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ABSTRACT

EFFECT OF HYDROPHILI C SEGMENT LENGTH
ON SIZE AND STABILIT Y
OF CORE CROSSLINKED MICELLES

Polymeric micelles are being extensivedyidiedin recent yearsor their potential
use as drug carriers. They consist of hytitip and hydrophobic segments angedo the
solubility difference between these segments, rpelyc micelles areseltfassemblednto
coreshell nanostructureformed in aqueous solutionThe hydrophobic reservoir of
micelles are capable dfosting low water solubledrug molecules, thus sprepared
micellar constructs have been widely utilized prepaation of sustained/controlled drug
releasing platformsln order to improve the stability of micelles atwl achievea more
gradual release profilerosslinking strategies can be emplayéd this thesis, several
amphiphilic linear polymerdendron cojugateshave been synthesizeth Huisgen type
0 c | reacko@using biodegradable, hydrophobic polyester dendron and biocompatible
hydrophilic p(PEGMA)based cpolymes. These onjugatesdiffer from each other in
termsof length of hydrophilic segmenthile the hydrophobic dendron past constant.
Since, the pdéphery of the dendron contairelkene units, core of the micelles were
crosslinked using thied n e 6 ¢ istgtl ibcreasé the stability dhe micelles The
micelle formation of conjugateswere investigated in aqueous medstudying size and
stability. The results demonstrated that as increasing the polymer length of the conjugates,
critical micelle concentrations and size distributions did not change which means that

stability of the miclles remained same.
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1. INTRODUCTION

1.1.Polymeric Micelles in Targeted Drug Delivery

Cancer is a widespread group abehses involving uncontrolled cell growth and
invasion by abnormal cells to nearby parts of the body. According to the International
Agency for Research on Cancer (IARC), 12.7 million new cancer cases were seen
throughout the world in 2008. Around 5.6 haih of new cases were assigned to developed
countries and 7.1 million in developing countries (Figurel.l). This estimated number
corresponds to 7.6 million cancer deaths (21,000 deaths a day) [1]. Each year the number

of new cancer cases and deaths areeasing continuously.

Estimated Number of New Cancer Cases by World Area, 2008*
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*Region estimates do not sum to the worldwide estimate due to calculation method
Source: GLOBOCAN 2008

Figure 11. World cancer map showing the new cases as of year 2008 [2].

On the other hand, many treatment methods including surgery, chemotherapy,

radiation therapy, immunotherapy and biologic theragyapplied to cure the disease or at



least slow down the tumor growth. Chemotherapy includes the use of drugs to eliminate
cancer cells and constitutes the widely applied treatment among these methods. However,
conventional chemotherapeutic drugs usedhe treatment of cancer have undesirable
toxicity to normal tissues, whidead to patient morbidity and mortality. Cancer drugs are
poisonous and designed to attack cells witih proliferation rate, hence the cancer cells.
Nevertheless, they also aét normal cells with high division potentidgurthermore, the
nonspecific biodistribution of cancer drugs results in uptake by healthy cells causing
cancer related negative side effects such as bone marrow suppreggiored mucous
membranes, and hdwss. Lack of water solubility, short blood hélfes, rapid clearance

and narrow therapeutic indices are the other important limitations of the chemotherapeutic
drugs. Therefore, targeted drug delivery in which directing therapeutic agents to a
particuar cell type or tissue in a sigpecific manner have gained a lot of attention in

cancer research studies [3].

