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ABSTRACT

POLYMER BRUSH COATED IRON OXIDE NANOPARTICLES

FOR BIOMEDICAL APPLICATIONS

In recent years, the use of iron oxide nanoparticles has gained importance for
biological applications such as hyperthermia, targeted drug delivery, drug release, bio-
separation, bio-imaging etc. since they are mono-disperse, biocompatible and more
importantly they have magnetic properties. In this thesis, water dispersible, monodisperse,
disulfide-containing thiol reactive iron oxide nanoparticles have been synthesized. The
disulfide groups were introduced either close to nanoparticle surface or on the exterior of the
polymeric coating. Additionally, for surface functionalized polymer brush coated
nanoparticles, NHS activated carboxylic acid functionalized were also introduced to enable
non-cleavable functionalization using molecules containing amine groups. For the synthesis
of such functional molecules, chain transfer agent with/without disulfide bond that is used
for RAFT polymerization was modified with catechol anchoring group. These compounds
were immobilized onto oleic acid stabilized iron oxide nanoparticles via ligand-exchange
reaction. PEG based polymers were grafted from the surface of iron oxide nanoparticles by
RAFT polymerization in order to make them water dispersible. The end groups of these
polymers are trithiocarbanate groups, which can be modified by azo initiators by radical
exchange reactions. For this reason, NHS activated carboxylic acid and disulfide
functionalized azo initiators were synthesized and used for the functionalization of grafted
polymers. After functionalization of polymer-coated iron oxide nanoparticles, they were able
to react with thiol and amine bearing molecules. By using the same chemistry methods,
disulfide bearing chain transfer agents were immobilized onto the nanoparticles and PEG
based polymers were grown from the surface of nanoparticles by RAFT polymerization and
grafting-from approach. Disulfide bearing polymers were cleaved from oxide nanoparticles
by using reducing agents. Additionally, this method provides an excellent way to measure

the molecular weights of the polymers that are grown by grafting-from approach.
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OZET

BiYOMEDIKAL UYGULAMALAR ICIN POLIMER FIRCA KAPLI
DEMIR OKSIiT NANOPARCACIKLAR

Son yillarda, tek dagilimli, biyo uyumlu ve daha 6nemlisi manyetik 6zelliklere sahip
olmalarindan dolay1, yiiksek ates, hedefli ilag dagitimi ve salinimi, biyo ayirma ve
gorunttleme gibi biyolojik uygulamalarda demir oksit kullanimi 6nem kazanmistir. Bu
tezde, tek dagilimli ve suda dagilabilir, tiyollere kars1 reaktif disiilfiir bagi iceren demir oksit
nanoparcaciklar sentezlenmistir. Disiilfiir bagi hem nanopargaciklara yakin hem de polimer
kaplamalarmin disina tanimlanmistir. Ek olarak, yiizeyleri fonksiyonellestirilmis polimer
kapli nanoparcaciklar i¢cin, amin igeren molekiiller kullanarak, kirilmayan
fonksiyonellestirmeyi miimkiin kilmak i¢in NHS ile active edilmis karboksilli asit gruplari
da tanitildi. Bu molekdlleri sentezlemek igin, tersinir katilma-ayrisma zincir transfer
polimerizasyonunda kullanilacak olan distilfiir bagi i¢eren ve igermeyen zincir transfer ajani
katekol ankraj grubu ile modifiye edilmistir. Bu molekiillerin ligand degisim reaksiyonu ile
oleik asit kapli demir oksit nanoparcaciklari {izerine immobilizasyonu yapilmistir. Bu
molekiilleri suda dagilimli yapmak i¢in, PEG bazli polimerler demir oksit
nanopargaciklarinin  yiizeyi iizerinden tersinir katilma-ayrisma  zincir  transfer
polimerlesmesi ile biiylitiilmiistiir. Bu polimerlerin uglari radikal degisim reaksiyonu ve azo
baslaticilarla modifiye edilebilen tritiokarbonat gruplaridir. Bu nedenle, N-
hidroksisiiksinimid ile aktiflestirilmis karboksilli asit ve disiilfiir igeren azo baslaticilar
sentezlendi ve bu yiizeyden biyutilen polimerlerlerin fonksiyonellestirilmesinde kullanildi.
Polimer-kapli demir oksitlerin fonksiyonellestirilmesinden sonra, amin ve tiyol igeren
bilesiklerle reaksiyona girebildiler. Ayni kimyasal yontemler kullanilarak, disiilfiir bag
iceren zincir transfer ajanlarinin demir oksit nanoparcaciklar: iizerine immobilizasyonu
yapildi ve PEG bazli polimerler tersinir katilma-ayrigma zincir transfer polimerlesmesi ve
yuzeyden blyltme yontemi ile biiyttiilmistiir. Distlfiir bagi igeren polimerler indirgen
maddelerle demir oksit ylizeyinden ayrilmislardir. Bu yontem yiizeyden biiyiitme yontemi

ile biiyiitiilen polimerlerin molekiiler agirliklarini 6l¢mek i¢in ¢ok iyi bir yoldur.
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1. INTRODUCTION

1.1. Iron Oxide Nanoparticles

In recent years, the use of iron oxide nanoparticles has dramatically increased since
they can be used in many biological applications such as magnetic resonance imaging (MRI),
[1] targeted drug delivery systems, [2] drug release, [3] hyperthermia, [4] and bio-separation.
[5] Iron oxide nanoparticles are effective in such areas because they can be obtained with
high mono-dispersity in diameters smaller than 100 nm, and are magnetically manipulable.
[6] Additionally, they are biocompatible, meaning that they are not harmful to for in-vivo
applications. They can be obtained with high mono-dispersity, which means that their sizes
are similar to one another. Because of this control over size they exhibit narrow and well-
defined physical and chemical characteristics. In addition to these properties, iron oxide
nanoparticles are also superparamagnetic which means that they can be attracted by a
magnet. [7] When a magnetic field is applied to them, they can be guided to a desired place.

This property makes them very unique materials for many biomedical applications.

Surface coating of iron oxide nanoparticles plays a quite important role. An
appropriate surface coating gives them a high colloidal stability, which prevents their cores
from aggregation. Another importance of the surface coating is that they can impart
functional aspects required for a desired application, such as favorable biological
interactions. [8] Iron oxide nanoparticles can easily come together and agglomerate. Hence
they are usually coated with hydrophobic compounds when they are synthesized in organic
solvents. In general, well-defined near mono-disperse magnetic nanoparticles are obtained
through synthetic approaches in organic solvents. These methodologies yield magnetic
nanoparticles that are coated with a monolayer of organic ligands. Unfortunately, these
approaches yield magnetic nanoparticles that are not dispersible in water. However, a
hydrophilic surface coating is a crucial requirement for their utilization in biological

applications. Various approaches including coating with hydrophilic polymers have been



applied to make the organic ligand coated nanoparticles water dispersible to enable

biological applications. [9]

1.1.1. Types of Iron Oxide Nanoparticles

There are several types of magnetic nanoparticles such as iron, cobalt and nickel
oxides. However, nickel and cobalt oxide magnetic nanoparticles are not suitable for
biomedical applications since they are toxic. In contrast, iron oxide nanoparticles can be
used in for clinical purposes since they minimal toxicity. Iron oxide nanoparticles can be
found in nature as magnetite (FesO4) or maghemite (y-Fe>O3). The magnetic property of
magnetite is higher than that of maghemite. y-Fe>O3z undergoes easier oxidation compared to
Fe304. When y-Fe2O3z gets oxidized while it is in the body, it would create some problems

that can affect adversely.[10]

1.1.2. Synthesis of Iron Oxide Nanoparticles

There are several methods to synthesize iron oxide nanoparticles. These synthetic
methods are co-precipitation, [11] thermal decomposition, [12] sol-gel, [13] hydrothermal
reaction, [14] and microemolsions. [15]

Co-precipitation method is used to synthesize iron oxide nanoparticles in a large
scale. Salts of iron are co-precipitated for this purpose. [16] Two types of iron oxide
nanoparticles can be synthesized by using this technique. The reaction schemes are shown
below: [17]

Fe?* + 2Fe** + SOH- ———— Fe;0, + 4H,0

Fe;0, + 2H" —————— Fe,05 + Fe?" + H,0



The other way to synthesize iron oxide nanoparticles is sol-gel method. This process is also
known as wet chemical method. It consists of a few steps to reach iron oxide nanoparticles,

which involve hydrolysis, condensation and drying. [18]

Hydrothermal synthesis of iron oxides is performed in aqueous environment under
high pressure and temperature. Hydrolysis and oxidation are the main pathways in this type
of reaction.[19] In this reaction, time, concentration of the reaction medium, temperature are
the important parameters that affect the size of the nanoparticles. The increase in amount of

water and longer reaction times generally lead to larger iron oxide nanoparticles. [20]

Another way to synthesize iron oxide nanoparticles is using micro-emulsion. It has
been reported that micro-emulsion method provides a convenient reaction environment for
iron oxide nanoparticles to be synthesized in smaller sizes, with narrow polydispersity. The

main components of this method are surfactants, oil and water as reaction medium. [21]

The last way of synthesizing iron oxide nanoparticles is thermal decomposition
method. This method is the most widely used among the other methods, since both size and
the shape of the nanoparticles can be controlled in a good manner. This synthetic approach
furnishes nanoparticles that are near mono-disperse i.e. their sizes are similar to each other.
As a result, they show well-defined physical and chemical properties. [22] By using this
method, high quality iron oxides nanoparticles can be obtained. [23] This technique involves
decomposition of organometallic precursors such as an iron oleate complex in the presence
of surfactants and high boiling solvents (Figure 1.1). The iron oleate complex can be
synthesized using salts of iron such as FeCls.H>O. The salt is mixed with sodium oleate in a
solvent mixture including water, ethanol and hexane. The mixture is heated and refluxed for
4 hours to obtain iron oleate complex. [24] In the presence of iron oleate complex, a
surfactant such as oleic acid is mixed with a high-boiling solvent such as 1-octadecene. The
mixture is heated up to approximately 300 °C under nitrogen protection. Spherical iron oxide
nanoparticles with narrow polydispersity and controlled size can be synthesized using this

approach. [25]



[Metal Chloride] +  Na-oleate ——» [Metal-oleate] . NuC1
Complex
Heat Monodi
Metal-oleate > onodisperse
Complex High boiling solvent ~ (Nanocrystals

Figure 1.1. Synthetic pathway of thermal decomposition method. [26]

The sizes and the physical appearance of iron oxide nanoparticles can be changed by
concentration of reagents, type of solvents, reaction time and temperature (Figure 1.2). More

concentrated reactions lead to iron oxide nanoparticles with bigger sizes. [27]
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Figure 1.2. TEM images of iron oxide nanoparticles with different sizes (5, 9, 12 and 16
nm, respectively). [28]

1.2. Hydrophobic Coating of Iron Oxide Nanoparticles

Once iron oxide nanoparticles are synthesized, their surfaces need to be coated by
surfactants to eliminate the agglomeration which causes an increase in their size and lead to
increased polydispersity. Since they have magnetic properties, they tend to stick to one

another and aggregate.
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Figure 1.3. Aggregation of uncoated iron oxide nanoparticles with time (top) and
prevention of aggregation by hydrophobic coating (bottom).

