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ABSTRACT

DUAL REACTIVE POLYMER BRUSH COATED MAGNETIC
NANOPARTICLES

In recent years, iron oxide nanoparticle based systems have attracted attention for
biomedical applications due to their nanoscale size and unique magnetic properties. For
many applications they are coated with polymers, which provide them desired

dispersibility, as well impart desired properties for enabling biomedical applications.

In this study, we synthesized dual reactive polymer brush coated iron oxide
nanoparticles. Nanoparticles were synthesized via the thermal decomposition method to
obtain near monodisperse size distribution. Dopamine terminated polymers were
synthesized for use in grafting-to method. Also, nanoparticles with chain transfer agent
(CTA) anchored to their surface using dopamine were synthesized to obtain polymer
brushes using the graft-from approach. Reversible addition fragmentation chain transfer
(RAFT) polymerization was utilized to obtain polymers using both grafting-to and grafting
from approach. Polymers containing the thiolactone unit could be synthesized with good
control over composition and molecular weight using the dopamine-containing CTAs. For
the grafting-from approach, CTA was anchored onto nanoparticles, and surface-initiated
RAFT polymerization was used. The thiolactone unit was used as a reactive group to impart
the system with dual reactivity. The thiolactone ring reacts with amine-containing
molecules, and in the process releases a free thiol as a second reactive unit. In our work, we
used an azide-containing amine for the thiolactone ring-opening, followed by trapping of
the newly formed thiol group as a pyridyl disulfide unit which is known to undergo
exchange reactions with thiolated molecules. As a model cargo, thiolated hydrophobic
fluorescent dye, BODIPY thiol, was conjugated to the system via thiol-disulfide exchange
reaction. As a result, we obtained magnetic nanoparticles bearing a clickable azide and a

thiol-exchangeable PDS group to attach any desired cargo for intended applications.



OZET

IKiLi REAKTIF POLIMER FIRCA KAPLI MANYETIK
NANOPARTIKULLER

Son yillarda, demir oksit nanopargacik bazli sistemler, nano Slgekli boyutlar1 ve
benzersiz manyetik 6zellikleri sayesinde biyomedikal uygulamalar i¢in dikkat ¢ekmistir.
Bir¢ok uygulama icin yapilan polimer kaplama, onlara istenen dagilabilirligi verir ve ayni

zamanda biyomedikal uygulamalar i¢in istenen 6zellikleri saglar.

Bu calismada, ¢ift reaktif gruplu polimer fir¢a kapli demir oksit nanopargaciklari
sentezledik. Nanopartikiiller, monodisperse yakin boyut dagilimi elde etmek icin termal
ayristirma yontemiyle sentezlendi. Bir ucunda dopamin olan polimerler “ylizeye baglama”
yonteminde kullanilmak iizere hazirlandi. Ayrica, dopamin kullanilarak yiizeylerine zincir
transfer ajan1 (CTA) baglanan nanopartikiiller sentezlendi ve “yiizeyden biiyiitme”
yaklagimi kullanilarak polimer firgalar elde edildi. “Yiizeye baglama” ve “yiizeyden
biiylitme” yaklasimlarin1 kullanilarak polimerler elde etmek icin tersinir ekleme
pargalanma zincir transferi (RAFT) polimerizasyonu kullanildi. Tiyolakton birimini iceren
polimerler, kompozisyon ve molekiiler agirlik {izerinde 1yi kontrol ile dopamin i¢eren zincir
ajanlar kullanilarak sentezlenebildi. “Yiizeyden biiyiitme” yaklasimi i¢in, nanopartikiiller
lizerine zincir ajanlar sabitlendi ve yilizeyden baslatilan RAFT polimerizasyonu kullanildu.
Tiyolakton birimi, sisteme ikili reaktivite kazandirmak i¢in reaktif bir grup olarak
kullanildi. Tiyolakton halkasi, amin igeren molekiillerle reaksiyona girer ve bu sirada ikinci
bir reaktif birim olarak serbest bir tiyol birakir. Calismamizda, tiyolakton halka agilmasi
icin azid iceren bir amin kullandik, ardindan yeni olusan tiyol grubunu, tiyollenmis
molekiillerle degisim reaksiyonlarina girdigi bilinen bir piridil disiilfid ile kapattik. Model
kargo olarak, tiyollenmis hidrofobik floresan boya, BODIPY tiyol, tiyol-disiilfid degisim
reaksiyonu yoluyla sisteme konjuge edildi. Sonu¢ olarak, amacglanan uygulamalar i¢in
istenen herhangi bir kargoyu eklemek i¢in klik ile modifiye edilebilen bir azid ve bir tiyol
ile degistirilebilir PDS grubu tasiyan manyetik nanoparcaciklar elde ettik.
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1. INTRODUCTION

1.1. Iron Oxide Nanoparticles

Nano-sized materials have flourished in biomedical applications for the past few decades
due to their high cargo loading capacity. A range of organic, inorganic, carbon, and hybrid
materials exist with their distinctive features as presented in Figure 1.1. Due to the unique
properties and large surface-to-volume ratio of magnetic nanoparticles (MNPs), they are
utilized in a wide range of biomedical applications such as drug delivery [1], gene delivery [2],
cellular imaging [3], MRI agent [4], hyperthermia [5], bio-separation [6], and diagnostics [7]

as shown in Figure 1.2.
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Figure 1.1. A general summary of nanoparticles and nanostructured materials [8].



Although magnetic in nature, cobalt and nickel oxide nanoparticles are not suitable for
biomedical applications due to their toxic nature [9]. On the other hand, iron oxide nanoparticles

are considered safe and used in clinics for MRI applications as contrast agents [10,11].

Drui Delivery

Cellular Imaging Gene Delivery

Magnetic
Nanoparticles

Hyperthermia
o

Bio-separation Diagnostics/
Vs Detection @

Figure 1.2. Applications of magnetic nanoparticles [12].

Iron oxide nanoparticles (IONPs) composed of a magnetic iron core coated with various
polymers have excellent targeting abilities for targeted drug delivery and imaging purposes
compared to other nanomaterials due to their specific localization under an applied magnetic
field demonstrated in Figure 1.3 [13]. Localizing iron oxide nanoparticles in the tumor tissue
causes cell death by increasing the temperature in that region (hyperthermia) [14]. Although
many applications utilize the properties of the magnetic core, by adding functional units on the
nanoparticle's surface, such as targeting groups and drugs, proteins, or dye molecules, the

advantages of iron oxide nanoparticles can be enhanced.



free drugs drug-loaded
SPIONs

Figure 1.3. Localization of magnetic nanoparticles under magnetic field [13].

1.1.1. Synthesis of Iron Oxide Nanoparticles

Magnetite (Fe3O4), maghemite (y-Fe>Os3), and hematite (a-Fe>O3) are the most studied
forms of iron oxide nanoparticles. Even though hematite is the most stable, it has the weakest
magnetic strength [15]. Magnetite, in its structure, contains both Fe*? and Fe** in a ratio of 1:2,
and maghemite is formed by its oxidation [16]. They can be differentiated by their structural

differences which can be seen on Figure 1.4.

(a) Hematite (b) Magnetite

Figure 1.4. Crystal structure of the hematite, magnetite and maghemite (black balls:
Fe?", green balls: Fe*" and red balls: O*") [17].



Table 1.1. Pros and cons of different synthesis routes [18].

