification system (Molsheim,

France) was used to obtain deionized water of 18 MQ cm.

All chemicals and reagents are given below with their names, formulas and

manufacturer names. All are available as analytical grade and with highest purity.

2.2.1 lIron Oxide Mineralization in Protein Cages and Characterization
Experiments (Bradford Asssay, AAS, SEC, TEM)

During the nanoparticle synthesis in protein cages, oxygen free water was used by

sending nitrogen gas for 45 min from the solutions in interest.

i. Ammonium iron (Il) sulfate hexahydrate, (NH;).Fe(SO,),.6H,0, > 99%, Sigma-
Aldrich
ii. Hydrogen Peroxide, H,O2, > 99%, Fluka

43



iii. Sodium Citrate, HOC(COONa)(CH,COONa),.2H,0, > 99%, Aldrich

iv. Hepes Buffer, N-(2-Hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid), > 99,5
%Sigma

V. Sodium chloride, NaCl, > 99%, Merck

vi. Nitric Acid, HNO3, > 70%, Sigma-Aldrich

vii. Sodium Hydroxide, NaOH, > 98%, Sigma-Aldrich

viii. Bovine Serum Albumin, BSA, > 98%, Sigma-Aldrich

ix. Bradford Reagent (Coomassie Brilliant Blue G-250), Sigma

X. Nitrogen Gas, N»(g), Linde Gas

2.2.2 Surface Modification of Protein Exterior Surface and Characterization

Experiment

I. Phosphate Buffer Solution, 0.1 M sodium phosphate, pH 7.0, Sigma
ii. Glutaraldehyde, HOC(CH;)3CHO, 25 %, Sigma-Aldrich

iii. L-Histidine, CgHgN3O2, > 99 %, Sigma-Aldrich

iv. Sodium Borohydride GR for analysis, NaBH4, > 96 %, Merck

v. Sodium Nitrite, NaNO,, > 97 %, Sigma-Aldrich

vi. Sulfanilic Acid, (H2N)CsH4SOsH, > 99 %, Sigma-Aldrich

2.2.3 Rhenium Complex Formation and Characterization

‘Rhenium complex’ or ‘rhenium carbonyl complex’ is used instead of

‘[Re(C0)3(H,0)3]" formulation.

i. Borane ammonia complex, BH3NH3, 97%, Aldrich

ii. Carbon monoxide gas, CO (g), pure, OKSAN

iii. Sodium perrhenate, NaReQO,4, 99.99% metal basis, Aldrich
iv. Phosphoric acid, HsPO,4, 85%, Baker
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2.2.4 Toxicity Tests of Re-labeled Magnetoferritin Samples on Healthy and

Cancerous Cell Lines
For cell culture studies, all the reagents and chemicals were cell culture grade.

i. RPMI-1640 medium with phenol red and without phenol red, Lonza BE12-115F,
Belgium

ii. Dulbecco’s Modified Eagle Medium/Ham’s F-12, DMEM/Ham’s F12, Lonza-
BE12-719F

iii. Fetal bovine serum, FBS, Sigma

iv. Gentamycin sulfate, Biological Industries

v. Hank‘s Balanced Salt Solution, BSS, Biochrom AG

vi. Dulbecco's Phosphate Buffered Saline, PBS, Lonza

vii. Trypsin/EDTA, Lonza BE02-007E

viii. Tryphan Blue, Biological Industries

ix. DMSO sulfoxide, Applichem

x. Epidermal Growth Factor, EGF, Peprotech, New Jersey, USA

xi. Hydrocortisone and insulin, Sigma-Aldrich, Saint Louis, Missouri, USA

xiii.  2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-  carboxanilide,
XTT, Cell Proliferation Kit, Biological Industries, Haemek, Israel

xiv. Potassium ferrocyanide trihydrate, (K4Fe(CN)g.3H,0), > 98,5 %, Sigma-Aldrich
Xv. 60-15mm tissue culture disc, Sarstedt

xvi. 25-cm® (T-25) and 75 cm? (T-75) tissue culture flasks 6-well-96 well
microplates, cryovials (sterile, DNase RNase free, nonpyrogenic), Greiner Bio-One

(Frickenhausen, Germany)

2.2.5 Peroxidase Activity and Relaxivity Measurements of Magnetoferritin

Samples with Different Iron Loadings

i. Tris buffer, 1M Tris-HCI (pH 8.0), Sigma
ii. 3,3’-Diaminobenzidine, DAB, Sigma
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iii. Hydrogen Peroxide, H,02, > 99%, Fluka
iv. Hepes (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer (50 mM
Hepes, 100 mM NacCl, pH 7.5), Fluka

46



2.3 Experimental Procedures

2.3.1 Preparation of Protein Samples

In the experiments, ferritin samples were prepared by using two methods that were
human H-chain ferritin (HFn) gene expression from e.coli and the dialysis of horse

spleen ferritin (HoSF) to obtain ‘apoferritin’ (protein that lacks iron core).

2.3.1.1 Human H-Chain Ferritin Expression and Purification from E.coli

Cultures of E.coli, transformed with the plasmid containing the Human H-chain
ferritin (HFn) gene, were grown in 1.0 L of LB (Lysogeny broth) media in the
presence of 30 pg/mL of kanamycin. The E.coli from a glycerol stock was added to 1
mL of LB Broth with kanamycin (30 pg/mL) in a tube and it was placed in a shaker
at 37 °C for a few hours to overnight since a cloudy yellow media was obtained.
This solution was poured into 1.0 L of LB Broth to start the growth of E.coli
containing HFn and incubated at 37°C until absorbance at 600 nm reached 0.6 a.u.

For HFn induction, IPTG (isopropyl B-D-1-thiogalactopyranoside) with the final
concentration of 0.3 mM and incubated at 37 °C over night. Then, the culture was
centrifuged at 3700 g for 20 minutes to remove E. coli cells from LB media and

supernatant was discarded.

Cell pellets were resuspended in 35mL of lysis buffer which is 50 mM Hepes, 100
mM NaCl, pH 7.5. 100 pL of enzyme mix of lysosome, Dnase, RNase and a pinch of
deoxyribonuclease were added and the lysate was incubated at room temperature for
30 minutes followed by sonication on ice to digest and break the cell component. The
solution was centrifuged at 12000g for 45 minutes to remove cell debris and
supernatant was heated at 60°C for 10 min to precipitate many of the E.coli proteins
followed by centrifugation at 12000 g for 20 minutes. The resulting supernatant was
dialysed against 50 mM Hepes, 100 mM NaCl, pH 7.5. For the purification of

protein, supernatant was subjected to size exclusion chromatography (SEC) using a
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Superose 6 (GE Healthcare) column and anion exchange chromatography using a
mono Q column (GE Healthcare). The fractions that contain the protein of interest
were determined by SDS gel electrophoresis under native denaturing conditions
using a 5% native polyacrylamide gel and protein concentration was determined by
absorbtivity at 280 nm (extinction coefficient of rHFn = 1 mL/mg).

rHFn abbreviation is used instead of ‘Recombinant Human H-chain Ferritin’.
2.3.1.2 Preparation of Apoferritin by Dialysis

Horse spleen ferritin (HoSF) was used for the dialysis procedure. The Fe (I1l) oxo-
hydroxide core of HoSF was removed by reductive dissolution to form apoferritin
according to established procedures. Ferritin (10 mg, 0.2 mL) was placed into a
dialysis bag (MWCO of 12-14 Da) and diluted (x5) with acetic acid / sodium acetate
buffer (pH: 4.5). The bag was floated into 1L of acetic acid / sodium acetate buffer
(pH: 4.5) and purged with N, for 15-30 min. Thioglycolic acid (final concentration of
0.02 M) was added as the reducing agent into the buffer solution. After 2 hours, a
further TGA (final concentration of 0.01M) was added and dialysis continues for 1 h.
The buffer was refreshed, purged with N, for 15-30 min and procedure was repeated.
The procedure was repeated until the solution becomes colourless from brown colour
(Figure 22).

Ferritin Apoferritin

=

Figure 22. Native ferritin sample before and after dialysis process.
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Protein was exhaustively dialyzed against 0.1 M NaCl solution and then, subjected to
size exclusion chromatography (SEC) using G-25 Sephadex column (1.5 cm x 5.5
cm) equilibrated with 0.1 M NaCl solution. 1 mL of fractions was collected for UV-
VIS masurements at 280 nm and then, the protein-containing fractions were isolated.
Protein concentration was measured by the absorbance value at 595 nm in the UV-

VIS spectrum according to Bradford Assay method.

For ‘Horse Spleen Ferritin’, HoSF abbreviation will be used from now on.

2.3.2 Cell Culture

Cell culture experiments were carried on HERA safe Class Il Biological safety
laminar flow. Two types of cell lines; human breast metastatic adenocarcinoma,
MDA-MB-231 and human mammary epithelial cell line, MCF-10A were used.

After incubation for a determined period, the cells were subsequently analyzed for

the viability and morphological changes.

2.3.2.1 Growth Conditions of the Cell Lines

Human breast metastatic adenocarcinoma, MDA-MB-231 (Monroe Dunaway
Anderson - Metastatic Breast) monolayer cell lines were obtained from ATCC
(American Type Culture Collection). These cells were grown in RPMI 1640 cell
culture medium with phenol red containing 10% heat-inactivated fetal bovine serum
(FBS) and 0.2% (50 mg/mL) gentamycin in the flasks. They were incubated in Hepa
filtered Heraeus Hera Cell 150 incubator at 37°C in 95% humidified atmosphere of
5% CO,.

Human mammary epithelial cell line, MCF-10A was kindly donated by Assoc. Prof.
Dr. A. Elif Erson Bensan (METU, Ankara, Turkey). MCF-10A were grown in

complete growth media containing DMEM/Ham’s F: 12 cell culture medium with
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phenol red containing 5% horse serum, 100 pl EGF from 100 pg/mL stock, 250 pl
hydrocortisone from 1 mg/mL stock, 500 pl insulin from 10 pg/mL stock, 5 mL
pen/strep and these cells were incubated at 37 °C in a 95% humidified atmosphere of
5% CO,. The medium was changed in every 2-3 days. Cell culture experiments were
carried on HERA safe Class Il Biological safety laminar flow. After incubation for a
determined period, the cells were subsequently analyzed for the viability,

morphological changes.
2.3.2.2 Viable Cell Counting

Trypan Blue is a dye that only penetrates across the membranes of dead/non-viable
cells. Viable cells are seen as small, round and retractile while non-viable cells are
observed as swollen and dark blue under light microscope when trypan blue is
applied. Before usage, trypan blue stock solution (0.5 % (w/v)) is diluted in 1:1 ratio
with PBS.