In order to deactivate this agglomeration, they are coated by hydrophobic surfactants
during their synthesis. Thus synthesized organic ligand coated nanoparticles are therefore
stable in nonpolar solvents such as chloroform or hexane since the coating materials have
long alkyl chains. The surfactants also possess a polar group for attachment onto the surface
of iron oxide nanoparticles. For coating purposes, oleic acid is generally used since it has
both long alkyl chain and a polar carboxylic acid group. The use of oleic acid as a surfactant,
helps to generate monodisperse iron oxide nanoparticles when they are synthesized by
thermal decomposition method. [29] Wu et al. proved that oleic acid binds to metal
nanoparticles with its carboxylic acid groups and the remaining alkyl groups prevent other
nanoparticles from coming and sticking. [30]

1.3. Anchoring Groups Used in Attaching Protecting Groups

An anchoring group is needed for the attachment of the protecting organic ligands
groups onto the inorganic nanoparticle surface. For magnetic nanoparticles, these anchoring
groups can be a carboxylic acid, [31] a phophonic acid, [32] a trimethoxy silane, [33] and a

catechol group shown in Figure 1.4. [34]



Trimethoxy silane

Catechol

Phosphonic acid

Figure 1.4. Anchoring groups for iron oxide nanoparticles.

Among these anchoring groups, catechol is the most widely used one. Because an
experimental study from Rajh et al. has shown that dopamine (catechol) as a bidentate
enediol ligand transfers the iron surface to lattice structure. And it also makes the geometry
as octahedral which enables iron to coordinate with oxygen. [35] This situation finally results
in a strong attachment between dopamine and iron oxide nanoparticles. According to
Langmuir isotherms, it has been demonstrated that attachment of dopamine to iron oxide
surface is preferable than detachment of it. [36] In addition, catechol is a bioinspired
anchoring groups and it is very stable at high temperatures. Since it has an amine group in
its structure, it can be attached to carboxylic acid bearing polymerization initiators easily.

[37] Therefore, these features of dopamine make it very useful as an anchoring group.



1.4. Hydrophilic Coating of Iron Oxide Nanoparticles

Hydrophobic coatings of iron oxide nanoparticles need to be changed in order for
them to be used for biological applications. In addition, iron oxide nanoparticles are more
stable in aqueous media for a long time. Thus, polymerization of water soluble polymers is
the first step for them to be made water dispersible. [38] There are some types of polymers
that are attached to iron oxides for this reason. These polymers can be natural and they can
be synthetic as well. For example, natural polymers are dextran, [39] starch, [40] gelatin [41]
or chitosan. [42] Synthetic polymers are poly(ethylene glycol) (PEG), [43] poly(vinyl
alcohol) (PVA), [44] poly(lactic acid) (PLA), [45] polymethylmethacrylate (PMMA) [46]
or polyacrylic acid (PAA). [47]

Among the polymers shown above, the use of PEG has dramatically increased in recent
years since PEG decreases attachment of undesired protein in biological environments.
When it reduces this attachment to iron oxide nanoparticles, the circulation time of them can
be increased. [48] In addition, it is a very flexible and hydrophilic molecule with a low
toxicity. PEG polymers show biocompatible behaviors. Biocompatibility basically means a
good guest-host response in a body. [49] In this context, PEG polymers show no adverse
effects. In addition, the term “stealth nanoparticles” has given to PEGylated iron oxide
nanoparticles because they cannot be detected by macrophages. And this situation makes it

prolong for a long time in biological media. [50]

1.5. Polymer Grafting for Iron Oxide Nanoparticles

There are two types of approaches for polymers to be grafted in iron oxide
nanoparticles. The first approach to do it is “grafting-to” approach and the other approach is

“grafting-from” approach.

In grafting-to approach, polymers are grown and they are attached to the iron oxide

nanoparticles covalently. In grafting—to approach, polymers need to have a reactive end



groups so that they can be attached to the nanoparticle surface. The density of the surface is
not high since the polymers are able to fold and form a compact structure and this creates a
steric hindrance. Steric hindrance limits the attachment of polymers. Since the polymers are
grown before attaching to surface, they can be fully characterized. [51] This is an advantage
of use of this approach. Figure 1.5. shows how the grafting-to approach works. First of all,
polymers with reactive anchoring groups are synthesized. Then, oleic acid coated iron oxide
nanoparticles and the polymers are mixed for conjugation. Oleic acids are replaced by
polymers but since the polymers are bulk materials, not all the surface of iron oxides are

coated by polymers.

anchoring group

Y

Figure 1.5. Grafting-to approach for iron oxide nanoparticles.

In contrast grafting-to approach, high density surface iron oxide nanoparticles can be
synthesized by grafting-from approach. Polymers can be grown from the surface of iron
oxide nanoparticles. Because a polymerization initiator is firstly immobilized to the surface.
Then, polymerization starts with the initiator. This leads a high density surface. Although it
seems to be very useful technique, the characterization of the polymers is difficult. [52] This
is actually a disadvantage of this approach. Figure 1.6. shows grafting-from polymerization
from the surface of iron oxide nanoparticles. First, oleic acid acids are replaced by initiators.



Then, polymerization occurs using these initiators. Finally, polymers are grown from the

surface to yield a high density brush like coating on the surface.
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Figure 1.6 Grafting-from approach for iron oxide nanoparticles.

1.6. Reversible Addition-Fragmentation Chain-Transfer (RAFT) Polymerization

Polymers that are desired to be grafting to/from the surfaces can be synthesized by
RAFT polymerization. This polymerization technique is widely used since it has some
advantages. For example, it is suitable for most of the monomers. The polymerization can
take place under mild conditions without use of any metal catalyst. After the polymerization,
the end groups of the polymers can be modified by using radical exchange reactions. [53]

For RAFT polymerization to take place, a suitable chain transfer agent with a
thiocarbonylthio group to control the molecular weight and PDI. [54] By using RAFT agent,
a living polymerization can be obtained. A number of steps exist for this kind of
polymerization. These steps start with initiation process and this step is followed by pre-
equilibrium, re-initiation, main equilibrium, propagation. Finally, polymerization ends with

termination process.
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In the initiation process, the initiator is decomposed with heat to give radicals. The
radical is usually AIBN. The radical reacts with the monomer to continue with the
propagation. In the propagation step, the radical formed after initiation step react with
number of monomers to grow the polymer chain. After propagation step, RAFT pre-
equilibrium step follows. In this step, the growing chain reacts with the RAFT agent to give
RAFT adduct radical. This is an equilibrium reaction where the RAFT adduct is able to lose
it polymeric unit or the reactive group. The other step is initiation where the lost reactive
group is able to form a radical by reacting with monomer. After this step, main RAFT
equilibrium steps comes to grow the polymer chain by sharing the radicals before reaching
the termination step. Finally, the polymers with their radical ends react with each other to
terminate the polymerization. This step is called termination step. [55] The steps of RAFT

polymerization are given in Figure 1.7.

Initiator ————» 2I° ——— Py (Initiaton)

: . (Propagation/

Pooo v M Pres Chain growth)
S Prs i (RAFT

. . pre_
P + R —— R ——— Pn\ + R cer

n z)ks’ = Z/kS’ S z equilibrium)
R *+ M — > P, (Re-initiaton)

) s P S
S S — p U, P (RAFT main

ZJ\S/P"’ Z)'\S,Pm 8T vz m equilibrium)

Pn + Pm e Dp+m
P, + P, ——>» D, + Dp, (Termination)

Figure 1.7. Steps of RAFT polymerization. [56]
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1.7. End Group Modification after RAFT Polymerization

After the synthesis of polymers by RAFT polymerizations, the end groups of these
polymers are R or Z depending on what type of chain transfer agent is used. These R and Z
end groups can be replaced by end group modifications. [57] Polymers with functional
groups can be synthesized by benefiting from this feature of RAFT agents. The existence of
thiocarbonylthio group that is used for RAFT polymerization is able to be modified after
polymerization. One of the techniques to change the end group of these polymers is radical

cross coupling reaction.

In order for polymer end groups to be modified, an azo initiator is needed as a radical
source. For this reason, a functionalized azo initiators are synthesized to make the polymers
be used for many biological applications. [58] For example, it has been published that
trithiocarbonate groups of iron oxide nanoparticles were modified by protected maleimide
and azide functionalized azo initiator. After radical cross coupling reaction with functional
azo initiator, protected maleimide was made deprotected by heating. Then thiol and alkyne
containing dyes attached accordingly. The synthesis is shown in Figure 1.8.
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Figure 1.8. Functionalization of polymer-coated iron oxide nanoparticles with protected
maleimide and azide groups by radical exchange reaction. [59]
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These azo initiators can be diversified according to the applications. For example,
the azo initiators can be functionalized with azide, activated carboxylic acid or pyridyl

disulfide groups by formation of esters or amides.