Type of Synthesis

Pros

Cons

Microwave

Short reaction time, higher
yields, excellent
reproducibility, easy handling

Expensive, unsuitable for scale-up
and reaction monitoring

Spray pyrolysis

Finely dispersed particles of
predictable size, shape and
variable composition

Aggregated particles, expensive

Laser pyrolysis

Small particle size, narrow
particle size distribution, near
absence of aggregation

Complicated, very expensive

Pulsed wire
discharge method

Fast process, higher purity of
NPs

Batch process, limited production,
high vacuum systems, costly
process, contaminations in
product

Chemical vapor
condensation

Suitable for preparing small
quantities to demonstrate
desired properties in the

laboratory

Low production, difficult to
control size and particle size
distribution

Co-precipitation

Convenient method, simple
and rapid preparative method,
easy control of particle size
and composition

Extensive agglomeration, poor
morphology and particle size
distribution

Thermal
decomposition

Producing highly
monodispersed particles with
a narrow size distribution

High cost, long-time synthesis
reaction, high temperature

Microemulsion

Monodispersed nanoparticles
with various morphology can
be produced

Not very efficient and difficult to
scale up

Polyol

Uniform size particles can be
prepared, easy to scaleup

Needs high temperature, long time

Sol-Gel

Low processing cost, energy
efficiency, high production
rate, and rapid productivity

Limited efficiency, high cost

Sonochemical

Simple, low cost, safe,
environment friendly, absence
of many reactants

Very small concentration of
prepared NPs, particle
agglomeration is very narrow

Biological synthesis
of nanoparticles
using plants and

bacteria

Selectivity and precision for
nanoparticle formation, cost
effective, eco friendly

Limited knowledge, difficulty in
controlling size and properties




The synthesis of IONPs can be realized using either chemical, physical, or biological
methods. The synthetic route can be selected considering the advantages and drawbacks of
methods given in Table 1.1 to obtain the desired shape, size, polydispersity, and colloidal
stability [18].

As shown in the Figure 1.5, the most popular chemical synthesis pathways chosen for the
IONPs can be classified as coprecipitation [19], hydrothermal [20], microemulsion [21], and

thermal decomposition [22] methods.

Coprecipitation

S— e
e ——— e

*

Thermal The Most Common Chemical Hvdrothermal
__decomposition _ Synthesis Pathways g

—— s

—— —

Microemulsion

e ——

Figure 1.5. The most popular chemical synthesis pathways of IONPs.

During the coprecipitation method, as shown in Figure 1.6, nanoparticles are obtained
using a mixture of ferrous and ferric salts under basic aqueous environment [23]. The method
can be easily scaled up, and the size distribution depends on various factors, including changes
in the temperature, pH, and stirring rate. Lastly, they are coated with some surfactants to prevent
aggregation. Even though this method is simple, cheap, and suitable for large-scale synthesis,

it results in polydisperse particles.
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Figure 1.6. Coprecipitation method synthesis pathway [24].

Hydrothermal synthesis needs autoclaves or reactors due to requirements of elevated
temperature and pressure conditions [25]. The use of ethylene glycol as a solvent is widespread
due to its high boiling point, and polymers are used as surfactants during the reaction. Reaction
time and concentration play a significant role in determining particle size. This method

produces highly crystalline nanoparticles with relatively low yields.

Microemulsion is another widely used method that benefits from the role of micelles in
synthetic media [26]. Because the reaction is achieved in a water-oil mixture, surfactant use is
the critical parameter. A range of anionic, cationic, and neutral surfactants can be used to control
the size and prevent aggregation. Using this method, one can prepare monodisperse particles,

but large-scale synthesis is hard to achieve.

The thermal decomposition method, demonstrated in Figure 1.7, has gained an interest in
recent years because it allows a monodisperse particle production in high yields. Nanoparticles
are obtained at high temperatures (around 300°C) via the decomposition of organometallic
precursors, such as metal-oleates, metal-carbonyls, or metal-acetylacetonates, in the presence
of high boiling point solvent and surfactants [25]. Organic precursors are formed by reacting
metal salts and organic acid salts. Concentration, temperature, heating rate, and duration, are

the main factors behind particle size and morphology.
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Figure 1.7. Thermal decomposition method synthesis pathway [24].

1.2. Surface Coatings on Iron Oxide Nanoparticles

Iron oxide nanoparticles tend to aggregate and precipitate easily in aqueous media.
Surface engineering of nanoparticles plays a significant role in minimizing the aggregation and
tailoring their suitability for biomedical applications. While small molecules on the surface fail
to maintain colloidal stability under high ionic strength conditions, polymer coating increases
their stability. It is essential to ensure that the polymeric coating remains bound to the
nanoparticle surface under biological conditions. Anchoring groups are employed to impart

strong adhesion of the polymers onto the inorganic surface.

1.2.1. Anchoring Groups Used for the Attachment

The anchoring group, the linkage between the magnetic nanoparticle and coatings, is one
of the critical components for the stable attachment of the polymeric layer to the nanoparticle's
surface. Carboxylic acid usage was widespread as a stabilizer for iron-containing systems;
however, it is shown to be non-ideal due to the instability of the chelate bond. For this purpose,
one can employ trimethoxy silane, phosphonic acid, and catechol groups as shown in Figure

1.8 [27].
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Figure 1.8. Anchoring groups used for surface attachment.

Mussels, with the help of catechol group containing adhesive proteins having the ability
to attach various surfaces, even in the presence of waves and ionic media, have shown that these
dihydroxyl aromatic groups enable strong adhesion to various surfaces. The catecholic amino
acid, dopamine, is a bioinspired anchor group that has evoked great interest in recent years due
to formed chelate stability and simplicity of functionalization through the present amine in the
structure [28]. As a first time, Xu et. al. described a general strategy to use the dopamine group
as an anchor group on the surface of iron oxide nanoparticles and showed its stability in high

temperature and high ionic strength conditions [29].

1.2.2. Hydrophobic Coatings

Due to the high surface-to-volume ratio, magnetic nanoparticles tend to stick together.
Moreover, they are highly susceptible to oxidizing agents. Therefore, to prevent their
aggregation, keeping them monodisperse and thus control their properties, most synthesis

methods include some hydrophobic surfactant use during nanoparticle formation.

With its alkyl chain and carboxylic acid units, oleic acid is widely preferred as a surfactant
during magnetic nanoparticle synthesis. It is known as the most effective stabilizer for magnetic

fluids. The carboxylic acid unit attaches to the nanoparticle surface, and the hydrophobic alkyl



chain prevents particles from sticking together as demonstrated in Figure 1.9. Moreover, the
double bond in the middle of the tale structure, called a kink, facilitates an appropriate steric
hindrance. It is proven by the ineffectiveness of the stearic acid as a stabilizer, having the same

tail length without a kink in its structure [30].
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Figure 1.9. Non-coated (top) and oleic acid-coated (bottom) nanoparticles.

1.2.3. Hydrophilic Coatings

For the biomedical applications, the use of iron oxide nanoparticles can be achieved only
if they have water solubility and stability for a long period of time. Some natural and synthetic
hydrophilic polymers are employed for this purpose. As hydrophilic natural polymers starch
[31], albumin [32], chitosan [33], gelatin [34] and dextran [35] are most widely preferred
polymers. Besides, poly(ethylene glycol) (PEG) [36], poly(N-isopropylacrylamide) (PNIPAM)
[37], poly(vinyl alcohol) (PVA) [38], poly(acrylic acid) (PAA) [39], poly(N,N-
dimethylacrylamide) (PDMA) [40], poly(methyl methacrylate) (PMMA) [41] are some
examples of synthetic polymers used. The main idea behind employing all these polymers is to
add hydrophilicity in order to increase the circulation time in the blood by adding anti-

biofouling properties.
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1.3. RAFT Polymerization

For polymer synthesis, there exists a variety of techniques, including atom transfer radical
polymerization (ATRP), nitroxide mediated radical polymerization (NMP), and reversible
addition-fragmentation chain-transfer (RAFT) polymerization. From all of those, the RAFT
polymerization offers a preferable polymerization technique for fabricating polymer-coated
iron oxide nanoparticles because of its compatibility with a variety of monomers and synthesis

in moderately mild conditions without any need for metal catalysts [42].