Recent decades have witnessed remarkable advancement in the construction of
nanocarrier platforms to be used in targeted drug delivery systésirtgy targeted drug
delivery, it is aimed to carry a certain amount of the chemotherapeutic agent, for a
prolonged period, to a particular cell type or tissue within the body. In other words,
nanocarriers hit the target without damaging healthy tissubk [Bhere is a vast range of
nanoparticles available for drug delivery systems, recently used in cancer therapy such as
liposomes, viral nanoparticles, carbbased structures and polymeric nanoparticles as
micelles and dendrimers (Figure 1.2) [6]. Amaihgse chemotherapeutic drug delivery
vehicles, polymebased nanoparticles are being extensively investigated for their
prospective use as drug carriers. Incorporating conventionatlolcularweight (MW)
drugs into highMW watersoluble polymeric systesnoffers several advantages for cancer
treatment. Drug can be passively accumulated in tumorous tissues via the enhanced
permeability and retention (EPR) effect (Figure 1.38]7Tumor vasculature system has a
unique pathophysiologic character with redp® healthy cells. It has leaky structures
which results in a selective increase of permeability to macromolecules in tumor
environment [9]. Besides, limited lymphatic drainage prolongs the residence time of
macromolecules in the interstitial space. Agsult, enhancement of drug concentration in
target tissue is observed compared to an equivalent dose of the drug given conventionally.

Consequently, under favor of the EPR effect, systemic toxicity is decreased while



therapeutic efficacy is enhanced {10]. In addition to passive targeting, drug circulation

time can be improved because of the higher hydrodynamic volume of polymeric system. It
is known that larger molecules are eliminated more slowly from the renal filtration
resulting in higher drug coeatration in plasma [12]. Ultimately, by using nanoparticles
such as polymebased systems, respectable therapeutic advantages have gained due to
higher drug accumulation in cancer cells, increased drug circulation time in the plasma and

less toxicity in wrmalcells compared to conventional low molecular weight dfti@s

Liposomes

Carbon nanotubes

Polymeric NPs Polymeric micelles Dendrimers

Figure 12. Types of nanoparticles used in assessment of drug delivery systems.

In recent years, polymeric micelles have gained considerable attentemablng
effective targeting of cytotoxic agents to solid tumors-164. They are composed of
amphiphilic macromolecules that have diverse hydrophilic and hydrophobic block domains
[17]. Due to the large solubility difference between these segmentmatmolecules
directly assemble into polymeric micelles in agueous media and form asizaao
core/shell structure (Figure 1.4). The hydrophobic core of micelle aids as storage for
hydrophobic drugs, wherein hydrophilic shell provides steric barriertiercore and
enables it to be wateoluble in aqueous environment. The core/shell architecture renders

the polymeric micelles a remarkable drug delivery system in the field of drug targeting



owing to high drug loading capacity and narreme distribution Common polymeric
micelle sizes range from 10 to 100 nm to achieve higher accumulation of a drug at the

tumor tissue. They also have a slow dissociation rate, thus prolonged retention times of the
loaded drugs in the body [18].

® hanocarrier ® small molecule

00 H'"
I\
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o000 © >
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JUU B R
normal '§§
tissue a3 tissue

Nanocarriers selectively concentrate ~ Nanocarriers decorated with ligands

in tumors due to EPR effect that recognize the over-expressed
receptors in cancer cells
Passive Targeting Active Targeting

Figure 13. Passive targeting through the EPR effect and active targeting through
ligand display §].

In addition to all these, surface properties of polymeric micelles have a critical role
in the distribution of hydrophobic drug in the body to achievelladjusted drug delivery
with noteworthy efficacy. Reticuloendothelial systems (RES) in the body recognize the
drug delivery agents, including polymeric micelles, and trigger-spatific uptake by
RES elements as macrophages [19]. This is a greabl&, which results in short
circulation of polymeric micelles in bloodstream, unless they havenmamulated surface
properties [20]. Owing to these attractive features and advantages, polymeric micelles are
considered as being efficient nanocarrierdiarg delivery system.
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Figure 14. Seltassembly amphiphilic diblock copolymers in aqueous medium [21].