1.8. Functionalization of End Groups with Disulfide Bond and Activated Carboxylic
Acid

1.8.1. Activated Carboxylic Acid and Amine Reaction

N-Hydroxysuccinimide is a reagent used to activate carboxylic acids to react them
with amines to form amides. [60] By using this chemistry, amine containing materials can
be easily conjugated to activated acids without using any other reagents. For example, amine
containing targeting group can be attached to activated carboxylic acid containing polymer
to form a robust amide bond shown in Figure 1.9. Amide bonds are resistant to degradation.
That means breakage of amide bonds is not as easy as that of esters. [61] It is important to
have an irreversible conjugation. [62] Because the conjugation bond should not be
hydrolyzed until the targeting group accumulates in the desired place in the body.
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Figure 1.9. Conjugation of cRGDfK to NHS activated carboxylic acid containing QDs by

amide formation. [63]
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1.8.2. Thiol-Disulfide Exchange Reaction

In recent years, the use of disulfide groups in biological applications has increased
dramatically due to the fact that they react with thiol containing compounds such as a protein,
drug or targeting group to form a disulfide bond after conjugation. [64] Whether the
conjugation of a material to polymers is reversible or irreversible is important for release of
that material. The main advantage of using disulfide bonds in biological applications is that
the conjugation is reversible. A drug/peptide attached or loaded to polymers can be released
in the presence of a free thiol shown with an example in Figure 1.10. This situation makes

the attached material active in biological environments.

It is important to attach a biological material that is intended to be released from a
polymer with disulfide bond. Because the amount of glutathione found in cancer cells is
higher than that of normal cells. [65] Glutathione is a natural compound having free thiol in
its structure. It gives resistance to cancer cells to protect themselves from cancer drugs. [66]

By using this chemistry, cancer cells can be killed by therapeutic compounds.
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Figure 1.10. Disulfide exchange reaction between disulfide containing polymer and
glutathione. [67]
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2. FABRICATION OF MAGNETIC NANOPARTICLES WITH
CLEAVABLE POLYMER BRUSHES

2.1. Aim of the Study

The aim of this project is to synthesize two types of water dispersible polymer-coated
iron oxide nanoparticles with functional end groups. One type of polymer grafted iron oxide
nanoparticle has cleavable disulfide group that bridges between iron oxide and grafted
polymers. The other type lacks of this disulfide group. It is difficult to determine the features
of the polymers grown by grafting-from method. Therefore, we aimed to characterize the
polymers which can be cleaved from the iron oxide nanoparticles to know their molecular
weights and polydispersity indexes in mild condition. BODIPY dye conjugated monomer as
a drug model and PEG are copolymerized after characterization of grafted polymers. The
reason why a dye molecule in polymer chain is used is to show that a hydrophobic molecule
can be conjugated to a hydrophilic molecule and making the dye hydrophilic as well. The
end groups of these polymers are replaced by activated esters for the future amine

conjugation.

For the synthesis of such novel molecules, monodisperse iron oxide nanoparticles
were synthesized at high temperatures. Catechol based chain transfer agents with and
without disulfide bonds were synthesized and immobilized onto iron oxide nanoparticles.
After immobilization, PEG based hydrophilic polymers were synthesized by grafting from
approach. Disulfide containing polymer-coated iron oxide nanoparticles were cleaved to be
separated in the presence of a reducing agent. Time dependent molecular weights and PDI

values were determined.
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3. EXPERIMENTAL

3.1. Materials

Oleic acid, dopamine hydrochloride, 1-dodecanethiol, iron (IIl) chloride
hexahydrate, DMAP, DSC (>95%), l-amino-2-propanol, L-Glutathione reduced and
fluorescein amine, isomer | were purchased from Sigma-Aldrich. No purification was
needed for these compounds. Sodium oleate was purchased from TCI. Triethylamine, 2,2'-
disulfanediyldiethanol, EDCI, AIBN (recrystallization in ethanol before use), DTT,
cysteamine, 1-octadecene, DCC and NHS were purchased from Alfa-Aesar. Poly (ethylene
glycol) methyl ether methacrylate (PEGMEMA) was purchased from Sigma-Aldrich and
basic aluminum oxide was used for purification. V-501 and CS; were purchased from Fluka.
Toluene, THF, EtOAc, methanol, DMF, DCM, chloroform, hexane and ethanol were
purchased from Merck. BODIPY-SH was synthesized according to the literature example.
[68] cRGDfK was synthesized using solid phase peptide synthesis (SSPS, PS3 Peptide
Synthesizer, Protein Technologies Inc., USA). The KLAK peptide was purchased from
Royobiotech Limited with 95.2% purity.

3.2. Instrumentation

!H NMR spectra were obtained using 400 MHz Bruker spectrometer at 25°C.
Deuterated chloroform was used as the NMR solvent. Fourier transform infrared (FT-IR)
spectra were obtained by using Thermo Scientific Nicolet 380. Gel permeation
chromatography with a PSS-SDV column (Gram linear, length/ID 8x300 mm, 10 pm
particle size) was used to determine the molecular weights and PDI values of the grafted
polymers. Dimethylacetamide was used as the eluent. UV-visible spectra were obtained
using Varian Cary 100 Scan spectrophotometer. Malvern Zetasizer Nano ZS photometer was

used to obtain dynamic light scattering (DLS) results. Hexane and DMF were used as the
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solvents at 20 °C. Iron oxide nanoparticle images were obtained using transmission electron

microscopic (TEM) having LVEMS5 microscope.

3.3. Iron Oxide Nanoparticles Synthesis

Iron oxide nanoparticles are synthesized in two steps and the procedure of this
reaction was taken from the literature. [22] First of all, iron oleate complex was synthesized
and this compound reacted with oleic acid in the presence of a high boiling solvent to get
oleic acid stabilized monodisperse iron oxide nanoparticles.

3.4. Synthesis of Dopamine Modified Chain Transfer Agent (CTA)

3.4.1. Synthesis of 4-cyano-4-(((dodecylthio)carbonothioyl)thio) pentanoic acid (CTA)

The chain transfer agent (CTA) that was intended to be modified with dopamine was
synthesized according to the literature.[69]

3.4.2. Synthesis of 2,5-dioxopyrrolidin-1-yl 4-cyano-4-((dodecylthio) carbonothioyl)-
thio) pentanoate (CTA-NHS)

CTA-Succinimide ester (CTA-NHS) and CTA-Dopa was synthesized according to

the literature example. [70]

3.4.3. Synthesis of 2- cyano-5- ((3,4-dihydroxyphenethyl)amino)-5-oxopentan-2-yl
dodecyl carbonotrithioate (CTA-Dopa)

In order to synthesize dopamine modified CTA, Dopamine.HCI (375 mg, 1.98 mmol)
and TEA (218 mg, 2.16 mmol) were dissolved in 5 mL of DMF. This mixture was stirred
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for 15 minutes at room temperature. Then, CTA-NHS (800 mg, 1.6 mmol) was added and
this obtained reaction mixture was stirred at room temperature for 48 hours under dark
environment. At the end of the reaction, the mixture was dropped into phosphate buffer (100
mL, pH 4.0). The precipitated yellow solid was collected by filtration method. And it was
lyophilized to remove water. Then, this solid was purified by column chromatography using
ethyl acetate/ hexane (2:3) (328 mg, 38% yield). *H NMR (CDCls) & (ppm): 6.82 (d, 1H),
6.70 (s, 1H), 6.60 (d, 1H), 5.65 (s, 1H), 3.48 (t, 2H), 3.32 (t, 2H), 2.70 (t, 2H), 2.48 (m, 1H),
2.44 (t, 2H), 2.31 (m, 1H), 1.84 (s, 3H), 1.68 (m, 2H), 1.34 (m, 18H), 0.88 (t, 3H).

3.5. Synthesis of Disulfide Containing Chain Transfer Agent

3.5.1. Synthesis of (S)-2-((2-hydroxyethyl)disulfanyl) ethyl 4-cyano-4-(((dodecylthio)
carbonothioyl)thio)pentanoate (CTA-SS-OH)

CTA-SS-OH compound is synthesized according to the literature example.[71] It was
obtained by the esterification reaction between CTA (shown in Chapter 1) and 2,2'-
disulfanediyldiethanol. CTA ((S)-4-cyano-4-(((dodecylthio)carbonothioyl)thio)pentanoic
acid) (1 g, 2.48 mmol) was dissolved in 5 mL of dry CH2Cl2 on top of an ice bath. DCC (614
mg, 2.98 mmol) was dissolved in 3 mL of CH2Cl. Then, this mixture was combined with
CTA solution. The resulting mixture was stirred for 10 minutes. After that, 2,2'-
disulfanediyldiethanol (382 mg, 2.48 mmol) was added to the mixture drop by drop. Finally,
DMAP (30 mg, 0.248 mmol) which was dissolved in 1 mL of EtOAc was added to final
mixture. The temperature of this mixture was allowed to come to room temperature. Then,
it was stirred at room temperature for 24 hours. After the reaction, the white solid (DCU)
which is a by-product of this reaction was removed by filtration. Then, in order to purify the
compound, the mixture was extracted with 25 mL of 0.1 M HCI and brine twice. Then, the
organic part was dried over Na>SOs. The solvent was vacuumed by rotary evaporation.
Obtained yellow viscous liquid was purified by column chromatography using ethyl acetate
(15 %) / hexane (85 %) (696 mg, 52% yield). *H NMR (CDCls) & (ppm): 4.38 (t, 2H), 3.90
(t, 2H), 3.33 (t, 2H), 2.94 (t, 2H), 2.89 (t, 2H), 2.64 (t, 2H), 2.53 (m, 1H), 2.39 (m, 1H), 1.88
(s, 3H), 1.68 (m, 2H), 1.21-1.41 (m, 18H), 0.88 (t, 3H).
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3.5.2. Synthesis of (S)-2-((2-((((2,5-dioxopyrrolidin-1-yl)oxy)carbonyl) oxy) ethyl)
disulfanyl)  ethyl 4-cyano-4-(((dodecylthio)carbonothioyl)thio)pentanoate
(CTA-SS-DSC)

CTA-SS-DSC compound was synthesized using CTA-SS-OH and DSC molecule to
get activated carboxylic acid for the next amine conjugation. For this synthesis, CTA-SS-
OH (400 mg, 0.741 mmol) and DSC (342 mg, 1.33 mmol) and TEA (75 mg, 0.741 mmol)
were mixed in 10 mL of dry CH2Cl. The reaction mixture was stirred at room temperature
for 24 hours. In order to purify this compound, the mixture was extracted with 20 mL of
saturated NaHCO3 and brine twice. Organic part was dried over Na;SOa. The solvent was

removed using rotary evaporation.