RAFT polymerization has attracted significant attention since it was first published in
1998 [42]. As given in Figure 1.10, it starts with the initiation step involving the radical
formation by heating and decomposing the conventional initiators such as AIBN and V-501.
Formed radical propagates the chain growth by combining with the monomers in the media.
The next step includes the RAFT agents known as chain transfer agents (CTAs), which are
thiocarbonylthio compounds (Z-C(=S)S-R). The use of CTA comes from the equilibrium
condition it creates in the media. With the help of this equilibrium, it impacts the rate of the
reaction by slowing it down and thus increasing the structural control. By creating an activation-
deactivation cycle, monomers are added to chains slowly and one by one. Therefore, in the end,
all the chains will have a similar degree of polymerization, meaning that they will have a similar
molecular weight, so a low poly-dispersity index (PDI). At the last step, radicals react with each

other, and the polymerization terminates.

With its controlled nature, low PDI, and non-metallic feature, RAFT polymerization is
suitable for synthesizing polymers having pre-determined molecular weight for materials with

biomedical application purposes.
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Figure 1.10. RAFT polymerization mechanism.

1.4. Polymer Grafting

Utilizing polymers to coat iron oxide nanoparticles would be beneficial for biomedical
applications. For the coating process, there exist several synthetic pathways after the
nanoparticle synthesis. By employing anchoring groups, together with grafting-to or grafting-
from methods, polymeric coatings can be achieved on the IONPs as demonstrated in Figure

1.11 [43].

The grafting-from approach mainly focuses on synthesizing initiator immobilized
nanoparticles and obtaining a polymer with a surface initiation. For this approach, the first step
is the place exchange reaction between the surfactant and initiator molecule. The initiator
mentioned here should contain an anchoring unit for attachment to the nanoparticle surface.
Then, monomers start polymerizing from the nanoparticle's surface, forming dense polymer

brushes around the core of magnetic nanoparticles [12].
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Figure 1.11. Polymer grafting approaches for iron oxide nanoparticles.
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Figure 1.12. Catechol-based initiator and polymer synthesis [44].

For the first time in the literature, as shown in Figure 1.12, Messersmith and coworkers
reported the use of dopamine-containing initiator to form antifouling polymer-coated metal
substrates via surface-initiated polymerization with the help of ATRP [44]. More recently,
Sanyal and coworkers reported similar uses of dopamine-based anchoring to prepare polymer-

coated magnetic nanoparticles using a grafting-from approach with given mechanism in Figure
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1.13. For this time, the chain transfer agent (CTA) was modified to contain a dopamine unit.
The nanoparticles coated with dopamine-modified CTA were obtained by a place exchange
reaction between the CTA and oleic acid. Then, the polymerization of hydrophilic monomer

from the surface resulted in water-dispersible magnetic nanoparticles [45].
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Figure 1.13. Example of grafting-from approach for synthesizing polymer-coated iron
oxide nanoparticles [45].

The second approach, grafting-to, utilizes synthesized nanoparticles and an anchoring
group-containing polymer. Firstly, polymer synthesis is undertaken. Incorporating an anchoring
group on the polymer can be achieved using different components, such as an appropriately
functionalized initiator or monomers. Later, the attachment of the synthesized polymer is
obtained via a place-exchange reaction. As mentioned, most of the synthesized parent
nanoparticles are coated with a surfactant such as oleic acid to prevent aggregation. Therefore,
during the place-exchange reaction, surfactants are replaced with polymer chains. Because of
the steric hindrance between polymers, nanoparticles are surrounded by polymers in

mushroom-like conformation rather than a dense brush-like coating [12].

In a recent example, Sanyal and coworkers reported successful conjugation of polymers
using the grafting-to approach [46]. Dopamine-modified CTA was used for the preparation of
hydrophilic functional polymers as demonstrated in Figure 1.14. Then, those polymers were
surface-immobilized to magnetic nanoparticles via a place exchange reaction. Water-
dispersible fluorescent magnetic nanoparticles were obtained even after the conjugation of a
hydrophobic fluorescent dye, thus suggesting the suitability of such materials for biomedical

applications.
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In summary, the grafting-from approach enables us to have a denser polymer coating
when compared to the grafting-to approach. Because steric hindrance between small molecules
is much less than that of the polymers, monomers are attached to yield closely packed polymer
brushes around the surface. While the graft-to approach is restricted by steric hindrance, it
facilitates the characterization of the polymer chains. For the polymer-coated IONP synthesis,
RAFT polymerization is compatible with both grafting-to and grafting-from methods [47]. For
this purpose, generally, CTAs are modified to contain anchor groups because the stable
attachment between polymer and the IONP is crucial. For the grafting-to approach, an
anchoring group coupled CTA can be used during the polymerization [46], or a monomer
containing an anchoring group can be used during the polymerization [48]. During the grafting-
from approach, modified CTA is directly anchored to IONP surface by place exchange reaction
[45].

1.5. Functional Polymer Grafting for Iron Oxide Nanoparticles

While most systems focus on biocompatible polymer brush coatings, interest in
functionalizable polymeric nanoparticles has grown in the last decade. Such that biocompatible
nanoparticles can be further modified to contain functional groups with the help of polymer

brushes.
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Figure 1.15. Examples of end group modification of polymer-coated IONPs (a) by
Sanyal et al. and (b) by Davis et al. (bottom) [45,49]

End group functionalization is a popular approach to obtaining functional groups around
the nanoparticle through chain-end modification. This method is widely used for polymer

brushes prepared using controlled radical polymerizations such as ATRP and RAFT
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polymerization. Sanyal et al. have published end group clickable polymer brushes around the
magnetic nanoparticles with end group post-polymerization modifications which is shown in
Figure 1.15a. After brushes were synthesized by RAFT polymerization using grafting-from
method, trithiocarbonate groups were replaced to install maleimide and azide groups at the
chain end [45]. Those groups are then used to attach c-RGDfK peptide as a targeting group and
BODIPY-SH as a fluorescent agent. Recently, Davis and coworkers developed a strategy to
obtain dibromomaleimide end-group functionalized polymer brush coated magnetic
nanoparticles synthesized by the grafting-to method as shown in Figure 1.15b [49]. The diblock
polymer was synthesized by RAFT polymerization, having phosphonate units at the polymer
backbone used as anchoring groups where PEG chains allow their biocompatibility. With the
amino substitution of biomolecules to the dibromomaleimide terminated nanoparticles, they

successfully achieved the conjugation-induced fluorescence properties.