In the experiment 20uL trypan solution and 20uL cell suspension were mixed
thoroughly in order to obtain homogenous mixture. A coverslip was put on to a
Neubauerhemacytometer (Bright-line, HausserScientic and Horseam, PA, USA).

10 pL of the mixture was filled in each of the two counting chambers of
hemacytometer by placing the micropipette at the midside of the coverslip and the
suspension was allowed to fill the space by capillary action.

Each chamber of hemacytometer consists of 9 squares each of which is 1mm?
Coverslip sits 0,dmm over the chambers. Therefore, the volume of each square
becomes 0.1mm* or 10* mL. In order to calculate number of cells per mL in
suspension, number of cells counted in middle square is multiplied by 10* since the

volume of 1 square is 10 mL (Equation 2).
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Cell number / mL = Average cell number of the two chambers x DF x 10*

Equation 2. The equation for the cell number/mL.

DF is; Dilution factor (dilutions were with Trypan Blue).

2.3.3 Constrained Synthesis of Iron Oxide Nanoparticles Ferritin Nanocages

Here the synthesis and characterization of two different mineral phases of iron oxides
prepared in the inner cavity of the stable ferritin protein cage is presented. The two
mineral systems that are examined are the ferrimagnetic mineral magnetite (FezO,)
and ferrihydrite (FeOOH) and two kinds of proteins that are rHFn and HoSF were

used.

2.3.3.1 FeOOH Mineralization in rHFn Protein Cage

A solution of rHFn was diluted to 0.5 mg/mL in 100 mM NACI. A deaerated
solution of 125 mM (NH,).Fe(SO4), was added at a rate of 100 Fe
atoms/protein.min using a syringe pump (KD Scientific, Holliston, MA) until the
desired loading ratio was reached. The reaction vessel was continued to stirring and
left open to the air; no additional oxidant was added. Ferrihydrite minerals were
synthesized with loading factors of 1000, 2000 and 3000 Fe/cage.

The H" generated during the reaction was titrated continously with the automatic
titrator using 25 mM NaOH to maintain a constant pH 6.8 at room temperature. The
air oxidation reaction of Fe (Il) is shown in Equation 3.

4Fe** + O, + 6H,0 — 4Fe(O)OH + 8H*

Equation 3. The air oxidation reaction of Fe (11).
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A buffer system was not used to protect any iron complex formation with the buffer
components. After the mineralization, 200uL of 300 mM sodium citrate was added
to chelate for the remaining free Fe in the solution and purified by SEC using

Superose 6 column.

2.3.3.2 Fe304 Mineralization in rHFn Protein Cage

A solution of rHFn (0.6 mg/mL in 100 mM NaCl) was added to a jacketed reaction
vessel under N, atmosphere to maintain an oxygen free environment. The
temperature was increased to 65 °C by flowing water through the jacketed flask and
the pH was titrated to 8.5 with 100 mM NaOH (718 Auto Titrator, Brinkmann). To
achieve a theoretical Fe loading factors of 500 Fe, 1000 Fe, 2000 Fe, 3000 Fe, and
5000 Fe per protein cage, 316 uL, 632 pL, 1264 pL, 1896 pL and 3160 puL of
degassed (NH4),Fe(S0O,)2.6H,0 (12.5 mM) solution and stoichiometric equivalents
of degassed H,0O, solution were used, respectively. The (NH4).Fe(SO,)..6H,0 and
H.0, solutions were added simultaneously into the reaction vessel at a constant rate
of 63.2 uL/min (100Fe/(cage.min)) using a syringe pump (Kd Scientific, Holliston,
MA). The H" generated during the reaction was titrated continously with the
automatic titrator using 100 mM NaOH to maintain a constant pH 8.5. The

mineralization reaction in ferritin is shown in Equation 4.
3Fe”* + Hy0, + 2H,0 — Fe304 + 6H'
Equation 4. The mineralization reaction in ferritin.
After the mineralization procedure, 200uL of 300 mM sodium citrate was added to

chelate for remaining free Fe and the mineralized proteins were subjected to SEC

analysis.
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2.3.3.3 Fe304 Mineralization in Apoferritin Protein Cage

In the mineralization procedure, ferrous ammonium sulfate ((NH4)2Fe(SO,). 6H,0)
and trimethylamine N-oxide (Me3sNO) were used as Fe(ll) source and oxidant,
respectively. The reaction was carried out at pH: 8.6, using 3-[(1,1-Dimethyl-2-
hydroxyethyl)amino]-2-hydroxy-propanesulfonic acid (AMPSO) buffer. All the
solutions were deaerated with N, before used. Apoferritin was added to buffer
solution and reaction vessel was placed in a preheated (65°C) water bath under N,
atmosphere. The (NH4)2Fe(SO,),.6H,O (125 mM) and and stoichiometric
equivalents of Me3sNO solutions (3Fe(ll) : 2Me3NO) were injected simultaneously
into the reaction vessel at a constant rate of 100Fe/(cage.min). Samples with
theoretical loading of 2000 Fe atoms/protein molecule were prepared. After the
mineralization procedure, 200uL of 300 mM sodium citrate was added to chelate any

remaining free Fe. The mineralization reaction in ferritin is shown in Equation 5.
3Fe?* + 2Me3NO + 4H,0 — Fe30, + 2MesN + 6H* + H,0

Equation 5. The mineralization reaction in ferritin.

2.3.4 Characterization Experiments of Fe3O4 Nanoparticles

2.3.4.1 Size Exclusion Chromatography

In order to get rid of the aggregation products from the mineralized rHFn, proteins

were purified and analyzed by SEC by following the absorbances at 280 nm and 410

nm for protein and mineral elutions, respectively.

Centrifugation was applied to the mineralized samples at 17000 rpm for 5 minutes

and the supernatant was allowed to pass through a 50 mL Superose 6 (GE
Healthcare) column using Akta Pharmacia FPLC.
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The flow rate was 0.5 mL/min and HEPES buffer (50 mM Hepes, 100 mM NacCl, pH
7.5) was used. Only mono-dispersed mineralized proteins were used for subsequent

experiments.

The mineralized apoferritin was purified and analyzed by SEC using G-25 Sephadex
column (1.5 cm x 5.5 cm) equilibrated with 0.1 M NaCl solution.

2.3.4.2 Particle Characterization

Magnetoferritin samples synthesized in rHFn were dissolved in 70 % nitric acid (1:1
v/v) and 10 fold dilutions were done with 5 % nitric acid for Atomic Absorption
Spectrometry analysis to determine the iron concentration in the ferritin cages. The
protein concentration of the magnetoferritin solutions were determined by the
Bradford method at 595 nm using an Agilent 8453 UV-Vis Spectrophotometer.

The core size of iron oxide nanoparticles were investigated by TEM (Montana State
Uni.). Samples were concentrated and transferred into deionized H,O using
centrifugal filter units (Millipore, Amicon Ultra-100K ) with 100kDa M,, cut-off and
the solution of magnetoferritin sample (5 uL) was air-dried on a carbon coated
copper grid, and then observed by a TEM (LEO 912AB) at the accelerating voltage
of 100 kV. By measuring the diameters of more than 100 particles in the TEM

image, average particle size was calculated.

Mineralized apoferritin sample was negatively stained with 1% uranyl acetate
solution and air-dried on a carbon coated copper grid. The core size of iron oxide
nanoparticles were investigated by transmission electron microscopy (TEM, METU)
operating at 80kV and the average particle size was determined by measuring the
diameters of more than 100 particles in the TEM image. The purified sample was
dialysed overnight against 0.1M phosphate buffer (pH 7.0) at 4°C for subsequent

experiments.
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2.3.5 Surface Modification of Protein Exterior Surface and Preparation of

Rhenium Carbonyl Complex

2.3.5.1 Histidine Immobilization to Magnetoferritin Protein Surface via
Glutaraldehyde Crosslinker

1 mg/mL of magnetoferritin sample (theoretical loading: 2000 Fe/ferritin)
synthesized in apoferritin was suspended in 0.1M phosphate buffer (0.1 M NaCl, pH
7.0) and 10 pL 2.5% glutaraldehyde solution were mixed for 15 minutes at room
temperature and incubated 2 hours at 4 °C. To remove excess reagent, protein was
dialysed using a 12-14 kDa molecular weight cutoff (MWCO) dialysis membrane
(Sigma-Aldrich) against 0.1M phosphate buffer (0.1 M NaCl, pH 7.0). Then 1mL of
(5mg/mL) freshly prepared L-Histidine solution in 0.1 M PBS buffer (0.1 M NacCl,
pH 7.0) was added to the protein and mixed for 1 hour at room temperature and
incubated overnight at 4 °C. To reduce the resultant Schiff bases and any excess
aldehydes, 100 puL of NaBHy4 (final conc. 1 mg/mL) was added, reduced for 1h at
4°C. By a a 0.20 um filter syringe, solution was filtered and then dialysed via 0.1 M
PBS buffer (0.1 M NaCl, pH 7.0) overnight.

2.3.5.2 Spectrophotometric Determination of Histidine

6 mL of 0.05M sodium nitrite solution was prepared with deionized water. 100 pL of
hydrochloric acid was added and the mixture was kept at room temperature for one
hour. 50 mg of sulfanilic acid was then added and diluted to 10 mL with deionized
water. This reagent is the colouring reagent and it was used 30 min after the

preparation.
Protein samples were used with the same concentrations and magnetoferritin sample

that is not modified with histidine were used as control. 1.5 mL of 1M NaOH
solution was added to 500 uL of protein samples and vortexed.
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3 mL of colouring reagent was added to the protein solutions and absorbances were

measured at 405 nm at the sixth min., using 1 M NaOH as blank.

2.3.5.3 Preparation and Charazterization of [Re(CO)3(H,0)s]"

[Re(CO)3(H20)s]" complex was synthesized from **’Re-perrhenate (NaReO, with
the nonradioactive rhenium isotope) through reductive carboxylation reaction using
gaseous carbon monoxide as a source of carbonyl and amine borane (BH3NHj3) as

reducing agent, according to a literature procedure with some modifications [70].

Briefly, 10 mg of BH3.NH3 was added into a 10-mL glass vial. The vial was covered
with a cap and then CO gas was passed from the vial over 10 min. The mixture of
2mL of 4.4x10° M ReO, and 60 pL H3PO, (85%) was added to the vial and
incubated in a water bath at 70-80 °C for 15 min. H, gas is formed during the
reaction between water and amino borane, this should be taken into consideration in
order to keep the balance of H, gas with the help of 10-mL syringe. The optimization
studies were carried out for the amounts of reagents and reaction time. In all the
optimization experiments, it was seen that the maximum efficiency of complex
formation was around 65%. Thus, the products from the experiments were collected
and subjected to further purification and concentration with a second anion exchange

resin with the same mobile phase.