3.5.3. Synthesis of (S)-2- ((2- (((3,4- dihydroxyphenethyl)carbamoyl)oxy)ethyl)
disulfanyl)ethyl 4-cyano-4-(((dodecylthio)carbonothioyl)thio)pentanoate (CTA-
SS-Dopa)

CTA-SS-Dopa compound was synthesized using CTA-SS-DSC and dopamine
hydrochloride. For the synthesis, CTA-SS-DSC (250 mg, 0.367 mmol) was dissolved in 5
mL of dry DMF. Then, dopamine hydrochloride (73 mg, 0.385 mmol) was dissolved in 1.5
mL of dry DMF and it was added to previous solution dropwise. After this step, TEA (74
mg, 0.734 mmol) was added to final mixture drop by drop. The mixture was stirred at room
temperature for 48 hours. In order to purify the desired compound, reaction mixture was
extracted with 10 mL of 1 N HCI and NaHCOz3 twice. Organic part was dried over Na>SOa.
The solvent was removed by rotary evaporation.

3.7. Synthesis of (E)-bis(2,5-dioxopyrrolidin-1-yl) 4,4'-(diazene-1,2-diyl)bis(4-
cyanopentanoate) (NHS-ACVA)

This compound was synthesized according to the literature.[72] For this synthesis,
V501 (500 mg, 1.78 mmol), NHS (548 mg, 4.76 mmol) were dissolved in 5 mL of dry DMF.
To this solution, EDCI (913 mg, 4.76 mmol) which was dissolved in 4 mL of dry DMF was
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added at 0 °C for 1 hour. Then, the reaction mixture was allowed to stir at room temperature
for 36 hours. In order to purify this NHS-ACVA, the reaction mixture was dropped into 400
mL of distilled water. White solid precipitation was observed and this precipitate was
collected by filtration method. The product was lyophilized for 24 hours to remove water.
Finally, white solid product was obtained (760 mg, 90% yield). *H NMR (CDCls) § (ppm):
2.84 (s, 8H), 2.95-2.75 (m, 4H), 2.71-2.49 (m, 4H), 1.78 - 1.71 (s, 6H).

3.8. Place Exchange Reaction between FesO4@OA and Dopa-CTA (FesOs@Dopa-
CTA)

The ligand exchange reaction procedure was done according to the literature.[59] For
this synthesis, oleic acid stabilized FesO4 nanoparticles (FesOs@0OA) (30 mg) was dissolved
in 3 mL of chloroform. Then, Dopa-CTA (150 mg, 0.278 mmol) was added to this solution.
The final mixture was allowed to stir at 40 °C for 48 h under nitrogen environment. After
the reaction, the solvent was partially removed by rotary evaporation. Then, as the
purification of part, 30 mL of methanol was added to this mixture to precipitate the desired
product (FezOs@Dopa-CTA) until all free Dopa-CTA was removed. After that, the product
was kept in 1 mL of CHCI3 for the future reactions.

3.9. Place Exchange Reaction between FesOs@OAand CTA-SS-Dopa (FesOs@Dopa-
SS-CTA)

CTA-SS-Dopa molecule was immobilized into the iron oxide nanoparticles by ligand
exchange reaction. For this reaction, CTA-SS-Dopa (150 mg) was mixed with oleic acid
stabilized iron oxide nanoparticles (30 mg) in chloroform (3 mL). The resulting mixture was
stirred at 40 °C for 48 hours under nitrogen blanket. After the reaction, the solvent was
evaporated to a volume of until 1 mL. Then, this was precipitated in methanol (30 mL). The
methanol-chloroform mixture was centrifuged (7000 rpm, 10 minutes) and wash was
repeated until all unreacted CTA-SS-Dopa was removed. Finally, thus obtained black

product was stored in CHCIs until further use.
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3.10. RAFT Polymerization of PEGMEMA from the Surface of FesO4 Nanoparticles
(FesOs@Dopa-PEGMEMA)

The procedure for surface-initiated RAFT polymerization of PEGMEMA was taken
from the same literature where the previous synthesis was done.[59] For this polymerization,
Fe30s@Dopa-CTA (10 mg), PEGMEMA (500 mg, 1.67 mmol) and AIBN (1.1 mg, 6.68 x
107 mmol) were dissolved in toluene (3 mL). Then, the reaction mixture was purged with
N2 for 20 minutes to remove O from the reaction environment. After that, reaction mixture
was allowed to stir at 70 °C for 24 hours. After polymerization, the solvent was removed by
rotary evaporation. Then, the polymers were precipitated in cold diethyl ether (3 times) to

remove unreacted monomers. Finally, a black viscous product was obtained.

3.11. RAFT Polymerization of PEGMEMA from the Surface of FesO4 Nanoparticles
(FesOs@Dopa-SS-PEGMEMA)

RAFT polymerization was done on the surface of iron oxide nanoparticles by using
PEGMEMA as the monomer. For this reason, 10 mg of FesOs@Dopa-SS-CTA was mixed
with PEGMEMA (500 mg, 1.67 mmol) and AIBN (1.1 mg, 6.68x10°3 mmol). The obtained
mixture was dissolved in 3 mL of toluene. This mixture was purged with N> for 20 minutes
to remove O, gas from the reaction mixture. Finally, the reaction was stirred at 75 °C for 8,
16 and 24 hours in order to measure the molecular weights of the polymers grown from the
surface depending on time. This polymerization process was repeated 3 times for 8, 16 and
24 hours. After the reaction, solvent was removed by rotary evaporation. The obtained black

viscous product was precipitated in cold diethyl ether to remove unreacted monomers.

3.12. Reductive Cleavage of PEGMEMA Polymers from Fe3O4 Nanoparticles and

DTT was used in order to cleave the disulfide bond that builds a bridge between and
nanoparticles and polymers. For this cleavage reaction, 20 mg of FesOs@Dopa-SS-
PEGMEMA and DTT (1.54 mg, 0.01 mmol) were dissolved in phosphate buffer (1 mL)

solution (pH= 8.0). Resulting mixture was stirred at room temperature for 1 hour. In order
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to separate iron oxide nanoparticles and polymers, reaction mixture was added into water (9
mL) and the solution was centrifuged at 9000 rpm for 15 minutes. Iron oxide nanoparticles
precipitated since they were no longer dispersible in water. However, hydrophilic polymers
dissolved in water and could be obtained through lyophilization.
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4. RESULTS AND DISCUSSIONS

4.1. Synthesis of FesO4 Nanoparticles

Thermal decomposition method was used to synthesize magnetic FesO4nanoparticles
to be able to control the size and polydispersity. The synthesis of these nanoparticles has two
steps. The first step is the synthesis of iron oleate complex by using iron (111) chloride and
sodium oleate salt as precursors (Figure 4.1).

Ethanol, Water, Hexane

FeCl;.6H,O + 3 Sodium Oleate » Fe(oleate); + 3 NaCl + 6H,0
70°C,4h

Figure 4.1. The synthesis of iron oleate complex.

The second step is done by using iron oleate complex and oleic acid in the presence
of a high boiling solvent 1-octadecene (Figure 4.2). Iron oxide nanoparticles are stabilized
by oleic acid to prevent them from agglomeration.

1-octadecene
Fe(oleate); + Oleic Acid » Fe;0,@0A

320 °C, 30 mins

Figure 4.2. Synthesis of iron oxide nanoparticles.

The characterization of these oleic acid-coated magnetic nanoparticles was achieved
by using FT-IR spectroscopy, transmission electron microscopy (TEM) and dynamic light
scattering (DLS) (Figure 4.3). The peaks at 2920 and 2851 cm correspond to the symmetric

and asymmetric —CH,-, respectively. The peak at 550 cm™ comes from the Fe-O bonds of
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iron oxide molecules. Their average sizes determined using DLS were around 10 nm

(diameter). Similarly, TEM results also showed similar sizes around 11 nm.
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Figure 4.3. FT-IR spectrum (left) and TEM image (right) and DLS analysis (bottom) of
Fes04@O0A.

4.2. Synthesis of Chain Transfer Agent (CTA)

A chain transfer agent (CTA) is needed in order to grow polymers from the surface
of magnetic iron oxide nanoparticles. For this purpose, trithiocarbonate containing CTA was
synthesized to be used for RAFT polymerization according to literature procedure (Figure
4.4).[69] Since the chain transfer agent has trithiocarbonate group in its structure, this group

can be modified to functional groups by radical exchange reactions.



1) KOH, CS,, p-TsCl s

H,0, CH,Cl,, 1t, 8 h CN
/\/\/\/\/\/\SH I /\/\/\/\/\/\S)J\S OH
2) V-501 o)

EtOAc, 80 °C, 12 h
51 %

Figure 4.4. Synthesis of chain transfer agent (CTA).

4.3. Synthesis of Dopamine Modified Chain Transfer Agent (Dopa-CTA)

25

In order to attach the chain transfer agent to iron oxide nanoparticles, an anchoring

group is required. For that purpose, dopamine was chosen as the anchoring group. First of

all, the chain transfer agent is activated by NHS in the presence of EDCI and CH.Cl; as the

solvent to get NHS-CTA. This NHS-CTA was used for the conjugation of dopamine. For

this reaction, NHS-CTA and dopamine hydrochloride were used in the presence of TEA and

DMF as the solvent (Figure 4.5). The yield of this reaction was calculated as 38 %. The

characterization of this compound was done with *H NMR (Figure 4.6) and was determined

to be similar to previously reported. [70] The peaks at 6.82, 6.70, 6.60 ppm come from the

benzene ring of dopamine. In addition, the peak at 5.65 ppm comes from the amide bond

between dopamine and CTA, which shows the successful conjugation of dopamine.