Another approach to obtaining functional polymer grafting around magnetic
nanoparticles involves adding the cargo or functionalizable unit as a monomer during
polymerization. As demonstrated in Figure 1.16a, Haddleton and coworkers have constructed
various hydrophilic fluorescent copolymers with a surface attachable dopamine group at the
chain end [50]. Rhodamine B acrylamide-based monomer was used during polymerization as a
fluorescent agent. Those polymers are grafted to magnetic nanoparticles revealing excellent
fluorescence with no significant cytotoxicity. In another example, Sanyal et al. have prepared
water-soluble magnetic nanoparticles coated with thiol-reactive dopamine terminated polymers
as shown in Figure 1.16b [46]. Polymers containing PEG units to achieve hydrophilicity and
maleimide units to serve as reactive groups were prepared via RAFT polymerization. Diels
Alder reaction followed by retro-Diels Alder reaction was used to achieve reactive maleimide
groups towards nucleophilic Michael addition reaction. They also functionalized the furan-
protected maleimide unit, the reactive unit without retro-Diels Alder reaction, via the
photoinitiated radical thiol-ene reaction. Attachment of hydrophobic fluorescent thiol-
containing dye resulted in water-soluble fluorescent magnetic nanoparticles showing its

possible use in biomedical applications.



17

Fluorescent magnetic
glyconanoparticles

Fluorescent glycopolymer 2! f ﬁ;

oooooooooooooooooo

59 @HNH

\ )
N Kep e % %ﬁ

®essscee N\ N vy sesssssee
$ \ Ligand k@o oo Od
H exchange
HO. N +
HO:© 0 O %

(a)

o -
A “SH
] N 3
V‘O Functionalization via
Nucleophilic Thiol-ene

Conjugation

A ,,—40 - “SH
LI N D ——
. 2) Functionalization via

Radical Thiol-ene

Conjugation

Water Soluble Thiol-reactive
Polymer-coated Nanoparticles

(b) Anchoring Group

Figure 1.16. Examples of functional monomer containing polymer-coated iron oxide

nanoparticles (a) by Haddleton et al. and (b) by Sanyal et al. (bottom) [50,46]

1.6. Thiolactone Chemistry for the Synthesis of Functional Materials

Thiolactones with their double modification sides as reactive handles have very

of free thiols.

promising chemistry, as revealed in Figure 1.17, pioneered by Du Prez and coworkers (Figure
1.17) [51]. They are similar to a lactone ring but with a sulfur atom next to the carbonyl group
instead of an oxygen atom. The ring-opening can occur with various functional amine groups,
and formed thiol can further react with any present thiol scavengers. Furthermore, in situ thiol

formation is advantageous thanks to the prevention of unpleasant smells and short shelf lives
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Figure 1.17. Schematic representation of the ring-opening of thiolactones [53].

In the literature, thiolactones are used to synthesize and modify polymers via different
pathways; amine-thiol-ene conjugation [52-54], disulfide formation [55-57], double post-
polymerization modification (PPM) [58-60], and solid-supported synthesis [61,62]. Figure 1.18

summarizes general chemical approaches for all those methods.
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Figure 1.18. Overview of synthetic techniques for the modification of thiolactones [53].

Synthesis of hydrogels [63,64], nanogels [65], fibers [63], as well as modifications of
surfaces [56,66,67] and functional polymers [59,60,68] are performed with the help of
thiolactones. Du Prez et al. have shown the ring-opening of thiolactone can be achieved with a
variety of functional amines followed by Michael addition reactions in a single pot as given in

Figure 1.19 [59]. They synthesized a variety of thermo-responsive polymers with RAFT
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polymerization. Post-polymerization modifications were performed to both change cloud points

on demand and to add new functions to the synthesized materials.
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Figure 1.19. Schematic representation of a one-pot double modification of thiolactone-
containing polymers [59].

Durmaz and coworkers have studied the use of double PPM on thiolactone-containing
copolymers prepared by ring opening metathesis polymerization (ROMP) [58]. As
demonstrated in Figure 1.20, they synthesized copolymers using ring opening metathesis
polymers employing novel oxanorbornene monomers containing thiolactone moiety. For the
polymer having thiolactone units close to the backbone named P1, the aminolysis ratio was
significantly low. Even with the solvent change and the increase in propylamine, methyl
acrylate units, and reaction time the highest successful aminolysis ratio was found to be 10%.
Then, a new polymer, P8, obtained by the polymerization of the second monomer, having a
spacer between the polymer backbone and the thiolactone unit, was synthesized and they

achieved successful aminolysis up to 100% on this polymer.
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Figure 1.20. Schematic representation of thiolactone ring-opening reactions with a
variety of amines in the presence of methyl acrylate to capture released thiol [58].

Thayumanavan and coworkers synthesized nanogels by opening the thiolactone ring with
a range of functional amines and using the formed thiol as a crosslinking agent with given
mechanism in Figure 1.21 [65]. Disulfide bonds formed at the crosslinking points create a
redox-responsive structure. Meaning that, in the presence of a reducing agent, such as
dithiothreitol (DTT), disulfide bond breakage occurs. In the end, they demonstrated that
synthesized nanostructures can encapsulate hydrophobic drugs and release them in the target

intracellular environment.
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Figure 1.21. Schematic representation of nanogel formation through thiolactone moiety
[65].

Patton et al. have synthesized the thiolactone-containing polymer brushes with surface-
initiated polymerization and modified surfaces with a post-polymerization modification
approach as shown in Figure 1.22 [66]. Homopolymers of thiolactone had grown from the
silicon surface and 4-bromobenzylamine was used for the ring-opening reaction. Then, the
formed thiol reacted with 1H,1H perfluoro-N-decyl acrylate (PFDA) through the thiol-Michael
reaction. They performed both sequential PPM and one-pot PPM. XPS and water contact angle
measurement results revealed that one-pot synthesis is much more effective than sequential

synthesis for the attachment of the formed thiol after the ring-opening.
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Besides all those examples, thiolactone functional group bearing iron oxide particle are
rare. Zhang et al. synthesized hollow iron oxide microspheres and functionalized them with a
thiol-ene reaction with a small molecule containing thiolactone as given in Figure 1.23 [69].
With the thiolactone unit, they aimed to obtain selective aminolysis and effective binding of the

template proteins via released thiol.
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Figure 1.23. General scheme of the thiolactone use on hollow iron oxide microspheres
[69].
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Furthermore, Rutnakornpituk and coworkers, have synthesized thiolactone containing
polymer coated magnetic nanoclusters [70,71]. In their previous work, they used thiolactone on
the polymer chain to incorporate alkyl chains, and released thiols were used to obtain
nanoclusters by attaching to surface with thiol-ene chemistry. More recently, as shown in the
Figure 1.24, they attached thiolactone-containing polymers to amine-coated nanoparticles and

newly formed thiol groups reacted with each other to form nanoclusters.
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Figure 1.24. Schematic illustration of the formation of nanoclusters [70].



24

2. AIM OF THE STUDY

The aim of this project is to realize the synthesis and characterization of dual-
functionalizable polymer brush coated magnetic nanoparticles which can be used for
biomedical applications with a general scheme shown in Figure 2.1. Firstly, oleic acid coated
magnetic nanoparticles obtained using the thermal decomposition method to obtain uniform
nanoparticles with sizes around 20 nm will be employed. To obtain a polymer coating around
the nanoparticles, dopamine moiety was utilized with its high stability attachment.
Dimethylacrylamide-based polymer brushes were synthesized to obtain water dispersibility.
The dual-reactive feature was added to the polymers with the incorporation of thiolactone units.
The thiolactone group undergoes a ring-opening reaction in the presence of amine-containing
molecules and expose a free thiol. For the ring-opening reaction, azide group containing amine
was used to obtain a further clickable component. The released thiol group was capped with a
PDS unit to obtain a thiol-exchangeable module. By the exchange reaction with PDS, thiol-
containing fluorescent dye will be attached through a redox-responsive disulfide bond. The
azido linkage will allow further modification using alkyne-containing molecules. Incorporation
of the amine and PDS group will allow dual functionalization of obtained magnetic

nanoparticles to enable various biomedical applications.