1.2.Composition and Structure of Polymeric Micelles

The distinctive property of a polymeric micelle is the core/shell strectihere are
manifold selfassembled amphiphilic block copolymers to construct uniform micellar
structures. However, the necessities in biocompatibility and biodegradability have
narrowed down the option of applicable copolymers in clinical application§able 1,

there are names and structures of copolymers commonly used for drug delivery
applications. The most commonly used hydrophilic segment is polyethylene glycol (PEG)
that has the monomer subuh@H,i CH,i Oi [22]. PEG is a nottoxic, completely wate
soluble, noAmmunogenic and biocompatible material. It is capable of forming hydrogen
bonds with aqueous surroundings, thus it forms a shell around the hydrophobic micellar
core and makes it watspluble and sterically stable in agueous systems. Italss
demonstrated that PEG prevents protein adsorption and cellular adhesion. Hence, micelles
are not recognized by the reticulo endothelial system (RES) cells, so they can circulate in
the bloodstream for a longer time. In addition, the prolonged circaléime of micelles
provides effective passive targeting of tumors via the EPR effect. To take these fabulous

advantages, PEG is frequently used for hydrophilic segment of polymeric micelles.



Table 11. Commonly used block segments of copolymers used in micellar
delivery [23].

Copolvmers Abbreviations Repeating Unit Structure

Corona segment

Poly(ethylene glycol) PEG. PEO /Qo\/}\
Poly(N-vinyl pyrrolidone) PVP A~
o:_,_,___T/N:

Poly(MN-isopropyl pNIPAM, NIPAM
acrylamide) /{’\_/)’
0@
~

Core segment
Polvethers

Poly(propylene oxide) PPO /(_0 \/\l\
Polvesters

Poly(L-lactide), PLA, PDLLA*

(4]
Poly(D, L-lactide) \{0)1\,}“”

Poly(lactide-co-glycolide) PLGA

Poly(e-caprolactone) PCL

Poly(B-amino ester)

Polyamides

Poly(L-histidine) pHis

Poly(L-aspartic acid) phsp i t

derivatives %N
0
OR

Poly(L-glutamic acid) pGlu H f
derivatives ,E'\'

* Depending on sterecchemistry




For the hydrophobic segments, several materials arehesipéd such as
polypeptides, polyethers and polyestétewever, the most commonly used hydrophobic
blocks are comprised of polyesters. They are known as biodegradable materials due to

undergoing hydrolytic and enzymatic cleavages.

1.3.Dendrimers

Dendrimersare novel synthetic polymeric materials. They are highly branched,
spherical, monodispersed macromolecules, which have uniform size, shape and definite
molecular weight (Figure 1.5). There are two main approaches to synthesize dendrimers

which are diverget and convergent method.

......... Core

Generation one
--------- Generation two Interior
--------- Generation three

Dendron e Periphery

Figure 15. Structure of a dendrimer: increasing branching from a core [24].

In divergent method, dendrimer grows from inside (i.e. core) to outside. The
multifunctional core reacts with monomershieh have one reactive, and two dormant
groups. The obtained molecule gives the first generation dendrimer. Then, the periphery of
the dendrimer is activated to react with more monomers. The dendrimer is built layer after
layer in order to get several geagons. In the convergent approach, dendrimer is
synthesized starting from the periphery and construction goes into center giving dendritic



fragments called dendrons. Later, the built dendrons are attached to a multifunctional core

molecule to give theial structure of dendrimer (Figure 1.6).

A. Divergent approach

} ! deprotect >/ } .\L&—> "
— e >_ —_— I{ ———— High generation dendrimer

¢*

First generation Second generation

B. Convergent approach

- Branch synthesis
} deprotect } JR—— . . X
>_. - . —_— —_— ——— High generation dendrimer branch
N

First generation =~ Second generation Third generation
branch
Core
- Branch connection to core . Protective group
@® Atternative protective
group
deprotect
S R
Protecte third Third generation dendrimer

generation branch

Figure 16. Synthesis of dendrimer by divergent and convergent methods [25].

Thanks to the stepwise synthetic processes, dendrimers have unique properties such
as hypeibranched streture, monodisperse size or low polydispersity index, and precise
number of peripheral groups. These features distinguish pér@ethed dendrimers from

the more easily synthesized but less wdellined hyperbranched polymers [26].

Dendron is a part oi dendrimer that includes one type of functional group at the
focal point and another at the periphery. It does not have a globular shape but has
numerous functional groups depending on their generation number. Each branching unit
from the focal point tohe periphery determines the generation numbers of dendrons.