S CN NHS, EDCI S CN 0
C12H25\S)J\S)</\H/OH —_— C12H25\S)]\S)</\[(O\N
5 CH,Cly, rt, 24 h 3
(0]

)SJ\ CN 0] s ©oN
CoHos . 0 Dopa.HCI, EtzN H
121125 S S)</\rr \N > C12H25\S)J\S)</\’(N OH
) DMF, rt, 48 h \/\@
(0]

0]
38 % OH

Figure 4.5. Synthetic route of dopamine modified chain transfer agent (Dopa-CTA).
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Figure 4.6. 'H NMR spectrum of Dopa-CTA.

4.4. Synthesis of CTA-SS-OH

In order to immobilize the chain transfer agent to the iron oxide nanoparticles,
dopamine needs to be conjugated to CTA. This synthesis consists of a couple of reactions.
The first one is to convert carboxylic acid containing CTA into alcohol. For this reason, 2,2'-
disulfanediyldiethanol which is a diol was used to make CTA become an alcohol (Figure
4.7). The reaction is an esterification reaction in the presence of DCC, DMAP and CHCl;
as the solvent. The yield of this reaction was calculated as 52 %. Characterization of this
compound was done with *H NMR (Figure 4.8). The presence of the characteristic peak at
4.38 ppm belonging to the protons adjacent to the carbon oxygen bond between the CTA

and diol indicates successful conjugation.
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OH + HO S
(0]
DCC, DMAP
CH2C|2, rt, 24 h
52 %
O _S
0]

Figure 4.7. Synthesis of CTA-SS-OH.
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Figure 4.8. *H NMR spectrum of CTA-SS-OH.
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4.7. Synthesis of NHS Containing Carboxylic Acid Functionalized V-501 Azo
Initiator (NHS-ACVA)

The aim of synthesizing this molecule is to modify the trithiocarbonate groups of the
surface initiated polymers as NHS-activated carboxylic acid groups using radical exchange
reaction. The synthesis of this molecule was undertaken according to previous literature
report.[72] The NHS-activated carboxylic acid containing azo-initiator is the product of
esterification reaction VV-501 azo-initiator and NHS in the presence of EDCI and DMF as
the solvent (Figure 4.9). The reaction was carried out at room temperature to yield the desired
product in high yield (95 %). NHS-ACVA molecule was precipitated in excess amount of
water. The characterization of this compound was done with *H NMR (Figure 4.10). The
peak at 2.85 ppm belongs to the protons of NHS ring, whereas the peaks at 1.77 and 1.73
ppm originate from the methyl groups of the V-501 azo-initiator. Presence of all desired

peaks indicate successful conjugation of NHS functional group to the azo initiator.

0 CN NHS EDCI q
N+ MOH
Hok/>( N DMF, rt, 36 h k/>( M
CN o)

95 %

Figure 4.9. Synthesis of NHS-ACVA radical initiator.
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| d, d
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f1 (ppm)

Figure 4.10. *H NMR spectrum of NHS-ACVA azo-initiator.
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4.8. Immobilization of Chain Transfer Agent (Dopa-CTA) onto FezO4
Nanoparticles by Ligand Exchange Reaction (FesOs@Dopa-CTA)

To be able to grow polymers from the surface of magnetic Fe3O4 nanoparticles,
immobilization of chain transfer agent is required. For this purpose, dopamine modified
CTA (Dopa-CTA) was attached to iron oxide nanoparticle surface by ligand exchange
reaction. This molecule is synthesized by using FesO4@OA and excess amount of Dopa-
CTA in the presence of CH2Cl, at 40 °C under N2 (Figure 4.11). After the reaction,
Fe30s@Dopa-CTA was precipitated in methanol until all free Dopa-CTA is removed. Once

the purification is done, the molecule was kept in chloroform to prevent them from

CN S
@ oy
+
(0]
HO

aggregation.

CHCI3, 40 °C, 48 h

CN S
(o0 _OK)ANHNS&/%H%
y o]
(6]

Figure 4.11. Synthesis of FesOs@Dopa-CTA.

The characterization of this molecule was carried out with FT-IR, UV spectroscopy
and DLS. The peak at 1641 cm™ comes from amide carbonyl group of Dopa-CTA and the
peak at 550 cm™ comes from Fe-O bond. FT-IR proves the immobilization of Dopa-CTA
onto the nanoparticle surface. Then, UV spectroscopy was used to see the existence of Dopa-
CTA. The immobilized molecule gives a shoulder-like peak at 320 nm and iron oxide gives
asharp peak at 250 nm. These also prove that Dopa-CTA molecule was successfully attached
to iron oxide molecule (Figure 4.12). According to DLS results, Fes0s@Dopa-CTA

nanoparticles have a diameter of 13.7 nm.
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Figure 4.12. FT-IR spectrum (top left), UV spectroscopy (top right), DLS analysis (bottom
left) and TEM image (bottom right) of FesOs@Dopa-CTA.

4.9. Immobilization of Chain Transfer Agent (Dopa-SS-CTA) onto FezO4
Nanoparticles by Ligand Exchange Reaction (FesOs@Dopa-SS-CTA)

CTA-SS-Dopa molecule was immobilized onto iron oxide nanoparticles by ligand
exchange reaction (Figure 4.13). Disulfide containing dopamine modified CTA was attached
to iron oxide nanoparticles for polymers to be grown from the surface. This molecule was
synthesized using oleic acid stabilized iron oxide nanoparticles and excess amount of CTA-
SS-Dopa molecule. After the reaction, reaction mixture was precipitated in methanol to
remove excess amount of CTA-SS-Dopa. The obtained product was stored in CHCIs to
eliminate the aggregation of nanoparticles.
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Figure 4.13. Ligand exchange reaction between Fe304@OA and CTA-SS-Dopa.

Characterization of this molecule was achieved using FT-IR, DLS, TEM and UV
spectroscopy. The new shoulder like peak at 280 nm originates from the surface immobilized
chain transfer agent. In FT-IR, the peak at 1641 cm™ belongs to the amide carbonyl group.
In addition, the peak at 550 cm™ belongs to the Fe-O bond (Figure 4.14). This information
shows that the conjugation of chain transfer agent to iron oxide nanoparticles is successful.

According to DLS results, Fes0s@Dopa-SS-CTA molecule has the diameter of 14.4 nm.

4.10. Surface Initiated RAFT Polymerization of PEGMEMA (FesOs@Dopa-
PEGMEMA)

Once the chain transfer agent is immobilized onto iron oxide nanoparticles, RAFT
polymerization of PEGMEMA was carried out. The reason the PEGMEMA was used as the
monomer is that when it polymerizes it provides an anti-biofouling and biocompatible
coating. Polymers were grown from the surface of nanoparticles by grafting-from approach.
For this synthesis, Fes0Os@Dopa-CTA, PEGMEMA monomers and AIBN as the initiator
were used and they were dissolved in toluene. The reaction mixture was purged with N2 and
stirred at 70 °C for 24 hours (Figure 4.15). Once the reaction was complete, the reaction

mixture was precipitated in cold diethyl ether until all monomers were removed.
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Figure 4.14. UV spectroscopy (top left), FT-IR spectrum (top right), DLS analysis (bottom
left) and TEM image (bottom right) of FesOs@Dopa-SS-CTA.
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Figure 4.15. Surface initiated RAFT polymerization of PEGMEMA.
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Characterization of surface initiated polymers was carried out with FT-IR, UV
spectroscopy, TEM and DLS. From FT-IR results, the peak at 1725 cm™ comes from the
carbonyl groups of PEGMEMA. The peak at 1100 cm™* comes from the C-O-C ether stretch.
These peaks show that successfully grown polymers from the surface of iron oxide
nanoparticles. In UV spectroscopy, the peak at 308 nm that corresponds to trithiocarbonate
group shows the formation of polymers (Figure 4.16). From DLS results, the diameter of

polymer-coated iron oxide nanoparticles was calculated as 22.3 nm.

After the polymerization of PEGMEMA from the surface of iron oxide nanoparticles,
Fes04@PEGMEMA molecules were dispersible in water even though FesOs@Dopa-CTA
molecules were not dispersible in water (Figure 4.17). Because of the presence of

hydrophilic p(PEGMEMA) polymers on the nanoparticle surface, these become dispersible
in agueous media.
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Figure 4.16. FT-IR spectrum (top left) and UV-Vis spectroscopy (top right), DLS analysis
(bottom left) and TEM image (bottom right) of Fes0s@Dopa-PEGMEMA.
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dispersed in hexane
Fe;0,@PEGMEMA

dispersed in H,O

Figure 4.17. Dispersibility difference of FesOs@Dopa-CTA (left) and
Fe3s04@PEGMEMA nanoparticles.