Figure 2.1. Schematic representation of the aim of the project.
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3. EXPERIMENTAL

3.1. Materials

Oleic acid, dopamine hydrochloride, 1-dodecanethiol, and iron (III) chloride
hexahydrate, D, L-homocysteine thiolactone hydrochloride, 2- (dodecylthiocarbonothioylthio)-
2-methyl propionic acid, and N,N-dimethylacrylamide were purchased from Sigma-Aldrich.
N,N-dimethylacrylamide was filtered through basic aluminum oxide before use. Sodium oleate
and 2,2'-dipyridyldisulfide (PDS) were purchased from TCI. Triethylamine was purchased
from Merck. 1,4-dithiothreitol, N-hydroxysuccinimide, 1-octadecene, 1-ethyl-3-(3- dimethyl
aminopropyl)carbodiimide, and acryloyl chloride were purchased from Alfa Aesar. 4,4'-
azobis(4-cyanovaleric acid) (V-501) was purchased from Fluka. Sodium bicarbonate and
solvents were purchased from Merck. All materials were used as received unless otherwise
stated. 3-azido-1-propanamine and BODIPY-SH were synthesized according to the literature
[72,73].

3.2. Instrumentation

400 MHz Bruker spectrometer was used for 'H NMR spectra analysis at 25°C.
Deuterated chloroform (CDClz) 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 um particle
size) with dimethylacetamide as eluent was used to analyze the molecular weights and PDI
values of the synthesized polymers. Varian Cary 100 Scan spectrophotometer was used to
obtain UV-visible spectra. Malvern Zetasizer Nano ZS photometer was used to obtain dynamic
light scattering (DLS) results. Scanning transmission electron microscopy (STEM)
observations were carried out by using Thermo Scientific Quattro S. Thermogravimetric
analysis (TGA) were conducted on a TA Instruments machine under a nitrogen atmosphere,

heating rate was 10 °C/min.
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3.3. Synthesis of Oleic Acid Coated Iron Oxide Nanoparticles (OA@Fe304)

Oleic acid-coated iron oxide nanoparticles were synthesized using the thermal
decomposition method according to the literature [45]. The IONPs were kept in hexane and

were precipitated to acetone before use.

3.4. Synthesis of Thiolactone Acrylamide Monomer (TlaAm)

Thiolactone acrylamide was synthesized according to a previously reported method [60].
Firstly, D, L-homocysteine thiolactone hydrochloride (3.0 g, 19.5 mmol) was treated with
NaHCO:s (8.2 g, 97.7 mmol) in a water/dioxane (1/1, 42 ml) mixture at 0 °C. Acryloyl chloride
(3.6 g, 39 mmol) was slowly added to the mixture and the reaction was stirred for 24 hours at
room temperature. 40 ml brine was added and extracted with ethyl acetate three times. The
organic phase was dried with Na;SO4 and the solvent was removed by rotary evaporation.
Recrystallization of the residue in DCM yielded white crystals. (85% yield.) '"H NMR (CDCl;,
7.26ppm): & 6.33 (d, 1H, CH2=CH), 6.14 (dd, 1H, CH2=CH), 6.05 (bs, 1H, NH), 5.72 (d, 1H,
CH>=CH), 4.56 (p, 1H, CH-NH), 3.39 (dt, 1H, CH2-S), 3.27 (dd, 1H, CH2-S), 3.03 (p, 1H,
CH>-CH2-CH), 1.95 (dq, 1H, CH2-CH2-CH).

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

3.5.1. Synthesis of NHS-CTA

Synthesis of NHS-CTA, 2,5-dioxopyrrolidin-1-yl 2-(((dodecylthio)carbonothioyl)thio)-
2-methyl propanoate, was followed by the previous literature with the esterification reaction of
N-hydroxysuccinimide (NHS) and 2- (dodecylthiocarbonothioylthio)-2-methyl propionic acid
(DDMAT) in the presence of 1-ethyl-3-(3- dimethyl aminopropyl) carbodiimide (EDCI) as the
carboxyl activating agent [45].
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3.5.2. Synthesis of Dopa-CTA

Dopa-CTA, 1-((3,4-dihydroxyphenethyl)amino)-2-methyl-1-oxopropan-2-yl dodecyl
carbonotrithioate, was prepared according to the literature by the amidation reaction between

NHS-CTA and dopamine hydrochloride (Dopa.HCl) [45].

3.6. RAFT Copolymerization for Graft-To Approach (Dopa-Polymer)

As a typical procedure for the 20% thiolactone-containing dopamine-terminated polymer
synthesis (P-20%), Dopa-CTA (100 mg, 0.2 mmol) 4,4'-azobis(4-cyanovaleric acid) (V-501)
(5.6 mg, 0.02 mmol) and N,N-dimethylacrylamide (1.188 g, 12 mmol) and thiolactone
acrylamide (513 mg, 3 mmol) were dissolved in 1.2 mL of DMF, and the mixture was purged
with nitrogen for 20 min. After 18 hours of reaction at 70 °C, the solvent was removed by rotary
evaporation, and polymer-coated NPs were precipitated in diethyl ether several times to remove

unreacted monomers and collected by centrifugation at 9000 rpm.

3.7. Dopa-CTA Immobilization onto Fe3O4 Nanoparticle for Graft-From Approach
(Dopa-CTA@IONP)

Place exchange reaction between oleic acid and Dopa-CTA was performed according to
literature [45]. Oleic acid-coated iron oxide nanoparticles (OA@IONP) (50 mg) were dissolved
in chloroform (5 ml), and mixed with Dopa-CTA (250 mg). The reaction was stirred for two
days at 40 °C under a N> atmosphere. For the purification, the solution was precipitated into
methanol and washed with methanol several times by controlling the disappearance of Dopa-

CTA on the TLC plate.
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3.8. Surface Initiated RAFT Copolymerization (Grafting-From Method) (TlaAm-
DMA@IONP)

As a typical procedure for the graft-from approach, Dopa-CTA@IONP (10 mg) 4,4'-
azobis(4-cyanovaleric acid) (V-501) (1.5 mg, 0.0054 mmol) and N,N-dimethylacrylamide
(104.5 mg, 1.06 mmol) and thiolactone acrylamide (45 mg, 0.26 mmol) were dissolved in 1.2
mL of dioxane, and purged with N». The reaction mixture was mixed in an oil bath at 70 °C. 18
hours later, the solvent was removed by rotary evaporation, and polymer-coated nanoparticles
were precipitated several times from THF/diethyl ether (1/5) mixture to remove unreacted

monomers and free polymers and collected by centrifugation at 9000 rpm.

3.9. Dual Functionalization of Surface Initiated RAFT Copolymers

Dual functionalization of the thiolactone units was performed by mixing 20 mg TlaAm-
DMA@ IONP, 3-azido-1-propanamine (3 mg), and TEA (5.7 mg) in CHCl; (0.5 ml) for 1 hour,
followed by the addition of 2,2'-dipyridyldisulfide (PDS) (6.2 mg). The reaction was left at
room temperature for 24 hours. Repeated precipitation into diethyl ether was performed to

obtain pure product.