HPLC-ICP-MS system (Dionex, LPG-3400A model HPLC equipped with Thermo
Electron Corporation X Series model ICP-MS system) was used with S5 SAX anion
exchange column as stationary phase to characterize rhenium tricarbonyl complex
and the other species to be formed as by-products. 5.0 mM sodium citrate in 10.0%
MeOH at pH 4.5 and 5.0 mM sodium citrate in 10.0% MeOH at pH 3.0 were used as

mobile phases at the flow rate of 1.50 mL/min.
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2.3.5.4 Re Labeling of Histidine Immobilized Magnetoferritin

The pH of rhenium complex solution was adjusted to 6-7 with 0.2M NaOH. Then
500 uL of histidine conjugated protein and 500 uL of rhenium complex solution

were mixed and placed into a shaker thermostated at 60 °C for 40 minutes.

Labeled protein was purified by G-25 Sephadex column (1.5 cm x 5.5 cm) with 0.1
M PBS buffer (0.1 M NaCl, pH 7.0) and 1 mL of fractions were collected for UV-
Vis and ICP-MS measurements to determine the protein and Re concentrations in the

fractions.

2.3.5.5 Stability Test in Human Blood Serum

To test the serum stability of rhenium labeled magnetoferritin, the labeled protein
was suspended in (1:1) human blood serum and 0.1 M PBS buffer (0.1 M NaCl, pH
7.0) in separate experiments simultaneously. Samples were dialysed against 0.1 M
PBS buffer (0.1 M NaCl, pH 7.0) for 72 h. Aliquots of samples were removed after
12, 24, 48 and 72 h from the dialysis bag and suspected to ICP-MS for Re
determination.

2.3.5.6 Gel Electrophoresis

2.3.5.6.1 Native Page Electrophoresis

The solutions and their volumes for a 5mL native page stacking gel are given in
Table 8.

57



Table 8. The solutions and their volumes for native page stacking gel.

0.375 M Tris-HCI pH=8.8 4.275 mL
Acrylamide/Bis-acrylamide (30%/0.8% w/v) 670 uL
10% (w/v) ammonium persulfate (AP) 50 uL
TEMED 5uL

The solutions and their volumes for a 10mL native page resolving gel are given in

Table 9.

Table 9. The solutions and their volumes for native page resolving gel.

Acylamide percentage 6% 8% 10% 12% 15%
Acrylamide/Bisacrylamide | 2 mL 26mL | 3.4mL 4 mL SmL
(30%/0.8% wi/v)

0.375 M Tris-HCIl | 7.89mL | 729 mL | 6.49mL | 589 mL | 4.89 mL
(pH=8.8)

10% (w/v) ammonium | 100 uL 100 uL | 100 uL | 100 uL | 100 pL
persulfate (AP)

TEMED 10 uL 10 uL 10 uL 10pL | 10pL

2.3.5.6.2 SDS-PAGE Electrophoresis

The solutions and their volumes for about 3 mL SDS page stacking gel are given in

Table 10.
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Table 10. The solutions and their volumes for SDS page stacking gel.

0.375 M Tris-HCI pH=8.8,
Acrylamide / Bis-acrylamide
(30% / 0.8% wiv)

3mL

10% (w/v) ammonium persulfate (AP)

40 uL

TEMED

20 uL

The solutions and their amounts for about 7 mL SDS page resolving gel are given in

Table 11.

Table 11. The solutions and their volumes for SDS page resolving gel.

Acrylamide / Bisacrylamide | 2,8 mL
(30% / 0.8% wi/v)

1,5M Tris-HCI (pH=8.8) 1,9 mL
+10% SDS

10% (w/v) ammonium persulfate (AP) 40 uL
TEMED 20 uL
Water 2,3mL

The constituents of the sample buffer and running

electrophoresis types are given in Table 12.
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Table 12. The constituents of the sample buffer and running buffer.

Sample Buffer: Running Buffer:
62.5 mM Tris-HCI, pH 6.8 (should be ~ pH 8.3)
25% Glycerol 25 mM Tris
1% Bromophenol Blue 192 mM Glycine

Appropriate volumes of resolving gel solution are prepared with the given volumes
of the constituents above and pipeted into the gap between the glass plates of gel
casting. Rest of the space is filled with isopropanol and the solution is allowed for

20-30 min for a complete gelation.

While the resolving gel is gelating, the stacking gel solution can be prepared with the
given volumes of the constituents above. Isopropanol solution is poured out and
stacking gel solution is pipeted into the gap. The comp is inserted and solution is

allowed to gelate for 20-30 min.

Sample is not heated; if the method is native page electrophoresis and if the method
is SDS-PAGE, sample is heated in boiling water for 5 min. Sample is mixed with
sample buffer and loaded to the gel. The voltage is adjusted to 35 mV to run the
electrophoresis. After the electrophoresis, the gel was stained overnight with 0.25%
Coomassie Brilliant Blue R-250, followed by destaining with an aqueous solution

containing 7% (v/v) acetic acid and 5% (v/v) methanol.

2.3.6 Biological Tests for Prepared Biomaterial

2.3.6.1 XTT Cell Viability Assay

Re-labeled magnetoferritin samples of varying concentrations were prepared and the
samples were subjected to centrifugation at 17000g for 5 min. prior to the treatment

60



to cell lines. The cytotoxic effects of the prepared nanoparticles in MDA-MB-231
and MCF-10A cell lines were investigated with the Cell Proliferation XTT Kit.

The cells were seeded into 96 well plates and left for 24hours to let them grow. Then,
medium was changed and 90 uL of fresh complete medium was added. 10 uL
solutions of protein samples with the concentrations of 0.5, 1, 1.5, 2 mg/mL were
added and left for 24-48-72hours incubation in CO; incubator at 37°C.

XTT reagent and activation reagent were defrosted at 37°C and reaction mixture was
prepared by adding 0.1 mL activation reagent containing PMS (N-methyl
dibenzopyrazine methyl sulfate) to 5 mL XTT reagent. From the reaction mixture, 50
uL aliquots were added to each well. Following the incubation with XTT reagent
mixture for 20 hours in CO, incubator at 37 °C, the absorbance of the dye was
measured at a wavelength of 415 nm with Bio-tek ELISA reader linked to a PC
supplied with KC Junior program. 3 independent experiments were performed and
each one had triplicate wells. The inhibitory concentration (ICso) values were
determined by Graph Pad Prism Version5 according to dose-response curve drawn
according to percent viability. The 96 well plate representation of XTT assay is

shown in Figure 23.

0.1%DMSO 0.1 mg/mL 0.5 mg/mL 1 mg/mL 1.5 mg/mL 2 mg/mL

L T R T T 2 R T T T S 2

Cell free

MCF-10A
e N

MDA-MB-231
Ky N

Figure 23. The scheme of XTT assay organization in 96-well plate.
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The first two rows are cell free, the next three rows and the following three rows
were incubated with MCF-10A and MDA-MB-231, respectively. The treatment of
rhenium labeled magnetoferritin samples with different concentrations were

performed as indicated.

The cell free wells were used as blank to eliminate interferences at 415 nm. 0.1 %

DMSO, the cell growth medium, treatment was used as control.

The results were expressed in terms of percentage cellular viability with respect to
concentrations and calculated with the formula given in Equation 6.

Avg.OD,;; of treated well (with cell)- Avg.OD,; of treated well (withoutcell) + 109
Avg.OD,;; of control well (with cell)- Avg.0D ;5 of control well (without cell)

%Cell Viability =

Equation 6. The formula for Cell Viability %.

The flow chart of the procedure is shown in Figure 24 as a summary of the XTT

assay.
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Figure 24. The flow chart of the XTT assay.

2.3.6.2 Annexin V-FITC/PI Staining

The half maximal inhibitory concentration (ICsp) value was determined from the cell
viability XTT assay and the subsequent experiments were designed according to 1Cs

value.

The apoptotic effects of the prepared nanoparticles in MDA-MB-231 and MCF-10A
cell lines were investigated by using FITC Annexin V Apoptosis Detection Kit with
Pl (Biolegend, USA).

MDA-MB-231 and MCF-10A  cells (1x10°%) were treated with Re-labeled
magnetoferritin for 24, 48, 72h and stained with P1 and fluorescein isothiocyanate
(FITC)-conjugated Annexin-V using the Annexin V-FITC Apoptosis Detection Kit
(Biolegend).
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The stained cells were incubated on ice and a minimum of 10,000 events were
acquired by using BD C6 flow cytometer (Becton-Dickinson, Franklin Lakes, NJ)
and absorbances were recorded at 518 nm and 617 nm for Annexin V-FITC and

Propidium iodide, respectively.

From the Annexin V signal (early apoptotic phase), PI signal alone (necrotic phase)
or both (late apoptotic phase), the percentage of cells for each event was obtained by

using the Cell Quest Pro software (Becton- Dickinson).

The flow chart of the procedure is shown in Figure 25 as a summary of the Annexin
V-FITC/PI Staining.

Culture cells
(MDA-MB-231, MCF-10A)

iyl ]

; . . Concentrations:
Incubation with Re-labeled magnetoferritin with _ Y, 1Cs,
different concentrations for 24h, 48h, 72h. "“ IC;O‘ >
! | - 1.5 IC5

Stain with PI (Propidium Iodide) and fluorescein
isothiocyanate (FITC)-conjugated Annexin V.

U

Flow cytometer
Measurement
Fluorescence Intensity
(518 nm for Annexin and 617 nm for PT)

Figure 25. The flow chart of the Annexin V-FITC/PI Staining.
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2.3.6.3 Uptake Studies

To investigate the uptake route, 2x10° cells were plated in 60x15 mm culture dish.
After 24h of incubation, Re-labeled magnetoferritin nanoparticle samples were added
to each culture dish with the final concentration of ICsq value (1 mg/mL).

Re-labeled nanoparticles were incubated for 4h, 24h and 72h in separate experiments
in CO, incubator at 37°C and then cells were washed at least five times with PBS

and trypsinized. The cell suspensions were collected in 15 mL falcon tubes.

Cells were counted by using trypan blue dye under light microscope as described
above. For the determination of rhenium content, cells were digested with
concentrated HCI acid overnight. Then, samples were 10 fold diluted with deionized
water and subjected to ICP-MS (Thermo X series) analysis.

The flow chart of the procedure is shown in Figure 26 as a summary of the uptake

studies.

Cultured cells

Incubation with Re-labeled magnetoferritin
samples with the concentration of ICs, value
(1mg/mL) for 4h, 24h, 72h.

Cells are washed with PBS ::> To remove particles from
buffer. the outer cell membrane.

Cells are collected & counted
under light microscope.

Cells are digested with conc. HCI for 24h. &
diluted for ICP-MS analysis for Re determination.