4.11. Surface Initiated RAFT Polymerization of PEGMEMA (FezOs@Dopa-SS-
PEGMEMA)

After successful conjugation of dopamine modified CTA to iron oxide nanoparticles,
RAFT polymerization of PEGMEMA was done by grafting-from method in the presence of
AIBN and toluene (Figure 4.18). The reaction mixture was purged with N2 for 20 minutes.
Then, it was stirred at 75 °C for 8, 16 and 24 hours to see the molecular weight difference
upon increase in time. After the polymerization reaction, black viscous liquid was
precipitated in cold diethyl ether until removal of unreacted monomers. The characterization
of grafted polymers was achieved using UV spectroscopy, DLS, TEM and FT-IR spectrum
shown in Figure 4.19. The peak at 1725 cm™ originates from the carbonyl groups of
PEGMEMA and the peak at 1100 cm™ belongs to the ether groups of the polymers. In
addition, the peak at 320 nm in UV spectroscopy indicates the presence of the
trithiocarbonate groups at the chain end of the polymers. These indications combined
demonstrate that polymerization reaction occurred successfully. As a physical observation,
a small piece of polymer-coated iron oxide nanoparticles was added into water. It was
observed that it was dispersible in water, whereas the initial CTA immobilized iron oxide
nanoparticles were not dispersible in water. According to DLS results, FesOs@Dopa-SS-

PEGMEMA molecule possessed a diameter of 55 nm.
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Figure 4.18. Synthesis of Fe3Os@Dopa-SS-PEGMEMA by RAFT polymerization.
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Figure 4.19. UV spectroscopy (top left) FT-IR spectrum (top right), DLS analysis (bottom
left) and TEM image (bottom right) of FesOs@Dopa-SS-PEGMEMA.
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4.12. Separation of Iron Oxide Nanoparticlesand PEGMEMA

When polymers are grown from the surface of iron oxide nanoparticles, their
molecular weights and polydispersity indexes cannot be calculated. However, the system
that were created in this project enables us to separate iron oxide nanoparticles and polymers
so that their molecular weights and PDI values van be calculated. Because disulfide group
between nanoparticles and polymers can be broken by thiol containing materials. For this
reason, DTT was used to do so. Polymer-coated iron oxide nanoparticles and DTT were
dissolved in phosphate buffer solution and stirred at room temperature for 1 hour (Figure
4.20). Then, polymers and nanoparticles were centrifuged to separate from each other by
solubility difference. Iron oxide nanoparticles without PEG polymers are not dispersible in
water. Since the polymers are PEG based, they are hydrophilic and soluble in water. This is
shown in Figure 4.21. Characterization of these separated molecules was done with Ellman’s
analysis. As a physical observation, when Ellman’s analysis was done on cleaved iron oxide
nanoparticles and polymers, the color of the solution turned into yellow. That was a positive
test for this analysis. In addition, in UV-Vis spectroscopy, expected peak at 412 nm was
observed for both nanoparticles and polymers (Figure 4.22). This proved that nanoparticles
and polymers have thiol group in their backbones. Ellman analysis was also applied to
Fe30s@Dopa-SS-PEGMEMA molecule as the control group. There was no peak at 412 nm
in UV spectroscopy. This was expected since there was no free thiol group in the molecule.
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Figure 4.20. Cleavage of disulfide bond in polymer-coated nanoparticles by DTT.

Figure 4.21. Dispersibility of Fes0s@Dopa-SS-PEGMEMA in water (left), after treatment
with DTT and centrifugation.
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Figure 4.22. UV-Vis spectra of cleaved iron oxide nanoparticles (upper-left), PEGMEMA
(upper-right) and FezOs@Dopa-SS-PEGMEMA (without DTT exposure) upon treatment

with Ellman’s reagent.

4.12.1. Molecular Weight and PDI Analysis of Grafted Polymers

The molecular weights of the polymers that were cleaved from the surface of iron
oxide nanoparticles were analyzed by gel permeation chromatography (GPC) (Table 1).
Polymerization reaction was set up for 8, 16, 24 hours under the same conditions to

determine how molecular weights were changing with time.
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Table 4.1. Molecular weights and PDI values of polymer-coated iron oxide nanoparticles

having different time polymerizations.

Polymer-Coated

Different Trials of

Molecular Weight

Polydispersity

Iron Oxide polymerization/cleavage of cleaved
) Index (PDI)
Nanoparticles polymers
Polymerization 1 48 kDa 1.73
FesOs@Dopa-SS- _
Polymerization 2 59 kDa 1.65
PEGMEMA (8 h)
Polymerization 3 55 kDa 1.68
Polymerization 1 58 kDa 1.60
FesOs@Dopa-SS- _
Polymerization 2 59 kDa 1.60
PEGMEMA (16 h)
Polymerization 3 51 kDa 1.77
Polymerization 1 54 kDa 1.75
FesOs@Dopa-SS- _
Polymerization 2 59 kDa 2.20
PEGMEMA (24 h)
Polymerization 3 55 kDa 1.32

According to GPC results, it was clearly seen that molecular weights of 8, 16 and 24

hour polymers were close to one another. Therefore, the polymerization reactions that will

be done in future of this project will take 8 hours since it is enough to reach desired molecular

weights.
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4.13. Conclusion

In this project, a novel water dispersible polyethylene glycol based two types of iron
oxide nanoparticles were synthesized by surface-initiated RAFT polymerization. One type
of polymer-coated iron oxide nanoparticles had disulfide bond between iron oxide and
polymers. The other type lacked the disulfide bond. For the creation of such polymer
brushes, monodisperse iron oxide nanoparticles were synthesized by thermal decomposition
method. Polymerization with PEGMEMA was achieved to provide water dispersibility using
the grafting-from approach. Disulfide containing polymer-coated iron oxide nanoparticles
were cleaved to release the surface bound polymers using a reducing agent. This also enabled

determination of the molecular weights and PDI values of the grafted polymers.

In the future, polymerization reactions with different polymerization durations and
amount of monomers will be investigated to observe the changes in molecular weights. The
end groups of these polymers are trithiocarbonate groups that can be replaced by using
functional azo initiator. For this reason, NHS activated carboxylic acid bearing azo initiator
was synthesized and it will be used for the modification of these surface grafted copolymers
by radical exchange reaction. Using thus introduced reactive groups on the chain end of the

polymer coated nanoparticles can be tailored for various applications.
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5. FABRICATION OF POLYMER COATED MAGNETIC
NANOPARTICLES FOR REVERSIBLE AND NON-REVERSIBLE
CONJUGATIONS

5.1. Aim of the Study

The aim of this study is to produce polymer-coated magnetic nanoparticles that are
dispersible in water and having reactive functional groups in their structures. These magnetic
and polymer-coated magnetic nanoparticles will be used for biomedical applications. These
polymers can be grown from the surface of nanoparticles, which is called grafting-from
method. Or they can be synthesized and then they are attached to nanoparticles, which is
called grafting-to method. In order to immobilize these polymers onto the surface of
nanoparticles, anchoring groups attached to the polymers are needed.

In this study, dopamine was used as the anchoring group. Once the chain transfer
agent having dopamine group was immobilized on top of the nanoparticles, polymers were
grown from the iron oxide nanoparticle surfaces by using RAFT polymerization method.
PEGMEMA monomers were used for this polymerization. After synthesizing polymer-
coated iron oxide nanoparticles, end groups of polymers were modified by using radical
cross coupling reaction. Thus obtained polymer coated iron oxide nanoparticles were
decorated with NHS activated carboxylic acid and pyridyl disulfide reactive groups. The
presence of these functional groups were confirmed using amine and thiol-containing
fluorescent dyes. Functionalized iron oxide nanoparticles can react with amine containing
peptide, cRGDfK which is a targeting group for cancer cells. Furthermore, using the
disulfide exchange reaction they can react with thiol containing anti-cancer therapeutic

agents which will be released in presence of glutathione to selectively kill the cancer cells.
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6. EXPERIMENTAL

6.1. Synthesis of 2-(pyridin-2-yldisulfanyl)ethanaminium

This thiol disulfide exchange reaction took place between aldrithiol and cysteamine.
The synthesis of this reaction was taken from the literature.[73] Aldrithiol (830 mg, 3.68
mmol) was dissolved in 3 mL of MeOH. Then, cysteamine (286 mg, 2.52 mmol) was
dissolved in 2 mL of methanol and added to the previous solution. Then, it was allowed to
stir at room temperature for 5 hours to give desired compound. After the reaction was
complete, reaction mixture was added to cold diethyl ether dropwise. White solid was
precipitated and collected by filtration method (402 mg, 49 % yield).

6.2. Synthesis of (E)-4,4'-(diazene-1,2-diyl)bis(4-cyano-N-(2-(pyridin-2-yldisulfanyl)
ethyl) entanamide) (PdS-ACVA)

This compound was synthesized according to the literature.[74] For this synthesis,
2-(pyridin-2-yldisulfanyl) ethanaminium (1.25g, 5.63 mmol), V501 (658 mg, 2.35 mmol)
and TEA (595 mg, 5.88 mmol) were dissolved in 5 mL of CHCIz. Then, EDCI which was
dissolved in 5 mL of chloroform was dropped into this mixture at 0 °C for 1 hour. After that,
final mixture was allowed to stir at room temperature for 24 hours. In order to purify the
obtained product, the solution was extracted with 10 mL of distilled water 2 times. Then,
organic and aqueous part were separated from each other by separatory funnel. After that,
organic part was extracted with 10 mL of 0.1 M HCI and saturated NaHCO3 2 times,
respectively. Then, Na,SO4 was added to remove the water in the solution. Finally, the
solvent was removed by rotary evaporation. The obtained product was purified by column
chromatography using ethyl acetate/ hexane (4:1) (888 mg, 51% yield). *H NMR (CDCls) §
(ppm): 8.51 (d, 2H), 7.61 (t, 2H), 7.55 (s, 2H), 7.51 (d, 2H), 7.16 (t, 2H), 3.46-3.63 (m, 4H),
2.92 (t, 2H), 2.90 (t, 2H), 2.20-2.55 (m, 8H), 1.70 (s, 6H).
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6.3. End Group Modifications of Polymer-Coated FesO4 Nanoparticles

6.3.1. End Group Modification with Pyridyl Disulfide Containing Azo Initiator
(FesOs@PEGMEMA@ PDS)

Pyridyl disulfide functionalized V501 azo initiator (PDS-ACVA) (12.4 mg, 0.02
mmol) and polymer-coated FesO4 nanoparticles (50 mg) were dissolved in 2 mL of DMF.
Then, the mixture was purged with N> for 20 minutes. After that, it was allowed to stir at 70
°C for 16 hours. When the reaction was complete, to get the obtained product, it was dialyzed
against 200 mL of acetonitrile using dialysis membrane (molecular weight cutoff 3500 Da)
for 36 hours. Finally, the solvent was removed by rotary evaporation.