3.10. Reductive Cleavage by DTT

The reductive cleavage was performed in a DTT solution (10 mM). Dual functionalized
magnetic nanoparticles (5 mg) and DTT (1.54 mg, 0.01 mmol) were dissolved in H>O (1 ml).
The reaction was performed for 16 hours and at the end, the sample was frozen and lyophilized
to remove H>0O. When the dry sample was washed with ether, released 2-thiopyridone was

detected using UV-Vis spectroscopy.
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3.11. Pyridyl Disulfide-Based Thiol-Disulfide Exchange Reaction

Conjugation of BODIPY-SH was performed using the pyridyl disulfide-based thiol-
disulfide exchange reaction. Dual functionalized magnetic nanoparticles (10 mg) were mixed
with BODIPY-SH (0.6 mg) and a catalytic amount of acetic acid in DMF (0.6 ml). The reaction
was allowed to proceed for five hours at room temperature. At the end of five hours, BODIPY -
SH conjugated nanoparticles were precipitated several times from diethyl ether to remove

unreacted dye molecules and collected by centrifugation at 9000 rpm.
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4. RESULTS AND DISCUSSION

4.1. Synthesis and Characterizations of Oleic Acid Coated Iron Oxide Nanoparticles

The thermal decomposition method was used to synthesize monodisperse and size-
controlled nanoparticles. Synthesis is followed by the literature and composed of a two-step
reaction [45]. In the first step, the iron oleate complex was synthesized by reacting the iron salt

with sodium oleate salt as shown in Figure 4.1.

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

Figure 4.1. Synthesis of the iron oleate complex.

In the second step, the formation of oleic acid coated iron oxide nanoparticles was
achieved by the reaction between iron oleate complex and oleic acid, in a high boiling point

solvent, 1-octadecene, demonstrated in Figure 4.2. Oleic acid coating prevents agglomeration.

) ) 1-octadecene ) )
Fe(Oleate) ; + Oleic Acid —»  Fe;0,@Oleic Acid
320°C, 30mins

Figure 4.2. Synthesis of the oleic acid coated iron oxide nanoparticles.

Characterizations of the oleic acid coated magnetic nanoparticles were achieved by FT-
IR spectroscopy, TGA measurement, STEM images and dynamic light scattering (DLS)
measurements. As shown in Figure 4.3, on the FT-IR spectrum, the peaks at 2917 and 2848 cm”
! represent the symmetric and asymmetric -CH»- peaks, correspondingly and the broad peak
around 590 cm™' comes from the Fe-O bonds of the nanoparticle. TGA result shows 11% weight

loss by heating, which indicates the weight percent of oleic acid coating on the nanoparticle.
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Figure 4.3. FT-IR spectrum (top) and TGA result (bottom) of OA@IONP.

Figure 4.4 shows that the STEM image of OA@IONP reveals nanoparticles are spherical
and have 16.9 nm sizes averagely with an insignificant aggregation. While STEM shows the
dry sizes, DLS measurement displays the hydrodynamic sizes because it is measured in solution
form, in our case by dissolving in chloroform. DLS measurement indicates that the sizes of the

oleic acid coated nanoparticles are averagely 18.5 nm.
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Figure 4.4. STEM images (top), image analysis (middle) and DLS analysis (bottom) of
OA@IONP.
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4.2. Synthesis and Characterizations of Thiolactone Acrylamide Monomer

Thiolactone acrylamide monomer was synthesized according to the literature aiming to
obtain a functional moiety on the polymer brushes around the magnetic nanoparticle’s surface
[60]. One-step synthesis includes the reaction between D,L-homocysteine thiolactone

hydrochloride and acryloyl chloride in the presence of sodium bicarbonate with a relatively
high yield of 85% with given mechanism in Figure 4.5.

= 0
S NaHCO,
E v 9 v Jl\/
NH, HCI et 1 1 dioxane/water,
24h, rt

Figure 4.5. Synthesis of thiolactone acrylamide monomer.

Characterization of thiolactone acrylamide monomer was done by 'H-NMR analysis
shown in Figure 4.6. Characteristic double bond peaks are observed between 5.5-6.5 ppm

intervals. Hydrogen on the NH group gives a broad peak as expected.
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Figure 4.6. 'H-NMR analysis of thiolactone acrylamide monomer.

4.3. Synthesis and Characterizations of Dopamine Modified Chain Transfer Agent

RAFT polymerization utilizes a chain transfer agent (CTA) during the reaction. CTAs are

used to slow down the polymerization and control the dispersity of the molecular weight of the
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polymer chains. Attaching a RAFT agent to the surface of IONP necessitates an anchor group.
Dopamine was chosen as the anchor group to obtain a stable attachment. For this purpose,
commercially available 2-(dodecylthiocarbonothioylthio)-2-methyl propionic acid was
modified with dopamine to obtain a surface attachable CTA agent as given in Figure 4.7 and
Figure 4.8. Two-step modification starts with the activation of commercially available CTA. 2-
(dodecylthiocarbonothioylthio)-2-methyl propionic acid was reacted with NHS in the presence
of EDCI in dichloromethane for the activation of CTA. The resultant product was reacted with
dopamine hydrochloride in the presence of TEA in DMF for two days to obtain a chain transfer
agent with a dopamine end group. Chemical synthesis was followed according to literature and

55% yield was achieved [45].

: 4 RO
CyH (o}
CyoH OH N 12H2s < >§1/ k
12 25\SJ\S>§( + ovo EDCI s” s N
o) (o}
o

CH,Cly, rt, 24h

Figure 4.7. First step of the synthesis of dopamine terminated CTA.

j\ i HO 3 H
fo) HO NH, CI DMF, rt, 48h o
o OH

Figure 4.8. Second step of the synthesis of dopamine terminated CTA.

Characterization of Dopa-CTA was done by 'H-NMR. Characteristic peaks of dopamine
were observed between 6.5-7.0 ppm similar to the literature [45]. The presence of both

dopamine and CTA peaks indicates the successful attachment of dopamine to the CTA.

4.4. Synthesis and Characterizations of Dopamine Terminated RAFT Copolymers
(Dopa-Polymer)

Dopamine terminated CTA was used to obtain functional polymers via RAFT
polymerization. Dimethylacrylamide and thiolactone acrylamide monomers were reacted under
the N> atmosphere in the presence of azobis (4-cyanovaleric acid) (V-501) as initiator and
Dopa-CTA as RAFT agent in DMF as polymerization solvent for 18 hours at 70°C as shown in
Figure 4.9. While dimethylacrylamide was used to obtain water dispersibility, thiolactone units

were added as functionalizable groups. At the end of the reaction, the pure polymer was
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obtained by repeated precipitation into diethyl ether. With the help of Dopa-CTA, obtained
polymers were terminated with a dopamine moiety and its presence was controlled with 'H-

NMR.

S
H
V-501, DMF, 70°C, 18 h C12H25‘s)J\s><WNV\@°H
(o]
OH
S_ _S.
HO N n Y CazHas
H 7o S
H

o)
N— N
S

SO

Figure 4.9. Synthesis of dopamine terminated functional polymer.

Three random copolymers of dimethylacrylamide and thiolactone acrylamide were
synthesized with thiolactone ratios of 10%, 20%, and 30% and named 10% Tla, 20% Tla, and
30% Tla, respectively. No thiolactone containing dimethylacrylamide polymer was named 0%

Tla. Table 4.1 summarizes the NMR and GPC analysis of synthesized polymers.

Table 4.1. Mass and percent thiolactone analysis of synthesized polymers.