Dendrons have mostly the same properties as opposed to dendrimers.



There are also several benefits for drug delivery applications arising from
dendrimer architectures as compared with tradiidinear polymers [2:28]. Dendrimers
have perfectly design structures and contain a-gefihed number of peripheral groups.
Therefore, several drug molecules, targeting moieties, and solubilizing groups can be
attached to the periphery of the dendrisnir controlled ratio. In addition, empty internal
cavities are suitable for encapsulation of drug molecules and make them soluble.
Furthermore, as dendrimers are generated in interactive multistep reactions, they have
uniqgue MW and narrow polydispersityndex. For that reason, dendrimers show
reproducible pharmacokinetic behavior when compared to most of linear polymers.
Moreover, globular shape and branched structures of dendrimers affect their biological
properties in contrast to random coil structurdirdar polymers. Dendrimers cannot pass
through small pores, such as glomerular filtration barrier. As a result, they may be
eliminated more slowly as opposed linear polymers having same MW. In addition, they
possess long circulation times; hence showetiteanced permeability and retention effect.
All these properties make dendrimers attractive for biological and drug delivery
applications. However, dendrimers with higher generations are hard to synthesize and due
to the low reaction yields, pharmaceuligaignificant amount of dendrimdyased carriers
are difficult to scale up. To overcome this obstacle, usually dendrimers are combined with
polymers. This provides rapid growth in the hydrodynamic size of a dendrimer and

increases drug loading capacitylioear of polymers.

1.4. Polymer Dendron Conjugates

Over the past several years, we have witnessed the utilization of palgmdron
conjugates in both biopharmaceutical and materials research. Dendrons are attached to the
polymers for the purpose of aatvcement of both their properties. Generally, dendrons are
conjugated with polymers in order to increase their molecular weigth and solubility in the
field of drug delivery. The conjugation occurs between end groups of the polymer and core
or periphery othe dendrimer using coupling or addition reactions.

In 2013, Gu and She and their-workers synthesized mPEGylated peptide
dendrondoxorubicin conjugate as a candidate for drug delivery systems. The peptide
dendron that has the multivalent functionakiyas PEGIlylated from its tails. Then, the



10

dendritic framework was combined with the anticancer drug DOX via anlauld
hydrozone linkage. The conjugate formed micelles in aqueous solution and showed a pH
sensitive drug release feature due to the hywrezbonds. They demonstrated that the
functionalized peptide dendrddOX based micelles effectively killed the cancer cells in
vitro. Therefore, in this study, the polyr@endron conjugate based micelles may be an

effective drug delivery vehicle for carrdberapy (Figure 1.7) [29].

NM, CFCO0M -

oy HN -'Z s ‘,‘<‘
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O H
—— _/“O N
y____ Self-assembly I U e QR

Q
0 -HNq O-LX NH
MN HO
WA : 2 -
N3N
O

\
N=

Dendron

" Hydrazone bond

mPEG © DOX

Figure 17. Formation of dendre®OX conjugatebased micellar nanoparticles [29].

Sanyal and covorkers extended the methodology to prepare diblock and triblock
dendronpolymer conjugates that otain biodegradable polyester dendron blocks and PEG
polymer. The polymefdendron conjugates were synthesized via EAddier reaction by
reacting maleimide enflinctionalized PEG polymers with polyester dendrons bearing
anthracene moiety at their focabipt. The PEG polymer comprisetl basis for water
solubility of these block copolymers. The reported mit# conjugation strategy is

utilized to obtain multivalent linear PEG polymer (Figure 1.8) [30].

1.5. Micellar Constructs from Dendritic Macromolecules

As described above, polymeric micelles are amphiphilic block copolymers having
nanascopic core/shell structures. They are used in various potential applications
particularly for drug delivery purposes due to their inherent and modifiable properties.

However, the molecular architecture of copolymer plays a crucial role in forming self
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assembled structure. By conjugating monodisperse dendrimer to narrow polydispersity
polymer, the features of copolymer has been enhanced as high water solubility, low

toxicity, biodegradability, tunable MWs and tunallrug loading capacities [31].