6.3.2. End Group Modification with NHS activated Carboxylic Acid Containing Azo
Initiator (FesOs@PEGMEMA@ NHS)

NHS-activated Carboxylic Acid functionalized V501 azo initiator (NHS-ACVA) (9.5
mg, 0.02 mmol) and polymer-coated FesO4 nanoparticles (50 mg) were dissolved in 2 mL of
DMF. Then, the mixture was purged with N2 for 20 minutes. After that, it was allowed to
stir at 70 ° C for 16 hours. As the purification part, the reaction mixture was dialyzed against
200 mL of acetonitrile using dialysis membrane (molecular weight cutoff 3500 Da) for 36

hours. Finally, the solvent was removed by rotary evaporation.

6.3.3. End Group Modification with NHS activated Carboxylic Acid + Pyridyl Disulfide
Containing Azo Initiator (FesOs@PEGMEMA@PdS+NHS)

NHS activated carboxylic acid functionalized V501 azo initiator (NHS-ACVA) (1.9
mg, 4 umol) and pyridyl disulfide functionalized V501 azo initiator (PDS-ACVA) (11 mg,
16 umol) and polymer-coated FezO4 nanoparticles (50 mg) were dissolved in 2 mL of DMF.
Then, the mixture was purged with N2 for 20 minutes. After that, it was allowed to stir at 70

°C for 16 hours. As the purification part, the reaction mixture was dialyzed against 200 mL
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of acetonitrile using dialysis membrane (molecular weight cutoff 3500 Da) for 36 hours.

Finally, the solvent was removed by rotary evaporation.

6.4. Modification of Polymer-Coated FesO4 Nanoparticles with Glutathione

This compound was obtained by disulfide exchange reaction between
Fes04s@PEGMEMA@PDS and glutathione. Fes0s@PEGMEMA@PDS (15 mg) and
glutathione (3.07 mg, 10 mmol) were dissolved in H.O. Then, TEA (1.01 mg, 10 mmol) was
added to this solution. The reaction mixture was stirred at room temperature for 24 hours.
After the reaction, the reaction mixture was dialyzed against 200 mL of water using dialysis
membrane (molecular weight cutoff 3500 Da) for 24 hours. Finally, the solvent was removed

by rotary evaporation to get desired compound.

6.5. Fluorescent Dye Attachment to Functionalized Polymer-Coated Fe3O4
Nanoparticles

6.5.1. Fluorescent Dye Attachment to Pyridyl Disulfide Functionalized FesOq

Nanoparticles by Disulfide Exchange Reaction

For this reaction, FesOs@PEGMEMA@PDS (10 mg) and BODIPY-SH (0.1 mg, 0.2
pumol) were dissolved in 200 pl of THF. Then, TEA (21 pg, 0.2 umol) was added to the
solution. The mixture was stirred at room temperature for 24 hours. After the conjugation of
BODIPY-SH, the mixture was dropped into cold diethyl ether to get rid of unreacted dye
molecules. Finally, dye containing polymer-coated Fe3O4 nanoparticles were obtained by

centrifugation method.
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6.5.2. Fluorescent Dye Attachment to NHS Activated Carboxylic Acid Functionalized

FesO4 Nanoparticles by Amidation Reaction

For this reaction, FesO4@PEGMEMA@NHS (10 mg) and Fluorescein-NH (0.28
mg, 0.8 umol) were dissolved in 200 ul of dry DMF. Then, TEA (0.16 mg, 1.6 pmol) was
added to the solution. The mixture was stirred at room temperature for 24 hours. After the
reaction, the reaction mixture was dialyzed against 200 mL of acetonitrile using dialysis
membrane (molecular weight cutoff 3500 Da) for 24 hours. Finally, the solvent was removed

by rotary evaporation to get dye containing polymer-coated FesO4 nanoparticles.

6.6. cRGDfK and 1-amino-2-propanol Attachment to NHS Activated Carboxylic
Acid + Pyridyl Disulfide Functionalized Polymer-Coated FesO4 Nanoparticles

6.6.1. cRGDfK Attachment to NHS Activated Carboxylic Acid and Pyridyl Disulfide

Functionalized Polymer-Coated Fe3sOs4 Nanoparticles

For the targeting group and apoptotic peptide attachment to FesO4 nanoparticles, first
conjugation was done by amidation reaction between NHS activated carboxylic acid of the
nanoparticles and amine group of cRGDfK. Fes0s@PEGMEMA@NHS+PdS (20 mg) and
CcRGDfK (0.1 mg, 0.72 pmol) were dissolved in 200 pL of dry DMF. Then, this mixture was
stirred at room temperature for 24 hours under N.. After the reaction, in order to remove
unreacted cRGDfK, the mixture was dialyzed against 400 mL of water using dialysis

membrane (molecular weight cutoff 3500 Da) for 24 hours.

6.6.2. 1-amino-2-propanol Attachment to NHS Activated Carboxylic Acid and Pyridyl

Disulfide Functionalized Polymer-Coated Fe3sO4 Nanoparticles

In order to remove the unreacted NHS groups in the cRGDfK attached Fe3Os
nanoparticles, 1-amino-2-propanol (0.23 mg, 3.04 umol) was added to FesO4 nanoparticles
(19 mg) in 500 pL of DCM. It was stirred at room temperature for 24 hours. After the
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reaction, the mixture was dropped into cold diethyl ether to remove unreacted 1-amino-2-

propanol. Finally, the solvent was removed by rotary evaporation.
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7. RESULTS AND DISCUSSIONS

7.1. Synthesis of Pyridyl Disulfide Functionalized V-501 Azo Initiator (PDS-
ACVA)

The aim of synthesizing this material is to enable the end group modification of the
surface initiated polymers using a thiol-disulfide exchange reaction. The end groups of the
polymers grafted-from the nanoparticle surfaces contain trithiocarbonate groups. These
groups can be replaced by desired functional groups using azo-initiators under radical
exchange reaction conditions. The synthesis of pyridyl disulfide (PDS) containing azo
initiator involves two steps. 2-(pyridin-2-yldisulfanyl) ethanaminium was synthesized from
aldrithiol and cysteamine in the presence of acetic acid and methanol as the solvent according
to literature procedures.[73] Thus obtained 2-(pyridin-2-yldisulfanyl) ethanaminium was
then reacted with VV-501 azo initiator with EDCI, TEA, using CHCI3 as the solvent (Figure
7.1). This material was purified by column chromatography on silica gel. The
characterization was done with *H NMR (Figure 7.2). The peaks at 2.2 - 2.55 ppm come
from V-501 and the peaks at 8.51, 7.62, 7.50 ppm come from the pyridine ring. In addition,
the peak at 7.56 ppm comes from the amide bond, which shows the successful conjugation.

[ NH,Cl __AcOH D
R NI e TRl WP N
| eOH, rt, N~ s NH;ClI
_— 72 %
(L
S —
Q CN N7 57" NH,Cl B 0
N OH -
HO)J\/>/ \NM » _ S~ N
EDCI, Et;N NS N \\};

CHCI3, rt, 24 h CN
51 %

Figure 7.1. Synthetic route of PDS-ACVA azo-initiator.
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Figure 7.2. *H NMR spectrum of PDS-ACVA azo-initiator.

7.2. Functionalization of Polymer-Coated FesO4 Nanoparticles by End Group

Modifications

7.2.1. End Group Modification by Pyridyl Disulfide Containing Azo Initiator

Once PEGMEMA was successfully polymerized from the surface of iron oxide
nanoparticles, the polymers’ end groups were modified by using radical exchange reaction.
For this purpose, pyridyl disulfide functionalized V-501 azo initiator was used to replace
trithiocarbonate groups of the polymers with pyridyl disulfide groups. FesO4s@PEGMEMA
and excess amount of PdS-ACVA were dissolved in dry DMF. Then, reaction mixture was
purged with N> for 20 minutes to remove O from the reaction environment. After that, the
reaction mixture was stirred for 16 hours at 70 °C (Figure 7.3). Once the reaction was

complete, the mixture was dialyzed against acetonitrile to get rid of impurities.
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Figure 7.3. End group modification of polymer-coated iron oxide nanoparticles by pyridyl

disulfide group.

Characterization of this molecule was carried out with FT-IR and UV-Vis
spectroscopy. The characteristic peak at 1575 cm™in FT-IR and the peak at 290 nm in UV-
Vis spectroscopy come from pyridyl disulfide groups (Figure 7.4). In addition, from UV-
Vis spectroscopy, it is clearly observable that the peak at 308 nm that corresponds to
trithiocarbonate group disappeared and it was replaced by the pyridyl disulfide group. These
information proves that the functionalization of polymer coated iron oxide nanoparticles by
radical exchange reaction was successful.
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Figure 7.4. FT-IR spectrum (left) and UV-Vis spectroscopy (right) of
Fes0:@PEGMEMA@PDS nanoparticles.

7.2.2. End Group Modification by NHS Activated Carboxylic Acid Containing Azo

Initiator.

The second functionalization of the end groups of polymer-coated iron oxide
nanoparticles was achieved through the introduction of NHS-activated carboxylic acid group
using the NHS-activated V-501 azo initiator. The radical exchange reaction took place
between FesOs@PEGMEMA and NHS-ACVA. For this purpose, Fes04s@PEGMEMA and
excess amount of NHS-ACVA were dissolved in DMF and the mixture was purged with N2
for 20 minutes to remove O to prevent the formation of peroxy radicals. Then, the reaction
mixture was stirred for 16 hours at 70 °C (Figure 7.5). After the reaction, the mixture was

dialyzed against acetonitrile to get rid of impurities.
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Figure 7.5. End group modification of polymer-coated iron oxide nanoparticles by NHS-

n

activated carboxylic acid group.