Figure 26. The flow chart of the uptake studies.
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2.3.6.4 Prussian Blue Staining

MDA-MB-231 and MCF-10A cells were incubated with Re-labeled magnetoferritin
samples at 37°C in 5% CO, atmosphere for 24h. After incubation, cells were washed
two times with DPBS to remove the nanoparticles excluded from the cells and

collected using 0.25% trypsin.

The cells were fixed with 4% of formaldehyde then washed with distilled water three
times. Working solution for staining was prepared by mixing 5% potassium
ferrocyanide (stored in dark bottle) and 5% hydrochloric acid solutions at a ratio of

1:1 just before use for staining.
Fixed cells were incubated with the working solution for 30 min at room
temperature, washed by distilled water three times, and counterstained with Nuclear

Fast Red for 5 min.

The flow chart of the procedure is shown in Figure 27 as a summary of the Prussian

Blue Staining.
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Culture cells
(MDA-MB-231, MCF-10A)

4

Incubation with Re-labeled magnetoferritin
samples with the concentration of IC;; value
(1mg/mL) for 24h.

U

Cells are washed with PBS
buffer to remove particles
from the outer cell membrane
& fixed with formaldehyde.

{)

Incubation cells with working solution HCI degrades nanoparticles
(5% potassium ferrocyanide and 5% HCI nto ferric ions and
mixture) == | potassium ferrocyanide
for 30 min. reacts with ferric ions,
Cells are washed with d.i water. forming a blue precipitate.

K* + Fe¥ + [FR{CN)g — KFeFe'(CN)g

Figure 27. The flow chart of the Prussian Blue Staining.

The flow chart of the procedure is shown in Figure 28 as a summary of the Prussian

Blue Staining together with counterstaining with nuclear fast red.
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Culture cells
(MDA-MB-231, MCF-104)

Incubation with Re-labeled magnetoferritin
samples with the concentration of ICs, value
(1mg/mL) for 24h.

HCI degrades nanoparticles
into ferric ions and
potassium ferrocyanide

Cells are washed with PBS — . e
buffer & fixed with reacts with ferric ions,

formaldehyde.

forming a blue precipitate.

K + Fe¥ 4 [Fe(ONl — KFe!Fel(CN)

Incubation cells with working solution
(5% potassium ferrocyanide and 5% HCI
mixture)
for 30 min.

Cells are washed with d.1 water.

Colour of the stained sactions
are pink to light red.

'

Nuclei and cytoplasma are counterstained with
Nuclear Red Fast dye.

Figure 28. The flow chart of the Prussian Blue Staining and Counterstaining.

2.3.7 Peroxidase-like Activity and Relaxivity Measurements of Magnetoferritin

Samples with Different Iron Loadings

2.3.7.1 Peroxidase-like Activity

Peroxidase activity tests were carried out on magnetoferritin samples with 798
Fe/cage, 2590 Fe/cage and 5329 Fe/cage with using the same concentrations of
protein and same concentrations of iron, in separate experiments. Samples were
dialyzed against Tris buffer (50 mM Tris-HCI, pH: 7.5) overnight before peroxidase
assays. Magnetoferritin solutions were mixed with DAB (Sigma) as the substrate in
Tris buffer (50 mM Tris-HCI, pH: 7.5). All the reactions were monitored at 455 nm
using an Agilent 8453 UV-Vis Spectrophotometer for 60 minutes, immediately after
adding H,0; at room temperature. Final concentrations were 0.47 mM DAB and 1%
H,O, in Tris buffer. For the control experiments, apoferritin sample and DAB

solution without protein sample were used at the same conditions.
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To investigate the mechanism, assays were carried out under standard reaction
conditions as described above by varying concentrations of DAB at a fixed

concentration of H,0..
2.3.7.2 T, and T; Relaxivity Measurements
All magnetoferritin samples were diluted with hepes buffer (50 mM Hepes, 100 mM

NaCl, pH 7.5) to yield a dilution series for the measurements by using both of the
instruments that are working under 90 MHz and 300 MHz.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Purification and Characterization of rHFn After Chromatography and Gel
Electrophoresis

In order to purify the recombinant protein cages that were obtained by gene
expression, firstly the protein was subjected to SEC and the protein fractions were
collected for the second purification using anion exchange column. The collected
protein fractions were subjected to the anion exchange column and then the fractions
are kept for the electrophoresis analysis. From the electrophoresis results, the

purified fractions were used in all the subsequent experiments.

SEC profiles after the gene expression of rHFn were obtained and given in Figure 29

as follows.

Absorbanct_&

Figure 29. SEC profile of rHFn after gene expression.
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Blue and pink peaks belong to the absorbances at 280 nm and 410 nm for protein and
iron mineral, respectively. The fractions at the 6, 7, 8, 9, 10 mL as shown with the

straight lines were collected and subjected to the anion exchange column (Figure 30).
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Figure 30. Anion exchange column profile of rHFn after SEC. Red and pink peaks

belong to the absorbances at 280 nm and 410 nm, respectively.
The fractions at the 5, 6, 7, 8, 9 mL as seen on the profile were collected and each

fraction was subjected to SDS for the proof of the purification after chromatography
(Figure3l).
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Figure 31. SDS result for the fractions after anion exchange column with a low

weight marker (Sigma, M3913) with the molecular weight range between 6500 and
66000 Da.

The molecular weight of one subunit of the protein is around 20000 Da. Therefore
the comigration of all the fractions at nearly the same place with the marker of 20100
Da can be seen from Figure 32. This indicates that the protein was totally purified

after anion exchange column. Moreover, there is no smear before and after the lanes
in the fractions.

3.2 Characterization of FeFOOH Nanoparticles Synthesized in rHFn

The ferrihydrite nanoparticles were synthesized in rHFn cages without any oxidant
added to the system. The nanoparticle formation occurred by air oxidation with the
ferroxidase centers catalytic effect at the nucleation sites.

The synthesized ferrihydrite nanoparticles come out with colour yellow differing

from brown/dark brown magnetite or maghemite nanoparticles as seen in Figure 32.

73



Figure 32. Ferrihydrite nanoparticles in ferritin cage with theoretical Fe loading
factors of 1000 Fe, 2000 Fe and 3000 Fe per protein cage, respectively.

TEM data was collected in order to visualize the ferrihydrite (FeOOH) mineral

prepared in the cavity of rHFn and to determine the core size of the nanoparticles.
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Figure 33. TEM image of ferrihydrite nanoparticles in ferritin cage with theoretical

Fe loading factor of 1000 Fe with an average size of 3.78 + 1.65 nm.
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Figure 34. TEM image of ferrihydrite nanoparticles in ferritin cage with theoretical

Fe loading factor of 2000 Fe with an average size of 5.30 + 0.64 nm.
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Figure 35. TEM image of ferrihydrite nanoparticles in ferritin cage with theoretical

Fe loading factor of 3000 Fe with an average size of 6.68 + (.74 nm.

As Fe loading factor increases, the colour of the sample becomes more intense and
the sizes of the nanoparticles formed in the cavity increase as seen in TEM images

(Figure 33, Figure 34 and Figure 35).

Under biological conditions, the iron molecules are stored as a ferrihydrite core by

ferritin, so ferrihydrite mineralization was the beginning point to be used as a ‘proof
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of concept’ to understand as much about the biological processes as possible, rather

than merely mimic the end result.

Since the aim is to prepare a magnetic nanoparticle for targeting and for using as an
MRI contrast agent, the ferrimagnetic mineral magnetite prepared is characterized in
detail.

3.3 Characterization of Magnetoferritin Samples Synthesized in rHFn

We have used the rHFn for the synthesis of iron oxide nanoparticles, with a range of
iron loadings per protein cage, and evaluated these materials as active catalysts and
MRI contrast agents for a previously reported peroxidase reaction. The particle size
dependent properties of catalytic activity and Ty, T, have also been investigated. The
reaction apparatus and the images of the samples are seen in Figure 36 and Figure

37, respectively.

Figure 36. The apparatus for the protein mineralization reactions.
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Figure 37. Magnetoferritin samples with different theoretical Fe loading factors of
500Fe, 1000Fe, 2000Fe, 3000Fe, and 5000Fe per protein cage.

rHFn samples were analyzed before and after mineralization by SEC. The collected
fractions of the mineralized protein from column were again subjected to SEC in
order to check the purity. Elutions from the column were monitored at both 280 nm
for protein and 410 nm for the presence of iron oxide mineral. The empty protein did
not show absorption at 410 nm before the mineralization, the mineralized protein
showed some aggregation however collected fractions that are shown with straight
line, did not have aggregated product in SEC profile (Figure 38).
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Figure 38. SEC profile of a. rHFn before mineralization reaction, b. mineralized
protein with the theoretical iron loading of 1000 Fe/cage, c. collected fractions of the

mineralized protein from column.

The SEC profile of the rHFn after mineralization with different loading factors
showed the coelution behavior of iron oxide mineral (410 nm) and protein (280 nm).

The latter was eluted at the same time (volume) as the native (unmineralized) rHFn
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This indicates the formation of a composite material and that the protein cage

remains intact after the mineralization reaction with the mineral component
encapsulated within the cage.
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Figure 39. SEC profiles of the mineralized samples.

In the SEC profiles, the band at 280 nm corresponds with the protein and the band at
410 nm with the metallic core. Straight lines show the fractions that were collected.
The profiles belong to the samples with the theoretical loadings of a. 500 Fe/cage b.
1000 Fe/cage c. 2000 Fe/cage d. 3000 Fe/cage e. 5000 Fe/cage (Figure 38).
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In order to quantify the number of Fe atoms/cage the protein concentration and iron
concentration were determined by Bradford Assay and Atomic Absorbtion
Spectroscopy (AAS), respectively. Theoretical and experimental numbers of Fe atom

per protein cage are seen in Table 13 for all mineralized samples.

Table 13. Results of the Bradford Assay and AAS measurement of magnetoferritin

samples.

Theoretical Fe/cage |Experimentally found Fe/cage |Experimentally found Fe/cage
500 252 410
1000 707 798
2000 1315 1386
2000 2590 2866
5000 4406 5329

Theoretical Fe/cage here describes the input iron number per cage for the
mineralization reaction and experimental Fe/cage was obtained from the AAS and
Bradford Assay experiments. According to the theoretical and experimental results,
measured ratios of Fe/cage do not match exactly to the theoretical number of
Fe/cage. This may result from the loss of iron that might have been adsorbed on the
protein cage during the synthesis or the free iron in the reaction environment, since
after the addition of sodium citrate to complex the free iron, iron precipitation is
always seen or this may result from the loss of protein that may be precipitated due

to aggregate formation during the reaction.

Three different mineralized magnetoferritin samples, with different Fe loadings, were
investigated by transmission electron microscopy (TEM) to determine the size of the
iron oxide nanoparticles and to directly visualize the rHFn cage (Figure 40 and
Figure 41).