Dendron-Polymer Dendron-Polymer-Dendron
Diblock Coploymer Triblock Coploymer

Figure 18. Synthesis of dendregpolymerbased block copolymers via the Diels
Alder reaction [30].

Recently, Kempeet al reported the synthestd a dendroffunctionalized poly(2
ethyl2-oxazoline) via ongot cascade reaction. They synthesized alfynetionalized
polymer and maleimidsubstituted biodegradable dendron which contains acetal groups at
the periphery. Then, they covalently linkéakse compounds with a bifunctional linker by
the means o€oppercatalyzed azidalkyne cycloaddition (CUAAC) and the Diékslder
cycloaddition. Finally, they did micelles with the resulting amphiphilic block copolymer
and studied the aqueous solution debr of the micelles in neutral and acidic pH. It is
demonstrated that wetlefined selassembled micelles formed in neutral pH. However,
due to the acidabile protecting groups of the dendron, size of the micelles increased in
acidic conditions, and famed hydrated loose aggregates. All together, the micellar
construct from the polymedendron conjugates may be a promising candidate for drug

delivery system (Figure 1.9) [32].
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Figure 19. Synthesis of poly(2thyl-2-oxazolne)block-G3 dendrimer
(PtOx20bG3) by copperatalyzed azidakyne and DielAlder cycloadditions [32].

In 2012, Ambade and Gubta published a paper revealing a new approach for the
synthesis of polymedendron conjugates. An amphiphilic block copolymensists of a
linear hydrophilic glycopeptide (GP) block was prepared and attached to a perfectly
branched hydrophobic dendron using a amphipathic poly(ethylene glycol) (PEG) linker.
They demonstrated that micellar aggregates and nanorods were obtaiagdewus
solutions, wherein organogel was observed dimethylsulfoxide using varying polypeptide

chain length and denron generation (Figure 1.10) [33].



13

RO

Glycopolypeptide (GP) RO orR CiHa0,  OCtHas
\ OC4oH
Dendron o B s
/ RO
o]
A

o) OC12Hzs

O
O ™NH OCy2Hzs
© o OC15Hzs
o}
i w/ KQ“H:“%
H{, N
N = o] OC12Hzs
Lo n \_I\\:;N\V‘ m

g
Nanorods

A o P .
e P A

Glycopaolypeptide (GP)n-Dendron (Gx)

Figure 110. Glycopeptidedendron conjugates, micelles and nanorods foonati
[33].

1.6. Increasing the Stability of Micelles

In spite of an exploding advancement in polymeric micelles such as improving drug
water solubility, increasing drug accumulation at the tumor sites via the EPR effect, better
drug bioavailability and diminiged side effects, there are still some obstacles about in vivo
stability [34-35].

Some polymeric micelles can lead to early drug release after intravenous
administration because they can influence by many factors during blood circulation.
However, micells need to circulate long in the bloodstream in order to benefit from EPR
effect, so that they can accumulate in the target tissue. In most circumstances, this problem
is overcome using a PEG coating, which avoids opsonisation and recognition by +eticulo

erdothelial system cells [387]. Nevertheless, PEG corona of micelles may inhibit the
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uptake of carriers by the target cells correspondingly [38]. It can be the explanation for
some drug delivery systems, which do not permeate through cytosolic membranes
spontaneously. However, accumulation of micelles in the tumor site can be obtained by
coupling of a specific targeting group to the surface of the micelles. These targeting
ligands can be peptides antibodies, antibody fragments and nanobodies which can be

recognized and bind target cells (active targeting).