Targeted Calculated MN MN
Name Thiolactone (%) Thiolactone (%) (NMR) (GPC) |PDI
0% Tla 0 0 11.1kDa | 8.2kDa |1.30
10% Tla 10 9 83kDa | 83kDa |1.26
20% Tla 20 19 93kDa | 81kDa [1.30
30% Tla 30 26 83kDa | 8.1kDa |1.32

Characterizations of the synthesized dopamine terminated random copolymers were done

by 'H-NMR, FT-IR and GPC measurements. As shown in Figure 4.10, for the 'H-NMR
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spectrum of 20% Tla, peaks at 6.5-6.9 ppm intervals indicate the presence of dopamine in the
synthesized polymer. -CH3 of the CTA can be seen clearly at 0.86 ppm as a triplet. Ratios
between thiolactone and dimethylacrylamide units were calculated by the integration of -CHj3
hydrogens for dimethylacrylamide at 2.75-3.18 ppm and -S-CH> hydrogens for thiolactone at
3.18-3.41 ppm intervals. For the given 'H-NMR spectrum, ratios were calculated as 1:3.8 for
thiolactone and dimethylacrylamide respectively. The result was close to the laid ratio of 1:4.
GPC result was 8 kDa and consistent with the calculated molecular weight and gave a PDI of
1.30 which is a reasonable value for random copolymers. Table 4.1. summarizes analysis results

of synthesized polymers with different thiolactone feed ratios.

]

T T T T T T T T T T T T T T T T
85 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

Figure 4.10. '"H-NMR spectrum and analysis of synthesized polymer 20% Tla.

Random copolymers with different feed ratios of monomers were synthesized and they
were characterized by "H NMR and FT-IR spectra. As shown in Figure 4.11, when dimethyl
acrylamide peaks were set to an equal height on the spectra, an increase in the height of

thiolactone peaks was observed with the increase in its feed ratio.
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Figure 4.11. '"H-NMR spectra of (co)polymers synthesized with different thiolactone
feed ratios.

Change in the thiolactone percent on the nanoparticle can also be followed by FT-IR
spectra. When the dopamine terminated dimethylacrylamide polymer was synthesized with 0%
thiolactone, there was no carbonyl peak after 1700 cm™'. The formation of two new peaks was
observed by the addition of thiolactone monomer. Furthermore, with an increase in thiolactone
ratio, respective peak height increases can be observed clearly which can be followed in Figure

4.12.
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Figure 4.12. FT-IR spectra of (co)polymers synthesized with different thiolactone feed
ratios.

4.5. Synthesis and Characterizations of Dopa-CTA Immobilized Fe3O4 Nanoparticles

In order to obtain polymer brushes with the surface-initiated RAFT polymerization
reaction, the immobilization of dopamine terminated CTA onto magnetic iron oxide
nanoparticles can be counted as the first step. For this purpose, a ligand exchange reaction

between oleic acid and the modified CTA was achieved by mixing OA@IONP and excess
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amount of Dopa-CTA in CHCIz under the N> atmosphere for 2 days as given in Figure 4.13.
Due to the strong and favorable attachment of dopamine moiety onto the nanoparticle’s surface,
immobilization of the modified RAFT agent was achieved. Coated nanoparticles were cleaned

by washing with methanol and kept in chloroform before use.

)sj\ H
Cialins N OH
CHCl,, 40°C, 48 h 12725~ g s><r( V\@
o
OH

Figure 4.13. Schematic representation of Dopa-CTA immobilization reaction onto
IONP.

Characterization of Dopa-CTA@IONPs was shown in Figure 4.14. FT-IR spectrum
shows a small peak indicating the carbonyl of Dopa-CTA at 1646 cm™! after the place-exchange
reaction. Peak belonging to the Fe-O bond can be seen at 550 cm™'. Moreover, the shoulder
originating after the reaction in the UV-Vis spectrum indicates the presence of CTA on the iron
oxide nanoparticles. TGA result of the Dopa-CTA@IONP shows the weight percent of CTA

coating is 20%.
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Figure 4.14. FT-IR (top) and UV-Vis (middle) spectra and TGA result (bottom) of
Dopa-CTA@IONP.

As expected, there is no valuable size change after the ligand exchange reaction with

CTA. Figure 4.15 demonstrates that the STEM image of Dopa-CTA@IONP shows spherical
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nanoparticles with an average size of 16.8 nm. DLS measurement indicates that the sizes of the

CTA coated nanoparticles are averagely 18.5 nm. For the DLS measurement, chloroform was

used as the solvent.
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Figure 4.15. STEM images (top), image analysis (middle) and DLS analysis (bottom) of
Dopa-CTA@IONP.
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4.6. Synthesis and Characterizations of Surface Initiated RAFT Copolymers

After the successful attachment of Dopa-CTA onto the nanoparticle, surface initiated
RAFT polymerization was achieved. Dimethylacrylamide unit was expected to add water
dispersibility to the nanoparticles whereas the thiolactone unit will be used to add functionality.
20% thiolactone-containing polymer brush formation was targeted during the reactions. For the
reaction, as indicated in Figure 4.16, monomers, initiator and CTA@IONP were mixed in
dioxane under an N> atmosphere for 18 hours at 70°C for the polymerization with grafting-from
approach. After the purification step, polymer coated nanoparticles were stored in chloroform

before use.

S/C12H25

V-501, dioxane, 70°C, 18 h

Figure 4.16. Schematic representation of grafting-from method.

Figure 4.17 shows the FT-IR characterization of polymer coated magnetic nanoparticles.
Analysis showed that the sample has both carbonyl peaks of the polymer and Fe-O peaks of
iron oxide together, indicating a successful polymer coating. Fe-O peaks are observed around

550 cm’!, similar to the FT-IR of CTA coated nanoparticles.
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Figure 4.17. FT-IR spectrum of polymer coated magnetic nanoparticles.

With the help of water-soluble dimethylacrylamide units, nanoparticles were expected to
gain water dispersibility feature after the grafting-from approach was applied. Therefore, water
solubility was tested and seen that with the help of polymer coating, nanoparticles were
successfully dispersed in the water phase as displayed in Figure 4.18. TGA result in Figure 4.19
reveals the presence of an 80% of polymer coating around the nanoparticle. Additionally, UV-

Vis spectroscopy exposes the trithiocarbonate groups of CTA as a shoulder next to the polymer

peak.

OA@IONP in

hexane Hexane

Grafting-from
in water

-

Figure 4.18. Solubility comparison photographs of oleic acid coated (left) and polymer
coated (right) nanoparticles.
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Figure 4.19. TGA result (top) and UV-Vis spectra (bottom) of polymer coated
nanoparticles.

Figure 4.20 proves that the polymer coated nanoparticles are spherical and have an
average size of 19.6 nm with no significant aggregate formation according to STEM image
analysis. With the polymer coating, an increase in the hydrodynamic sizes was observed via
DLS measurement. In chloroform, measurements were done and the average size of polymer

coated nanoparticles found 60.6 nm.
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Figure 4.20. STEM images (top), image analysis (middle) and DLS analysis (bottom) of
polymer coated nanoparticles.

After the characterization of 20% thiolactone targeted polymer coated nanoparticles, 5%

thiolactone targeted polymer coated nanoparticles were synthesized to lower the functional
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group number. As also stated in the dopamine terminated polymer characterization part,
yellow-colored peaks belong to the thiolactone group in Figure 4.21. When the target ratio of
the thiolactone was decreased from 20% to 5%, a decrease in the peak heights can be seen

clearly on FT-IR spectrum.
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Figure 4.21. FT-IR spectra comparison of polymer coated magnetic nanoparticles
synthesized with different thiolactone feed ratios.