80



o 2
- 3.57=0.7nm
Z -
s
' 15
B
10~
2
E s-
z
0 1 1 1 1
0 B 6 L] 10
Diameter, nm

Figure 40. TEM image of mineralized iron oxide nanoparticles within rHFn for the

the samples with the experimental loading factors of 410 Fe/cage.
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Figure 41. TEM images of mineralized iron oxide nanoparticles within rHFn for the
the samples with the experimental loading factors of 2183 Fe/cage and 5551 Fe/cage,

respectively.

For the the samples with the experimental loading factors of 410 Fe/cage, 2183
Fe/cage and 5551 Fe/cage, size distribution histograms of the particles were obtained
from the TEM images by measuring the diameters of more than 100 particles. The

values on the histograms are given as mean size =+ standard deviation.

As shown in TEM images, the sizes of the particles increase with increasing Fe
stoichiometry in the reaction and correlate well with the measured Fe atom/cage
loadings. The average size of the particles were measured as 3.6 nm, 5.3 nm and 6.9
nm for experimental loading factors of 410 Fe/cage, 2183 Fe/cage and 5551 Fe/cage,

respectively.
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The particle sizes were also calculated by using the results of iron and protein
analysis (AAS and Bradford measurements) of the mineralized samples, that is called

as ‘calculated size’.

For the calculations of experimental sizes of magnetoferritin nanoparticles, the
number of iron atoms existing in a unit cell was found from the crystal structure
model of Linnaeite (Co3S,), since that is given as prototype of magnetite (Fe3Oy)
structure [119]. In the structure, there are 32 oxygen atoms and 24 iron atoms (Figure
42).

Figure 42. Linnaeite (CosS,) crystal structure (prototype of magnetite (Fe304)).

The calculations are given in Table 14 for the sample with the loading of 410

Fe/cage.
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Table 14. The calculations for the experimental sizes of magnetoferritin sample with

the loading of 410 Fe/cage.

Magnetite (Fe;0y)
For a unitcell, a; 0,8397 nm
Volume of unitcell, a3; 0,592 nm-
For a unitcell, Z; 8
Mumber of Fe atoms/unit cell Bx3=24

Magnetoferritin sample (410 Fe/cage)

Experimentally obtained values

Mole of protein:

0.24x10™°

Maole of Fe:

9.69x10™°

Total # of Fe atoms:

9.69x107°x N, = 5.83 x 10°°

Total # of protein:

0.24x10% x N, = 1.44 x 10™

Mumber of Fe atom/protein:

5.83x10™%/1.44x10™ =403.5

MNumber of Fe atom/protein:

24x{Number of unit cell)

Number of unit cell:

16,8 =Volume of particle/0.592

Volume of particle:

9.95nm° =4/3x 3.14 x (r)3

Radius (r): 1.33 nm
Diameter: 2.67 nm
In Table 14;

a is the dimension of unit cell. (0,8397 nm).

Z is the repeating siplest formula for one unit cell (8).

Number of iron atoms in a unit cell is 24 (Fe304 X 8 = Fep403,)
Na is the Avagadro’s number (6.02 x 1023).

Calculated sizes are given in Figure 43 together with the TEM sizes for these three

samples.
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Mumber of Fe/cage TEM size, nm Calculated size, nm
410 3.57£0.73 2.67 £0.16
2183 5.31 £0.92 4.68 £0.31
5551 .92 £1.12 6.39 £0.49

BTEM size, nm M Calculated size, nm

10

Diameter (nm)
[y}

410Fe/cage 2183 Fejcage 5551 Fe/cage

Figure 43. The plots for sizes obtained from TEM images and experimental
calculations.

The standart deviations of the calculated sizes include the deviations from the results
of Bradford assay and AAS measurements. The standart deviation from a (dimension
of unit cell) was not taken into consideration. The results give good correlation
between the sizes and this shows that iron atoms were distributed homogenously
throughout the protein cages during the synthesis. The differences in size (diameter,
nm) from the TEM measurements may result from the possibility of biased

measurements and aggregation on TEM grid during sample preparation.

3.4 Characterization of Magnetoferritin Samples Synthesized in HoSF

HoSF protein cages were demineralized by the reductive dialysis method and iron
oxide nanoparticles were synthesized in the 8 nm sized cavity of the protein under
elevated pH and temperature (pH 8.5, 65 °C) to direct the ferrimagnetic phase Fe3O,.

Protein samples were purified and analyzed before and after mineralization by SEC
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as described above. From the AAS and Bradford analysis for this sample, loading
factor was found to be 1855 Fe/cage. Elutions from the Sephadex column were
collected and monitored at both 280 nm and 410 nm for protein and iron oxide
nanoparticles, respectively. Analysis of both apoferritin and mineralized ferritin by
SEC exhibited identical elution times that indicate the intact protein cage after

mineralization (Figure 44).
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Figure 44. SEC profile of a. HoSF before mineralization reaction, b. Mineralized

ferritin.
Mineralized sample was negatively stained with 1% uranyl acetate solution and

investigated by TEM to determine the size of the iron oxide nanoparticles and to

show protein shells around each particle.
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The average size of the particles was measured as 4.52 + 1.2 nm and the image

shows the expected spherical cage like structure (Figure 45).
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Figure 45. TEM image and the size distribution histogram of magnetoferritin sample.
Size distribution histograms of the particles analyzed from the TEM image obtained
by measuring the diameters of more than 100 particles. The value on the histogram is

given as mean =+ standard deviation.
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3.5 Surface Modification of Protein Exterior Surface

Ferritin provide a constrained reaction environment for the synthesis of the iron
oxide based nanoparticles as mentioned before and the surface modification in order
to incorporate a radioactive label on the protein cage exterior to be used as magnetic

carriers for radioactive isotopes.

Here, for the surface modification experiments, magnetoferritin samples synthesized
from HoSF protein were purified and analyzed before and after mineralization by
SEC as described above were used. Then surface was modified by immobilization of
histidine molecules through glutaraldehyde crosslinker as seen in Figure 46. Thus, a
suitable platform was obtained for the attachment of the rhenium complex, since it is
stated that [M(CO)3(H,0)3]" ( M = Tc, Re ) does not form stable complexes with
aliphatic amines and thioethers, but prefers the “‘soft’> sp? nitrogen of aromatic
amines [120].

O (s ] - -
PBS (PH 7) | — N
+ HJJ\/-\/JJ\H — \/\/\C'HD
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ii. NaBH,

[/ I\"H
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COOH

Figure 46. Procedure for histidine immobilization on ferritin surface [71].

3.5.1 Spectrophotometric Determination of Histidine on the Protein Surface

This method used is a specific spectrophotometric method for the determination of

histidine from the other amino acids present in the medium.
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The amino group of sulfanilic acid reacts with sodium nitrite to give a diazonium salt
of sulfanilic acid in the presence of hydrochloric acid. The formation of a yellow
colour was occured upon the diazotization reaction between histidine and diazotized
sulfanilic acid. The yellow colour product was stable for around 10 min. and the
absorbances were measured at the sixth min. at 405 nm for all the reaction products
[121].

The UV-VIS spectra of the histidine binded magnetoferritin and magnetoferritin
samples are given in Figure 47. The magnetoferritin sample was used as control here.
The band at 405 nm is seen apparently thus the method was especially useful for the

qualitative proof of histidine exposed on the protein surface.
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Figure 47. UV-Vis spectrum of magnetoferritin and histidine immobilized

magnetoferritin. a. Magnetoferritin sample, b. His-magnetoferritin sample.
3.6 Characterization of Rhenium Complex by HPLC-ICP-MS
A non-radioactive rhenium isotope was used for the preparation of rhenium carbonyl

complex, [Re(CO)3(H20)s]", since studying with radioactive elements was not

suitable in our laboratories.
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In all studies, non-radioactive rhenium salt (NaReO,) was used. Perrhenate anion
(ReO4) which was mixed with phosphoric acid was reacted with CO gas in a

reductive environment. Amineborane (NH3.BH3) was used as a reducing agent.

HPLC system equipped with S5 SAX anion exchange column is connected to the
nebulizer of ICP-MS for characterizing the formed rhenium species. The mobile
phase was 5.0 mM sodium citrate in 10.0% MeOH at pH 4.5.

Chromatograms of standard ReO, and the blank solution which was the mixture of
ReO4", BH3NH; and H3PO,4 used for synthesis of rhenium carbonyl complex are

given in Figure 48.

8000000
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000000
/ ReO, + BH,NH, + H,PO,
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Figure 48. HPLC-ICP-MS chromatograms of standard solution of ReO, and the
solution including (ReO,", BH3NH3z and H3PO4) except CO(g).

As can be seen from the Figure 48, the chromatograms of ReO, standard solution
and the blank solution are overlapping completely. This result indicates that BH3NH3
and H3PO,4 do not have any effect on the chromatogram.

Carboxylation reaction of rhenium takes place in this acidic medium in the presence
of carbon monoxide gas. Once the reaction was finished, the solution taken from the
reaction vessel was injected to HPLC-ICP-MS system for characterization.
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The chromatogram is depicted in Figure 49, together with that of the standard

solution of ReO, and the blank solution.
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Figure 49. HPLC-ICP-MS chromatograms of reaction medium after the synthesis of
rhenium complex, standard solution of ReO, and the solution including (ReO4",
BH3sNH; and H3PO4) except CO(g).

As shown in the Figure 49, there are mainly two peaks in the chromatogram (green)
of the reaction medium after the synthesis of rhenium complex. An anion exchange
resin was used in HPLC column, therefore, it was expected that the positively
charged species would appear early during elution. Therefore the former was
assigned to the rhenium carbonyl complex due to its positive charge. Whereas the
latter which overlaps with the peak of standard perrhenate solution is connected to

the unreacted perranate ion remaining in the solution.

The optimization studies were carried out by changing the amounts of BH3.NH3 and
HsPO, and the reaction time. The concentration of ReO, was kept constant at
4.4x10° M. Time duration for CO gas that was passed through the vial was tried over
10 min and 20 min. As mentioned before, after the completion of complex formation,
the solution taken from the reaction vessel was injected to HPLC-ICP-MS system for
characterization the complex formation yield (efficiency) was calculated by taking

the area ratio of each peak with respect to the total chromatogram.
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3.6.1 Effect of BH3.NH3; Amount on Complex Formation Efficiency

The amount of BH3.NH3 was changed in the range of 5 mg and 15 mg. The volume
of H3PO4 was kept at 40 uL. and CO was passed through the vial for 10 min. The
chromatograms for the complex after the synthesis were taken as shown in Figure 50.
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Figure 50. HPLC-ICP-MS chromatograms of reaction medium after the synthesis of

rhenium complex.
Since the complex formation efficiency was calculated by taking the area ratio of
each peak with respect to the total chromatogram, the efficiencies were found for

each experiment as; a. 31%, b. 39.1%, c. 64%, d. 32.1.