However, hydrophilic PEG shell can increase the thermodynamic stability of
micelles in aqueous environmeilhe interactions of polymer chains between each other
and with aqueous environment result irportant forces such as Van der Waals, hydrogen
bonding and dipolgipole forces that increase the stability 489. Increasing the surface
density of PEG will force the polymers to form more rigid and extended, Hikesh
conformations. On the other hardw molecular weight PEG and low surface density
limit coverage properties of the micelle corona and the hydrophobic core and micelle

destabilization can be affected from aqueous medi&d 31

Another reason for losing integrity of micelles is thaw critical micelle
concentration (CMC) of polymers. The block copolymers form micelles in water self
assembly when the concentration of the amphiphilic block copolymer reaches the critical
micelle concentration (CMC). Critical micelle concentration igh@nomenon that is the
lowest concentration of polymers to form micellar structures spontaneously. Below CMC,
micelles are gradually disintegrated into their unimers in the bloodstream. They
disassociate and cause rangeted release of the drug. Low yokr concentrations leads
insufficient numbers of chains to selésemble and instead of assembling, the chains
distribute throughout the solution. While the concentration of polymer increases, chains are
getting closer at the interface. By increasing ¢bacentration, both the bulk solution and
interface start to be saturated with polymer chains until the CMC. Increasing concentration
beyond this point will result in micelle forhan in the bulk solution [43 In addition,
chemical structure of hydrophiland hydrophobic blocks and the chain lengths affect the
CMC value, hence micelle morphologi4].
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1.7.Core Crosslinked Micelles

In order to improve stability of micelle, methodology of crosslinking can be applied
to the core or shell of micelles. Impant advancements due to the eoresslinking
strategy such, as high drug loading efficiency, greater stability against dilution, prolonged
circulation time and enhanced drug accumulation at the tumor sstelalaorated in many
studies [4547].

Available locations for crosslinking within diblock polymeric micelles are on the
surface, throughout the shell layer, at the «drell interface, within the core domain and
at the core chain end. The domain of crosslinking is important because the obtained
crossinked polymeric micelles may have different physical and chemical properties

depending on the location of crosslinking.

Core crosslinking strategy has been preferred more than shell crosslinking in order
to get stable polymeric micellar systems. It hasesal advantages. For instance, the
stealthiness of micelle is not damaged after crosslinking. In addition, by applying core
crosslinking, micelle shell will be available to make use of many applicd48hs

Zhiyuan Zhong and cworkers studied on theore crosslinkled ptsensetive
degradable micelles to get a promotive methodology to resolve the extracellular stability
versus intracellular drug release dilemma. The micelles are prepared from diblock
copolymer that contains phetwosslinkable acryloyand acidlabile acetal groups in the
hydrophobic polycarbonate block for intracellular paclitaxel (PTX) release. This newclass

of nanotherapeutics shows great promise in futareer therapy (Figure 1.11) [49

To minimize early drug release from carraarring blood circulation, Kit S. Lam
and his ceworkers developed reversible disulfide crosslinked micelles that can be
triggered by thiols to release drug at the tumor tissues. First, thiolated-dierednitic
polymers (telodendrimers) was synthesizgdrtroducing cysteines to the dendritic oligo
lysine backbone. The crosslinked micelles was achieved via oxidation of thiol groups on
cysteines. It was used PTX as a hydrophobic cancer drug, and observed that the release of

PTX from crosslinked micelles ag considerably slower than that from noncrosslinked
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micelles. Thus, release of PTX from crosslinked micelles can be gradually increased in a
reducing environment. In addition, it was demonstrated that PTX loaded crosslinked
micelles showed more effectivelease in nude mice bearing ovarian cancer xenografts
than the equivalent dose PTX loaded noncrosslinked micelles and Taxol. Briefly, these
corecrosslinked micelles can be a novel drug carrier for targedader therapy (Figure
1.12) [5Q.
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Kim, Park and their cavorkers developed photrosslinked hyaluronic acid
nanoparticles (¢tHANP) by UV-triggered crosslinking of acrylate groups in the polymer
backbone. By doing the chemical crosslinking inside the miceHelANPs shoved high
stability in a physiological buffer and released the loaded drug, paclitaxel (PTX), in a
continuous fashion. In addition, in vitro cellular uptake tests demonstrated ks
were rapidly taken up by the tumor cells via the receptor (Ch¥ebated endocytosis.
Lastly, cHANPs showed higher tumdargeting ability than uncrosslinked micelles owing
to having high stability, which enables their long blood circafatin the body (Figure
1.13) [51.