Characterization of this transformation was carried out with FT-IR spectroscopy. The
characteristic peaks at 1782 and 1812 cm™ in FT-IR originates from the NHS group. In
addition, from UV-Vis spectroscopy, it is clearly seen that the peak at 308 nm which
corresponds to the trithiocarbonate group disappeared (Figure 7.6). These information
proves that the functionalization of polymer coated iron oxide nanoparticles by radical

exchange reaction was successful.
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Figure 7.6. FT-IR spectrum (left) and UV-Vis spectra (right) of
Fe3s04@PEGMEMA@NHS nanoparticles.

7.3. Disulfide Exchange Reaction between Pyridyl Disulfide Functionalized

Polymer-Coated Fe3O4 Nanoparticles and Glutathione

In order to demonstrate facile functionalization of the pyridyl disulfide functionalized
polymer-coated Fe3O4 nanoparticles, glutathione (GSH) was used. The disulfide bearing end
groups of these nanoparticles are cleaved by thiol bearing molecules such as GSH to give a
new disulfide bond after the reaction. To undertake this surface modification,
Fes04s@PEGMEMA@PAS and GSH were mixed in water at 37 °C for 1 hour (Figure 7.7).
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Figure 7.7. Glutathione attachment to FesO4@PEGMEMA@PDS nanoparticles.
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For characterization of this this molecule, UV-Vis spectroscopy was used to observe
the release of pyridine-2-thione, by-product of the reaction which gives a peak at 343 nm
(Figure 7.8). The characteristic peak corresponds to pyridine-2-thione, which proves the
existence of pyridyl disulfide group as the end group of polymer-coated iron oxide
nanoparticles, and its release suggests the formation of the new disulfide group.
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Figure 7.8. UV-Vis spectrum of pyridine-2-thione released from
Fe3s04@PEGMEMA@PDS nanoparticles.

7.4. Dye Attachment to Pyridyl Disulfide and NHS Activated Carboxylic Acid

Functionalized Polymer-Coated FesO4 Nanopatrticles

7.4.1. BODIPY-SH Attachment to Pyridyl Disulfide Functionalized Polymer-Coated
FesO4 Nanoparticles (FesOs@PEGMEMA@PDS) by Thiol Disulfide Exchange
Reaction

Functionalization of FesO4s@PEGMEMA@PdS was investigated by using thiol
bearing dye called BODIPY-SH. For this purpose, PDS functionalized polymer-coated
magnetic nanoparticles and the thiol bearing dye were mixed in the presence of EtsN in THF
at room temperature for 24 hours (Figure 7.9). At the end of the reaction, the desired dye
attached nanoparticles were precipitated in cold diethyl ether, since the dye itself is soluble
in ether.
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Figure 7.9. BODIPY-SH attachment to Fes0.@PEGMEMA@PDS nanoparticles.

Characterization of dye conjugated nanoparticle was achieved using UV-Vis
spectroscopy. The clearly observable peak at 520 nm is characteristic to BODIPY dye. This
shows successful conjugation of this dye to Fes0.@PEGMEMA@PDS nanoparticles by
disulfide exchange reaction (Figure 7.10). In addition, BODIPY-SH is a hydrophobic dye.
After conjugation to the hydrophilic polymer-coated nanoparticles, it becomes a water
soluble derivative. In order to visualize this, polymer-coated nanoparticles, BODIPY bearing
polymer-coated nanoparticles and free BODIPY-SH were observed under UV light in water
and ether phase, respectively (Figure 7.11). As expected, it was observed that the free dye
was soluble in ether due to its hydrophobic character. The BODIPY dye bearing polymer-
coated nanoparticles were soluble in water since they were grafted with PEG polymers. The
transfer of the hydrophobic dye to the aqueous phase illustrates successful conjugation of
the dye onto the polymer coated nanoparticle surface.
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Figure 7.10. UV-Vis spectra of Fes0s@PEGMEMA@PDS and
Fe3s04@PEGMEMA@BODIPY nanoparticles.

Figure 7.11. Free dye in ether (left), FesOs@PEGMEMA@PAS in water (middle),
BODIPY attached Fes0s@PEGMEMA nanoparticles under UV light.

7.4.2. Fluoresceinamine Attachment to NHS Activated Carboxylic Acid Functionalized

Polymer-Coated Fe3Os Nanoparticles (FesOs@PEGMEMA@NHS) by
Amidation Reaction

Functionalization of FesO4@PEGMEMA@NHS was observed by using a dye that

contains amine in its structure. FesO4@PEGMEMA@NHS and fluoresceinamine were
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mixed in the presence of EtsN in DMF at room temperature for 24 hours (Figure 7.12). At
the end of the reaction, the desired compound was dialyzed against water to remove

unreacted dye.
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Figure 7.12. Fluoresceinamine attachment to Fes0s@PEGMEMA@NHS nanoparticles.

Characterization of this molecule was achieved by FT-IR and UV-Vis spectroscopy.
The peak at 490 nm is characteristic to fluorescein amine. In addition, from FT-IR, itis easily
seen that the peaks at 1812 and 1782 cm that belong to NHS group disappeared, which
proves that NHS groups were replaced by during conjugation of the dye (Figure 7.13). This
suggests that conjugation of this dye to FesOs@PEGMEMA@NHS nanoparticles through

amidation reaction was successful.
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Figure 7.13. FT-IR spectrum (left) and UV-Vis spectra (right) of
Fes0.@PEGMEMA@NHS and Fez;Os@PEGMEMA@FIluorescein nanoparticles.

7.4. End Group Modification of Polymer-Coated Iron Oxide Nanoparticles by
Pyridyl Disulfide and NHS Activated Carboxylic Acid Containing Azo Initiators
(FesOs@PEGMEMA@PDS+NHS)

Once functionalization of both PDS and NHS terminated polymer brushes was
investigated by attachment of dyes, these two types of azo initiators were mixed and they
were intended to be attached to the polymeric nanoparticles by radical exchange reaction.
For this synthesis, Fes0s@PEGMEMA and excess amount of PAS-ACVA and NHS-ACVA
were dissolved in dry DMF. Then, reaction mixture was purged with N2 for 20 minutes to
remove O». After that, the reaction mixture was stirred for 16 hours at 70 °C (Figure 7.14)
Once the reaction was complete, the mixture was dialyzed against acetonitrile to get rid of

unreacted azo initiator fragments.



59

H CN S
o N SJ\S/Cmst
(0]
’ o ’g

o
~X'n

o
o
N N
\OJ\/>r #
o CN 2

DMF, 70 °C, 16 h

@wmw@‘mwv

n

O,

o

n

Figure 7.14. End group modification of polymer-coated iron oxide nanoparticles by PDS

and NHS functional groups.

Functionalization of this molecule was discussed by successfully attaching thiol and
amine functionalized dyes. Characterization of NHS and PDS bearing polymer—coated iron
oxide nanoparticles was shown at the beginning of this chapter. After synthesizing this
nanoparticles, UV-Vis spectroscopy of it was taken to see if the PDS groups were existing
or not. The peak at 280 nm comes from the PDS groups (Figure 7.15). However, NHS group
was not seen there since it is not visible in UV-Vis spectroscopy. In order to confirm the
NHS availability, cRGDfK which is the targeting group for cancer cells was attached to NHS
bearing polymers.
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Figure 7.15. UV-Vis spectroscopy of Fes0O4s@PEGMEMA@PDS+NHS

7.4.1. Attachment of cRGDfK to FesO4@PEGMEMA@PdS+NHS

After synthesis of Fes0Os@PEGMEMA@PIS+NHS, the first peptide which was
attached to functionalized iron oxide nanoparticles was cRGDfK which is the targeting
group. For this synthesis, Fes0s@PEGMEMA@PdS+NHS and cRGDfK were mixed in dry
DMF. The reaction mixture was stirred at room temperature for 24 hours (Figure 7.16). After

the reaction was complete, unreacted cCRGDfK was removed by dialysis against water.
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Figure 7.16. Attachment of cRGDfK to Fes04@PEGMEMA@PDS+NHS nanoparticles.

Characterization of this molecule was achieved by doing BCA assay protocol. After
this protocol, the peak at 562 nm in UV spectroscopy proved the presence of cRGDfK
attached to the nanoparticles (Figure 7.17). In order to learn how much cRGDfK was
attached, a calibration curve was drawn and it was calculated that there are 5 pg of cRGDfK
per 1 mg of iron oxide nanoparticles. PDS group existence was confirmed by UV-Vis

spectroscopy. The peak at 280 nm shows the existence of the PDS groups (Figure 7.18).
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Figure 7.18. UV-Vis Spectroscopy of Fes0s@PEGMEMA@PDS+cRGDfK

After attaching cRGDfK to iron oxide nanoparticles, the remaining NHS groups were
reacted with 1-amino-2-propanol to eliminate any side reactions. Because if there were NHS
activated carboxylic acid groups in nanoparticles, they would give thio-esterification
reaction with thiols, which is not desired for the scope of the project. After the reaction,
excess amount of 1-amino-2-propanol was removed by precipitating nanoparticles in diethyl
ether. As the future work, thiol bearing anticancer therapeutic agent will be attached since

the PDS groups exist there.
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8. CONCLUSION

In this project, water dispersible polyethylene glycol based magnetic iron oxide
nanoparticles with NHS activated carboxylic acid and pyridyl disulfide functionalized end
groups were synthesized by grafting from approach. Oleic acid stabilized iron oxide
nanoparticles were synthesized by thermal decomposition method. These magnetic
nanoparticles were polymerized with p(PEGMEMA) by RAFT polymerization. The end
groups of grafted polymers were trithiocarbonate groups which can be modified with azo
initiators. Pyridyl disulfide and NHS activated carboxylic acid containing azo initiators were
synthesized. Trithiocarbonate groups of polymer-coated iron oxide nanoparticles were
modified using these azo initiators by radical exchange reaction. Pyridyl disulfide groups of
these nanoparticles were able to react with a thiol bearing dye molecule to reform reversible
disulfide group. NHS activated carboxylic acid groups were able to react with an amine
bearing dye to form irreversible amide bond. By using this chemistry, amine bearing
cRGDfK targeting group was attached by amide formation. In the future thiol bearing
anticancer therapeutic agent will be attached by disulfide formation.
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