The maximum efficiency for the optimization experiments was 64% which was

obtained when 10 mg BH3.NH3 was used.

92



3.6.2 Effect of Acidity on Complex Formation Efficiency

The other important parameter is the acidity of the medium. The concentration of
H3sPO, in the reaction medium should be adjusted properly to reduce rhenium
completely. The volume of acid were 60 pL, 40 uL and 20 pL. The amount of
BH3.NH;3; was kept at 10 mg and CO was passed through the vial over 10 min. The
chromatograms for the reaction medium after the synthesis are presented in Figure
51.
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Figure 51. HPLC-ICP-MS chromatograms of reaction medium after the synthesis of

rhenium complex.
The complex formation efficiencies were found for each experiment as a. 55%, b.

62%, c. 30%. The maximum efficiency for the optimization experiments was 62%

which was obtained when 40 uLL H3PO,4 was used.
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3.6.3 Effect of CO(g) Flushing Time on Complex Formation Efficiency

CO(g) flushing time is the last optimization parameter tried to improve the complex
formation vyield. In the presence of 10mg BH3NHs3, and 40 uL H3PO,4, CO flushing
time was varied as 10 min. and 20 min. Chromatograms for the 10 min. and 20 min.

reaction is shown in Figure 52 and Figure 53, respectively.

Figure 52. HPLC-ICP-MS chromatogram of reaction medium after the synthesis of

rhenium complex.

CO gas was passed over 10 min. and the efficiency was found as 65%.
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Figure 53. HPLC-ICP-MS chromatogram of reaction medium after the synthesis of

rhenium complex.

94



CO gas was passed over 20 min. and the efficiency was found as 70%.

Complex formation efficiency was getting increased slightly when CO (g) flushing
time was 20 min. However, this result was not consistent, in most of the other trials;
20 min flushing time did not show a considerable change in the efficiency (Figure
53).

As a summary, it was observed that around 65% of the rhenium was reacted to give
rhenium carbonyl complex in most of the complex formation experiments.Therefore
the optimum condition for the maximum complex formation efficiency was set as
10mg of BH3.NH3;, 40 uL H3PO, and the CO flushing time of 10 min. The
chromatogram of the reaction medium after the synthesis of the rhenium carbonyl

complex at the optimized condition is given in Figure 54.
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Figure 54. HPLC-ICP-MS chromatograms of reaction medium after the synthesis of
rhenium complex, standard solution of ReO, and the solution including (ReO4",
BH3;NH; and H3zPO,) except CO(g).

Since the reaction yield was 65 % in the synthesis of the rhenium carbonyl complex,

an anion exchange resin column was used in order to separate the renium carbonyl

complex from other reaction products or left overs.
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The success of purification was evaluated by injecting the eluate to an HPLC-ICP-

MS system equipped with the same type anion exchange column.

The same eluent (5.0 mM sodium citrate in 10.0% MeOH at pH 4.5) was used both

in the purification and in the HPLC columns. The chromatogram of the eluent from

the purification column, the blue one, is presented in Figure 55.
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Figure 55. HPLC-ICP-MS chromatograms of rhenium complex before (pink signal)

and after (blue signal) purification through anion exchange column, standard solution
of ReO4 and the solution including (ReO4", BH3NH3z and H3PO4) except COgy.

In order to improve the separation efficiency, the pH of the mobile phase was

rendered more acidic. The chromatogram of the eluate having a pH of 3.0 is given in

Figure 56.
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Figure 56. HPLC-ICP-MS chromatograms of rhenium complex before (blue signal)
and after (yellow signal) using anion exchange resin, standard solution of ReO, and
the solution including (ReO4", BH3NH3z and H3PO4) except COy).

When (5.0 mM sodium citrate in 10.0% MeOH at pH 3.0) was used as the mobile
phase, a better separation of the peaks were obtained.

3.7 Labeling of Histidine Immobilized Nanoparticles with Rhenium Complex

It is assumed that there are 72 lysine groups exposed to the solution on the exterior
surface of the protein. For the immobilization of histidine to magnetoferritin surface
via glutaraldehyde crosslinker, 10 fold excess amounts of glutaraldehyde and
histidine compared to the total number of surface lysine groups were used for the
surface modification experiments. The rhenium complex was bound to the protein
surface through histidine groups as seen in Figure 55. After the synthesis, the
unbound reactants were removed by exhaustive dialysis. The synthesized final

product was illustrated in Figure 57.
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Figure 57. The Re-labeled magnetoferritin protein.

3.7.1 Effect of Histidine Immobilization on the Binding Efficiency of Re
Carbonyl Complex

In order to see the effect of histidine modification for appending the renium carbonyl

complex on the protein surface a blank test was carried out.

Histidine modified and unmodified magnetoferritin particles (1855 Fe/cage) were
labeled with rhenium complex and the labeling efficiencies in both case were
compared. For that purpose, rhenium labeled samples were subjected to size
separation by means of G-25 Sephadex column and 1 mL fractions were collected
for UV-Vis and ICP-MS measurements to determine the protein and Re
concentrations respectively. The distrubition of rhenium and protein amounts in the

collected fractions are shown in Figure 58-a and Figure 58-b.
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Figure 58. SEC profile of a. Magnetoferritin (1855 Fe/cage) b.Histidine immobilized

magnetoferritin.

As can be seen from Figure 58, rhenium carbonyl complex appears after the column
is washed with about 9 mL of eluent or after the collection of eight fractions due to
its small size compared to that of protein. It comes early only if it is attached to the
protein surface. In Figure 58-a, it was thought that rhenium complex was binded to
protein via naturally existed amine groups (lysine) on the surface.

However, according to the Re amount binded to the proteins, it was found that Re
complex was binded to histidine immobilized magnetoferritin ~ 6 fold more than
magnetoferritin. Protein and Re concentrations in the protein containing fractions are

given in Table 15.
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Table 15. Protein and Re concentrations in the protein containing fractions.

Samples |ICP Peak Area|Re Conc. (pph)|Protein Conc. (mg/mL)Re (ppb)/protein (mg/mL)
his-Ferritin 180068130 18.30 (.48 38.36
Ferritin 24207558 272 0.43 6.36

3.7.2 Stability Tests by SEC

To test the stability of labeled protein, the protein was purified by SEC using G-25

Sephadex column after 72 h to remove the free Re complex that might have broken

away from the protein and 1 mL of fractions were collected for UV-Vis and ICP-MS

measurements to determine the protein and Re concentrations (Figure 59).
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Figure 59. SEC profile of protein (1855 Fe/cage) 72 h after labeling process.

It was found that %92 of rhenium complex was still binded on the protein surface

and the protein cage remains still intact 72 h after labeling process. Protein and Re

concentrations in the protein containing fractions are given in Table 16.
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Table 16. Protein and Re concentrations in the protein containing fractions after 72 h.

Samples ICP Peak Area|Re Conc. (pph)[Protein Conc. (mg/mL)Re (ppb)/protein (mg/mL)
his-Ferritin 180068130 18.30 0.43 38.36
his-Ferritin (after 3 days) 153058000 15.61 0.4 35.56

3.7.3 Serum Stability Test

The stability of the prepared biomaterial is of importance for its biocompatibility,
thus it was tested in serum and PBS buffer (0.1 M NaCl, pH 7.0) by dialysis of the
Re-labeled proteins for 72h. The change in Re concentration in proteins versus time

IS given in Figure 60.
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Figure 60. Re concentration in serum and PBS buffer versus time.

After 24h dialysis, it was seen from the graph that 93% + 1.6 of the Re was still
binded to protein that was suspended in serum and this value is 95% =+ 1.8 for the

protein in PBS.

The amount of rhenium binded to protein was then decrease slowly during 48h
dialysis, this indicates that most of the Re that was detached from the protein surface

occured in 24h.
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After 72h dialysis, the amounts of Re still binded to protein goes to 90.6% + 2.0 and
88% = 1.8 for serum and PBS buffer respectively. It is seen that this results are so
consistent with the SEC results (Figure 59).

3.7.4 Native Gel Electrophoresis

The stability of native ferritin, histidine immobilized magnetoferritin and Re-labeled
magnetoferritin samples were electrophoretically analyzed by using polycrylamide
gel (PAGE), under native (nondenaturing) conditions. The comigration of both (lanes
2, 3 and 4) indicates firstly that the protein remained intact after iron oxide
nanoparticle loading and histidine and rhenium bound to the magnetoferritin surface
(Figure 61).

Figure 61. Native polyacrylamide gel stained electrophoresis (Coomassie Brilliant
Blue R250). Lane 1 is 180 KDa markers, lane 2 is Re binded magnetoferritin, lane 3

is histidine mobilized magnetoferritin and lane 4 is native ferritin.
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3.8 Biological Tests for Prepared Biomaterial

3.8.1 XTT Cytotoxicity Assay of Re-labeled Magnetoferritin

The cytotoxicity of the apoferritin, magnetoferritin, rhenium standards, rhenium
complex and Re-labeled magnetoferritin samples was tested on both MDA-MB-231
and MCF-10A cells for 24, 48 and 72h by XTT assay with different concentrations
ranging from 0.1-2 mg/mL for protein samples and 10-50 ppb for rhenium species.
The cells not treated with any rhenium species and protein samples were used as
control and named as ‘untreated’ in the graphs as seen in Figure 62. The percentage

of cell viability in the control group was designated as 100%.
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Figure 62. XTT assay results for MDA-MB-231 and MCF-10A cell lines




XTT assay results for MDA-MB-231 and MCF-10A cell lines were obtained
following 24, 48, 72h exposure to the nanoparticles and rhenium species; these are
apoferritin, magnetoferritin, rhenium standarts, rhenium complex and Re-labeled
magnetoferritin  samples. Error bars represent the standard deviation of the
absorbance at 415 nm (Figure 62).

The viability of the cells for rhenium standarts exhibited no significant cytotoxicity
upon treatments up to 72h. Rhenium complex showed a dose-dependent cytotoxicity
within the concentration range and time tested, the cell viability reached to nearly
50% when the concentration reached 50ppb (Figure 62).

The biocompatibility is still protected for apoferritin samples in both MDA-MB-231
and MCF-10A cells as the concentration and time duration exposed to the cells
increased, since more than 80% of cells still survived after treatment with 2 mg/mL
for 72h (Figure 62). Thus, encapsulation of nanoparticles within a non-toxic

apoferritin protein cage holds promise for cancer therapy with a reduced toxicity.