4.7. Synthesis and Characterizations of Dual Functionalized Surface Initiated RAFT

Copolymers

After the successful polymer attachment onto the iron oxide nanoparticles and water
dispersibility was achieved, they were ready for the functionalization. As indicated in Figure
4.22, thiolactone-containing polymer brush coated magnetic nanoparticles were reacted with 3-

azido-1-propanamine for the ring-opening and released thiol were capped with 2,2'-
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dipyridyldisulfide (PDS). Nanoparticles were purified by washing with diethyl ether and

released 2-thiopyridone gave a yellowish color to the ether phase.

O
S_ _S.
N m Ci2H2s
N— NH
/ F&\
s (o)

1. Na._~__NH, TEA CHCIy, t, 24h

Figure 4.22. Schematic representation of dual-functionalization by ring-opening
reaction.

Characterizations of the functionalization were completed via FT-IR and UV-Vis
spectroscopy and shown in Figure 4.23 and Figure 4.24, respectively. The presence of further
clickable azide groups were analyzed by the FT-IR spectrum and the new peak at 2096 cm™!
indicates the presence of an azido group. UV-Vis spectrum of functionalized nanoparticles give
a new peak at 280 nm indicating the bounded PDS unit. Because the conjugation occurs via
thiolactone moiety, the targeted thiolactone ratio decrease from 20% to 5% resulting in the

decrease in both the azido peak in FT-IR and PDS peak in UV-Vis spectroscopy.
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Figure 4.23. FT-IR spectra of dual-functionalization by ring-opening reaction.
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Figure 4.24. UV-Vis spectra of dual-functionalization by ring-opening reaction.

4.8. Synthesis and Characterizations of Reductive Cleavage by DTT

The ring opening was achieved with an azide-containing amine molecule and the released
thiol was capped with a PDS group. Therefore, attachment of PDS was obtained via a disulfide
linkage which is known to be reduced to free thiol with a reducing agent, such as glutathione
or dithiothreitol. For this purpose, functionalized nanoparticles reacted with 10mM DTT for 16
hours as indicated in Figure 4.25. After the removal of nanoparticles, released thiopyridone was

analyzed using UV-Vis spectroscopy.
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Figure 4.25. Schematic representation of reductive cleavage by DTT.

During the reductive cleavage, PDS unit is reduced while DTT was oxidized. Analysis of
the reduced PDS was done by UV-Vis spectroscopy as shown in Figure 4.26. Released
thiopyridone gives a characteristic absorbance peak near 343 nm and the peak of the oxidized
form of DTT can be observed around 280 nm. With the analysis of the thiopyridone peak, the

amount of conjugation can be found to calculate functionalization percent.
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Figure 4.26. UV-Vis spectrum of thiopyridone release.

4.9. Synthesis and Characterizations of Pyridyl Disulfide-Based Thiol-Disulfide

Exchange Reaction

PDS groups are known to have an exchange reaction with thiol bearing molecules. To
add a cargo onto functionalized iron oxide nanoparticles, pyridyl disulfide based thiol-disulfide
exchange reaction was utilized. PDS bearing nanoparticles were mixed five hours with
BODIPY-SH in DMF at room temperature as shown in Figure 4.27. After the covalent
attachment of fluorescent dye onto the PDS-containing polymer coated nanoparticles,
purification was followed by washing with ether several times and removal of free dye was

controlled from the ether phase with TLC to see the disappearance of fluorescence under UV.
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Figure 4.27. Schematic representation of BODIPY-SH attachment.

BODIPY-SH is a hydrophobic fluorescent dye and soluble in hexane as shown in Figure
4.28. Due to its hydrophobic and reactive free thiol containing nature and strong fluorescence,
it was used as a model dye for the pyridyl disulfide based thiol-disulfide reaction on the

functionalized nanoparticle.
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BODIPY-SH
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Water

Figure 4.28. Photograph of hydrophobic fluorescent free BODIPY-SH dye taken under
UV illumination at 365 nm.

Figure 4.29 shows that no fluorescence was detected for the nanoparticles before the dye
attachment but after the attachment of dye onto polymer coated nanoparticles via thiol-disulfide
exchange reaction, water phase is fluorescent indicating a successful attachment. With a
covalent attachment of BODIPY-SH, its solubilization was achieved in water and no

fluorescence was observed in hexane phase.

Hexane Hexane

Grafting-from
in water

BODIPY conjugated
in water

Figure 4.29. Photographs of polymer coated nanoparticles before (left) and after (right)
dye attachment. The photographs were taken under UV illumination at 365 nm.

Characterization of BODIPY-SH attachment was done by UV-Vis spectroscopy and
present in Figure 4.30. Firstly, 20% thiolactone-containing nanoparticles were used after the
ring opening reaction and PDS attachment. Dye addition was calculated as 1.2 equivalent of
PDS released during the reductive cleavage. Purified nanoparticles were examined via UV-Vis
spectroscopy and revealed that BODIPY-SH attachment was obtained without the removal of
all the PDS units. To increase the yield of the dye attachment, 10 times higher amount of

BODIPY-SH was used with 5% thiolactone-containing nanoparticles to decrease the amount



of dye used. UV-Vis spectroscopy results clearly shows the respective increase in BODIPY -

SH peak while a decrease in PDS peak.
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Figure 4.30. UV-Vis spectra of BODIPY-SH attachment with 20% thiolactone
containing particles (top) and 5% thiolactone containing particles with higher amount of

BODIPY-SH for the reaction (bottom).
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5. CONCLUSION

In the scope of this project, iron oxide nanoparticles were coated with polymers via
grafting-from method with the surface-initiated RAFT polymerization, as well as novel
dopamine-terminated RAFT polymers were synthesized to further use with grafting-to
approach. Dopamine-containing CTA was synthesized and used during the RAFT
copolymerization of dimethylacrylamide and thiolactone acrylamide monomers to obtain
dopamine-terminated polymers. Their analyses were completed with FT-IR and NMR
spectroscopy. For the polymer-coated iron oxide nanoparticles, monodisperse magnetic
nanoparticles were synthesized via the thermal decomposition method. Dopamine terminated
RAFT agents were attached to the surface with a place-exchange reaction. Random copolymers
of dimethylacrylamide and thiolactone acrylamide were synthesized by surface-initiated RAFT
polymerization. Polymer-coated nanoparticles were further functionalized aiming to carry a
hydrophobic cargo to the targeted region. For this purpose, thiolactone ring-opening reaction
was performed with an azide-containing amine molecule. The newly formed thiol was capped
with PDS in situ. In this way, we obtain magnetic nanoparticles with dual reactive sites, a
clickable azide group and a thiol-exchangeable PDS unit. PDS unit was exchanged with a
BODIPY-SH as a model hydrophobic fluorescent dye. With the attachment, nanoparticles were
able to solubilize the hydrophobic fluorescent dye dissolved in water, and thus demonstrated
that the present system can be used in biomedical applications to deliver thiolated cargos. In
the near future, azide groups present on the polymer brushes will be further functionalized with
azide-alkyne click reactions. The attachment of dopamine terminated polymers onto magnetic
nanoparticles will be studied as well as their functionalization will be performed. In summary,
we obtained novel dopamine-terminated RAFT polymers and surface-initiated random
copolymer coated dual-reactive hydrophilic magnetic nanoparticles which may find

applications in a variety of biomedical applications.
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