It was wondered whether Re-labeled magnetoferritin had any distinct effect on the
cell viability compared with the magnetoferritin protein nanoparticles. Re-labeled
magnetoferritin  demonstrate a comparable cytotoxic profile with that of
magnetoferritin nanoparticles. The cell viability decreased to less than 50% when the
protein concentration exceeded 1 mg/mL at 72h for especially cancerous cell lines
(MDA-MB-231) and the cytotoxicity in healthy cell lines are lower than cancerous

cell lines over the whole incubation time for both protein samples.
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Figure 63. XTT assay results for MDA-MB-231 and MCF-10A cell lines following
72h exposure to apoferritin, magnetoferritin, and Re-labeled magnetoferritin

samples. Error bars represent the standard deviation of the absorbance at 415 nm.

As seen in Figure 63, the cytotoxicity of apoferritin was lower than that of

magnetoferritin and Re-labeled magnetoferritin even at high protein concentrations.

ICso values of Re-labeled magnetoferritin sample were determined for MCF-10A and
MDA-MB-231 cells at 72h and it was found to be 1,83 mg/mL and 1,34 mg/mL,
respectively and these values were 1,73 mg/mL and 0,96 mg/mL for magnetoferritin
sample. Since the cytotoxic effects of the samples in cancerous cells are of
importance for the future investigations, 1Cso concentration was found to be 1 mg/mL

according to the toxic concentration in cancerous cells.

106



3.8.2 Annexin V-FITC/PI Assay

To understand the apoptotic nature of cell death in cancerous and noncancerous cells
upon exposure of the Re-labeled magnetoferritin protein nanoparticles, three distinct
concentrations and exposure times, that were 0.5, 1, 1.5 mg/mL (0,5 1Csp, I1C5p and
1,5 ICx values, respectively) as concentrations and 24, 48, 72h as exposure times,

were performed in the wake of XTT assay.

Typical flow cytometry profiles for the MDA-MB-231 and MCF-10A cells treated
with Re-labeled magnetoferritin samples at 0.5 mg/mL, 1 mg/mL and 1.5 mg/mL for
24, 48, 72h. The datum is shown in Appendix A and Appendix B.

Cell cycle histograms of untreated cells, used as negative control, showed a
characteristic growth profile and etoposite were used as positive control that
indicated the assay system was working correct since etoposite is a drug that is
known to be undergoing apoptosis. Annexin V and Pl stains were used to detect
apoptotic and necrotic population, respectively. In the profiles, Area Al gives the
population of viable cells, A2 is for necrotic population, A3 and A4 is for late and

early apoptotic populations, respectively.

Evaluation of the cells treated with nanoparticles showed distinct populations
indicative of cells progressing through early- and late-stage apoptosis, thus it is
confered from the cytometry profiles that cell deaths mostly result from apoptotic
events rather than necrotic ones since necrotic events’ proportion over total events is
between 0.2 — 2.3 % based upon the concentration and/or exposure time, so it is seen
that apoptosis is the main mechanism of cell damage in both cell types exposed to
nanoparticles. From the flow cytometry profiles, apoptotic cell populations,
considering the total population of early and late apoptosis, were obtained and given

in Figure 64.
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Figure 64. Graphs for the apoptotic cell populations at different concentrations and

times upon the exposure to Re-labeled magnetoferritin nanoparticles over 3

experiments. Error bars indicate the standard deviation.

Following 72h exposure of nanoparticles with the concentration of 1.5 mg/mL,

MDA-MB-231 cell cycle profiles changed dramatically and the apoptotic cell

percentange increased over 50% while that was still below 50% for MCF-10A cells.

The reason of cancerous cells having higher apoptosis rate than healthy cells is their

characteristics showing susceptibility of cancer cells to the nanoparticles.
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Thus, the induction of apoptosis in cancerous cells may be a guide for experimental

cancer therapies.

3.8.3 Uptake Studies

In order to quantify the amount of rhenium taken up by the cells, MDA-MB-231 and

MCF-10A cells were incubated with Re-labeled magnetoferritin samples under

varying incubation times.
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Figure 65. Rhenium concentration in MDA-MB-231 and MCF-10A cells exposed to
Re-labeled magnetoferritin nanoparticles at the concentration of 1 mg/mL for 4h, 24h
and 72h.

In Figure 65, it was seen that the uptake of nanoparticles by both of the cells
significantly increased in the first 4 hours and showed a time-dependent feature,
however the uptake rate gradually slowed after 24h incubation. Compared with the

healthy cells, cancerous cells exhibited the highest uptake rate.

The uptake amount increased by 15.3% and by 5.4% for 24h incubated cells when
compared with the 4h incubated cells, respectively in MDA-MB-231 and MCF-10A
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cells when the dosing concentration of nanoparticles was at the constant

concentration of 1 mg/mL.

There was also a significant decrease in the uptake of nanoparticles in the cells after
72h incubation. It was thought that exocytosis of the nanoparticles had started in 72h
incubation and the uptake rate showed a higher decrease in cancerous cells than the
healthy cells since the membrane integrity might have been disturbed in the
cancerous cells upon exposure and/or absorbtion of the nanoparticles on the cell
membrane. The reduction was 52.2% and 31.2% for 72h incubated cells, respectively
in MDA-MB-231 and MCF-10A cells when compared with the 24h incubated cells.

3.8.4 Prussian Blue Staining

Prussian blue staining was utilized for qualitative detection of iron remained within
the cells. As control treatments, MDA-MB-231 and MCF-10A cells without
incubation of nanoparticles were stained. According to the uptake assay results,
rhenium uptakes in both cell lines after 24h incubation are higher than that of after 4h
and 72h incubations, thus staining experiments were performed after 24h incubation
with the nanoparticles. As seen in Figure 66, Figure 67 and Figure 68, it was seen

that rhenium labeled nanoparticles were taken up by both cell types.
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MDA-231 cellonly

MDA-231 incubated
with nanoparticles

Figure 66. Optical micrographs of Prussian blue staining of MDA-MB-231cells
incubated for 24h with magnetoferritin samples.

The scale bar in the images is 20 mm.
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MDA-231 control cells

MDA-231 cells incubated with nanoparticles

Figure 67. Optical micrographs of Prussian blue staining and following
counterstaining with nuclear fast red of MDA-MB-231 cells.

Both cells were incubated for 24h with magnetoferritin samples. The scale bar in the
images is 200 mm.
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MCF-10A control cells

MCF-10A cells incubated with nanoparticles

.

Figure 68. Optical micrographs of Prussian blue staining and following

counterstaining with nuclear fast red of MCF-10A cells.
Both cells were incubated for 24h with magnetoferritin samples. The scale bar in the

images is 200 mm. It was seen that nanoparticles were taken up by cancerous cell
lines more than the healthy cells as expected (Figure 66 and Figure 67).
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It is also obvious that the nanoparticles are accumulated in cytoplasm and it could be

seen by the help of counterstain, especially in Figure 67.

3.9 Peroxidase-like Activity of Magnetoferritin Samples

In the previous studies, it was found that magnetoferritin catalyzes hydrogen
peroxide oxidation of substrates such as 3,3’-Diaminobenzidine (DAB). To
understand the mechanism of magnetoferritin based peroxidase like reaction and the
effect of iron loading on the activity, we monitored the activity of magnetoferritin
samples by using the same concentrations of protein and same concentrations of iron,

in separate experiments.

When DAB and H,0; is added, the reaction proceeds like other enzymatic reactions
with this substrate. The radical formations occur on the surface of the nanoparticle
and the radicals formed during the reaction give rise to the catalytic oxidation of
DAB. The oxidized DAB produces a brown reaction product and water as shown in
the Figure 609.

Fe?* + H,0, —— Fe* + OH + ‘OH
Fe3‘ + H202 ‘ Fez’ + H’ + H02
DAB + H,0, -=======-- Magnetoferritin---------- > DAB ppt + H,0

Figure 69. The picture of the samples before and after the redox reaction and the

oxidation mechanism of DAB.
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Activity tests were carried out on magnetoferritin samples with 798 Fe, 2590 Fe and
5329 Fe loadings by using two sets of experiments by following absorbance of
oxidized DAB for 1 hour at 455 nm.

First set of experiment includes the reactions that were carried out with the same
concentrations of protein, so with varying iron concentrations and the second set of
experiments includes the reactions that were carried out the same concentrations of

iron.

The plots for the samples with different loadings were compared with the control
experiments as seen in Figure 70. A control experiment is done with apoferritin
instead of magnetoferritin and the other is done with reaction buffer in the absence of

protein.
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Figure 70. Plot of Absorbance versus time for samples with a. the same protein

concentration, b. the same iron concentration.
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Samples with different iron loadings give rise to different initial absorbances as seen
in the graphs (Figure 70). Control 1 defines activity test with apoferritin sample and

control 2 defines activity test with the absence of protein.

It was seen from the control experiments that apoferritin did not show any activity
under same conditions and in the absence of magnetoferritin, oxidation of DAB is
negligible. As seen in the Figure a, magnetoferritin samples showed different levels
of activity towards DAB in the order of increased iron loadings. Since the radical
formation is promoted by the amount of iron ions on the surface, the peroxidase
activities are dependent on iron content, with higher iron content having higher
activities. We also observed a decrease for the samples with the higher iron loadings
when the same iron amounts used for the experiment as seen in Figure b. When the
same amount of iron used for the samples with different loadings, the number of
protein cages will be higher in the samples with the lower loadings that means higher
number of nanoparticle cores. Thus this will result in higher number of iron atoms on

the surface in the sample with lower loading and so higher activity.

3.10 Magnetic Relaxivity Properties of Magnetoferritin Samples: Effect of

Loading Factor

To investigate the effect of iron loading and particle size on the relaxivity, T, and T,
times of magnetoferritin samples were measured at two different frequencies, 90 and
300 MHz.

For the T1 measurements, an inversion recovery pulse sequence (90° pulse width of
6.3 us with 8 experiments of 4 scan at 90 MHz frequency and 90° pulse of 15 us with
16 experiments of 4 scan at 300 MHz frequency) at 298 K, where the relaxation

delay was set to six times the estimated T1, was used.
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For the T2 measurements, an CPMG pulse sequence (90° pulse of 6.3 ps with 8
experiments of 4 scan at 90 MHz frequency and 90° pulse of 15 us with 16
experiments of 4 scan at 300 MHz frequency) at 298 K, was used.

A plot of the inverse T; or T, versus iron concentration (mM) was used to determine
the relaxivity values (r1, 1), (mM™.s?), where relaxivity per iron is equal to the
slope of the line. As shown in Figure 71 and Figure 72, (1/T, and 1/T;) as a function

of Fe concentration are plotted.
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Figure 71. Plot of 1/T, (s™*) versus Fe concentration (mM) under 300 MHz.
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In Figure 71 and Figure 72, R? value that is close to 1 indicates a good fit, with slope

equal to ionic relaxivity.

In order to evaluate the r, and r; trend obtained under 300 MHz for the
magnetoferritin samples with increasing Fe loadings, the plot of r, (mM.s) *and r;

(mM.s) " versus the number of Fe/cage were fitted as seen in Figure 73.
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Figure 73. Plot of r, (mM.s) *and r; (mM.s) ™ versus number of Fe/cage.

It was seen from the plots that the r, relaxivity increases with increasing loading
factors and r; relaxivity does not show a considerable change with different loadings.
T, and T; relaxation times of samples with a low Fe loading and a high Fe loading
were also measured under 90 MHz magnet in order to evaluate the frequency

dependence of relaxation.

Figure 74 and Figure 75 shows (1/T; and 1/T,) as a function of Fe concentration,
respectively, with the results from both 90 MHz and 300 MHz and the slopes

evaluated as the relaxivities r2 and r1 (mM™.s™).
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It was seen that r2 and rl relaxivities measured under 90 MHz were slightly higher
than that of 300 MHz instrument and the results of the samples with low and high
loadings showed the similar trend under lower frequency when compared to that of

higher frequency instrument.

As a result, by using cage like architecture of HFn for the synthesis of iron oxide
nanoparticles, the mineralization of HFn with different iron loadings can be
controlled. This control over provides us to investigate the effect of loading factors

on peroxidase-like activity and r1, r2 relaxation of magnetoferritin.

Based on the peroxidase activity tests, it was found that the apoferritin sample,
without a mineral core, exhibited no activity that means the observed activity arises
from the iron oxide nanoparticles. Magnetoferritin samples showed different levels
of activity according to their iron loading factors. As H,O, diffuses into the ferritin
cavity, radical formation mechanism occurs by the interaction of iron ions on the
surface of the iron oxide nanoparticle. Peroxidase activity depends on the radical
formation on the nanoparticle suface, since the radicals formed oxidizes the
substrate. So, it is important to be existed more iron ions on the surface for the higher

activity. As expected, activity increased considerably with the iron loading factors.

Interestingly, it was also seen a decrease in activity for the samples with the higher
loadings when the same iron amounts of samples with different loadings were used.
When the same amount of iron used for the samples with different loadings, the
number of protein cages will be higher in the samples with the lower loadings. Thus
this will result in higher number of iron atoms on the surface in the sample with
lower loading. We also inferred from this result that metal growth mechanism
occurred at the different sites of the protein interior wall forming discrete
nanoparticles during the mineralization reaction, so the total number of iron atoms on
the discrete surfaces per cage becomes higher in lower loadings and this results in an
increase in activity even if the iron concentrations are same for all the samples. This

interpretation is also consistent with the relaxivity observed as discussed below.
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We found that r, relaxivity increases with the increasing iron loading. Since r,
relaxativity is the spin—spin relaxation that results from the dephasing of the water
protons due to the net magnetization created by magnetic nanoparticles, the
relaxation process arises from the interaction between water proton spins and net
magnetic moment of the iron atoms. The magnetic properties of the iron oxide
nanoparticles strongly depend on the particle size. The magnetic moments of the
particles are proportional with the particle sizes, so as loading factor increases,
particle size increases and this causes an increase in magnetic moment and relaxivity.
The crystal structures of the particles also affect the magnetic properties of the
particles. Magnetoferritin samples consist of mainly magnetite (FesO4) and/or
maghemite (y- Fe,03) and may consist of a small amount of ferrihydrite (FeOOH)
particles due to the exposure of air oxidation even to a small extent. The two iron
oxide structures (magnetite and maghemite) possess similar magnetic properties and
differ highly from the ferrihydrite particles. The slight deviations from the linearity
in the relation between r; relaxivity and iron loading may result from the possibility

of these crystal structure differences.

However r; relaxivity did not change considerably with the loading factors in
contrast to r2 relaxivity. There is a very small increase with varing iron loadings in rl

ranging from 0.69 mM™.s*and 1.98 mM™.s™ as seen in Figure 76.
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Figure 76. Plot of r; (mM.s) ™ versus number of Fe/cage.
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r; relaxivity is the spin-lattice relaxation that results from the chemical interchange
between the bound water of the paramagnetic agents and the water molecules that is
freely moving within the cavity and the relaxation is mainly controlled by three
parameters; the mean residence lifetime for metal-bound water (tv), the rotational

correlation time (tr) and the number of metal-bound water molecules (q).

The mean residence lifetime (ty) is determined by the diffusion rate of surrounding
free water across the protein shell and the water exchange rate with the iron ions on
the particle surface. For the magnetoferritin samples with different loadings, tm times
will not vary at all between the samples since the surrounding molecule is ferritin
and the water molecule exchange is with iron ions for all being compared. The
rotational correlation time (tR) is related with the molecular weight of the protein, so
it is not the parameter that is leading to the relaxivity trend since all samples were

synthesized in ferritin.

Iron atoms exist on the particle surface creates r; relaxivity due to the the bound
water with the surface iron ions; that can continuously interact with the surrounding
free water and increase the T; relaxation of nuclear spins. So the number of metal-
bound water molecules (q) is important and in order to investigate the r; trend with
increasing iron loadings, the number of Fe atoms on the particle surface should be
considered to be able to compare the relaxivities of the magnetoferritin samples.

It is conferred from the results that the formation of discrete nanoparticles occurs at
the different sites of the protein interior wall most likely in the lower loadings and as
the loading continues, the particles probably become part of the core. Crystal growth
occurs by the addition of Fe?* that is oxidized on the surface of the growing

crystallite (Figure 77).
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Figure 77. The passage of Fe?* ions into the cavity is showed by the arrows.

As illustrated in the Figure 77, in the early stage of reaction there may be several
nucleation centers, but as the core formation improves then it will be dominated by
one such center. This means that at relatively low iron to protein ratios, small clusters

can be formed in some of the nucleation centers.
Thus, for every relatively smaller particle in the protein cavity; the total number of

iron ions on the surfaces becomes close to or bigger than that of one bigger particle.

So the relaxivity does not exhibit a considerable increase with the increased loadings.
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CHAPTER 4

CONCLUSION

Different sizes of magnetic Fe30,4, y-Fe,O3 particles were successfully prepared in
the ferritin protein cages (magnetoferritin). Mineralization of these magnetic

materials was performed for the aim of targeting nanoparticles by magnetic field.

Rhenium tricarbonyl complex, [Re(CO)s(H20)s]" was synthesized by a reductive
carboxylation process using non-radioactive isotope of rhenium salt; sodium
perrhanate (NaReO,), since working with radioactive elements is not possible in our
laboratories. The procedure allows an easy labeling of biomolecules. The prepared
complex was successfully purified from remaining perrhanate ions by passing the
complex solution from an anion exchange column and characterized by a HPLC-
ICP-MS system.

The chemical modification of the ferritin cage can be readily performed by
immobilization of histidine molecule on the exterior surface and then protein cage
can be labeled using rhenium tricarbonyl complex, [Re(CO)s(H.0)s]*. As a control
experiment, rhenium-tri carbonyl complex was bound with the amine groups that
naturally exist on the exterior surface of ferritin without surface modification. It was
found that the rhenium-tri carbonyl complex was bound to histidine-conjugated
ferritin surface ~ 6 fold more than those bound to non-modified ferritin surface. The
stability of the Re-labeled magnetoferritin was tested in PBS and human blood serum
for 3 days.

After 3 days, the amounts of Re still bound to protein went upto 91% and 88% for
serum and PBS buffer, respectively. Thus, it can be proposed as an imaging agent for

the diagnosis and therapy of the cancerous cells and tissues.
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Toxicity tests of the Re-labeled magnetoferritin were performed bu using cancerous
(MDA-MB-231) and healthy (MCF-10A) cell lines. The assays were also applied to
magnetoferritin without modification and apoferritin for the comparison of the
toxicity effects. It was found that the surface modification and its encapsulation with
the nanoparticles of the inner cavity did not alter the biocompatibility of those
different forms of ferritin nanocages to a large extent. Therefore the usage of the
protein cage as a template holds promise for the future experimental cancer research.
Using Annexin V/PI Staining assays, it was found that the percentage of apoptotic
events is higher than that of other events (necrosis or proliferation) upon exposure to
the nanoparticles, so apoptosis is the main mechanism of cell damage in both cell
types. The uptake of nanoparticles by both types of the cells increased in the first 4
hours and gradually slowed down after 24 hours of incubation. Compared with the

healthy cells, cancerous cells exhibited the highest uptake rate of nanoparticles.

In additon to these studies, relaxivity and peroxidase properties of magnetoferritin
samples with different iron loadings were investigated at Douglas Lab. MSU, USA.
The magnetoferritin samples showed a clear size dependence on their relaxivity and
peroxidase properties. There was seen an increase in r2 relaxivity with the iron
loadings and the sample with the highest iron loading of 5329 Fe/cage
(experimentally found loading factor) has r2 value of 1652 mM™s™ at room
temperature and at a frequency of 300 MHz. However there was not seen a
considerable change in r; relaxivities with various loadings and the rl relaxivity
value for the sample with highest iron loading of 5329 Fe/cage (experimentally
found loading factor) was found as 1,98 mM™.s™. The high r, value demonstrates
that magnetoferritin nanoparticles may serve as T, contrast agents in magnetic
resonance imaging with high efficiency when compared with commercially used iron
oxide MRI contrast agents. It was conferred from the rl relaxation results that during
the mineralization reaction, metal growth mechanism occurred at the different sites
of the protein interior wall that forms discrete nanoparticles, so the total number of
iron atoms on the discrete surfaces per cage becomes higher in lower iron loadings

and for each relatively smaller particle in the protein cavity; the total number of iron
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ions on the surfaces becomes close to that of one bigger particle, so the relaxivity

does not exhibit a considerable increase with the increased iron loadings.

This protein cage structures are good platforms for the preparation of cancer therapy
and diagnosis agents, since their exterior surface can be modified by incorporating
some targeting moieties and some therapeutic agents can be encapsulated inside the
cavity of the proteins. Therefore, as a future work, these ferritin systems can be
loaded with some drugs and directed to a specific region especially that having

ferritin receptors and the drug release in the region can be investigated.
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APPENDIX A

A: Cell Cycle Histograms of MDA-MB-231 Cells
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Figure 1. The cell cycle histogram of MDA-MB-231 for etoposide.
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Figure 2. The cell cycle histogram of MDA-MB-231 for protein samples for 24h.
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Figure 3. The cell cycle histogram of MDA-MB-231 for protein samples for 48h.
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Figure 4. The cell cycle histogram of MDA-MB-231 for protein samples for 72h.
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APPENDIX B

B: Cell Cycle Histograms of MCF-10A Cells
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Figure 5. The cell cycle histogram of MCF-10A for etoposide.
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Figure 6. The cell cycle histogram of MCF-10A for protein samples for 24h.
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Figure 7. The cell cycle histogram of MCF-10A for protein samples for 48h.
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Figure 6. The cell cycle histogram of MCF-10A for protein samples for 72h.
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