5B-cholanic acid

FPR-67 )
Paclitaxel

Hyaluronic
acid

APMA conjugation

PEG 5000 UV irradiation

HANP c-HANP /\/\/\/

Figure 113. Preparation of photecrosslinked hyaluronic aciganoparticles [51

18Versatile Tools in Macromol ecul ar LC
0Clickdé reactions are known to be abl e
molecules and organic materials. Therenarar i ous types of o6click

copper(l}catalyzed 1,3lipolar cycloaddition of azides and alkynes, nucleophilic-ring
opening reactions and thiehe reactions. These reactions have several benefits including
high vyields, insensitivity to water or oxygen, regiospecificity and stereospecificity,
orthogonality with other common organic synthesis reactions and mild, aqueous reaction
conditiong52].
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1.8.1. Copper (l) Catalyzed AzideAlkyne [3+2] Cycloaddition

Huisgen [3+2] cycloaddition reaction i8 wellk nown &6cl i ckd reac:
occurred between azide and alkyne reactive groups in the precence of copper ions. It is
widely used in the synthesis of weléfined macromoleculesuch as dendrimer synthesis
[53], dendronized polymers [54] and bigloal studies [5p In 1970, the reaction was
firstly introduced by Rolf Huisgen without using water and catalyst, giving a mixture of
1,4 and 1,Kisubstituted triazoles at high temperature (Figure 1.14).
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Figure 114. Azide-alkyne [3+2] cycloadditions.

Thirty two yeas later, Sharpless and Fokin [36troduced a Cu (I) catalyst in Huisgen
reaction which gives stereospecific, 1,4 heterocyclic product with high yield in either
aqueous and organgplvents (Figure 1.15). By the help of Copper (I) catalyzed azide

alkyne [3+2] cycloaddition, dendrons are attacteegolymers straightforwardly.
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Figure 115. Copper catalyzed Huisgen reaction
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Sanyal group utilized functionalizable hydrogels to fabricate tHi@ensional
(3D) scaffolds that might find applications in biomedical purposes such as cell growth and
tissue engineering. A biodegradable polyester dendron bearing alkyne groupoatlits f
point was synthesized and successfully conjugated to linear PEG diazide via Huisgen type
6clickd reaction. The peripheral groups
alkyne groups in order to crosslink the dendpotymerdendron conjugatewith a

hydrophilic crossl i nketolled mannet (Rigure@.t6)Th c kK 6 r €

Copolymer
synthesis
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functionalization
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N=N
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Figure 116. Synthesis of functionalized hydrogels using dengrolymerdendron
conjugates [3].

In another study, Fre'chajroup reported the synthesis of dendronized linear
pol ymers via oOgrafting tod approach. Azid
conjugated witithe pendant alkynes on the poly(vinylacetylene) with the help of CUAAC
catal yzed dJRguret)dBl.r eacti on
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Figure 117. Firstgeneration dendronized linear polymer synthesis achieved by

Aclick cRBemistryo [5

1.8.2. Thiol-ene Click Reaction

Thiol-ene Click Reaction is one of the popular click reactiongg to have easy
synthetic strategies and clearly defined reaction mechanism. It is involves the addition of
sulphur hydrogen bond across a double bond by either a free radical or ionic mechanism
(Figure 1.18). There are so many advantages in-émel éick reaction which make it
smart, simplistic and versatile process. To begin with, the reaction can proceed under
different conditions comprising by a radical pathway or catalytic processes mediated by
acids, bases, nucleophiles and in the tiny amousttaflyst. Furthermore, a large variety
of enes and thiols serve as suitable reactants. Lastlyeotlick reactions are generally
extremely extremely fast that reactions can be completed within minutes even at ambient

conditions. The reactions is alsgerant to the oxygen and moistubg]

The thiolene reaction has recently attracted researchers to be used in many
applications including the fabrication of coatings, optical and sensing devices, biomedical

and bioorganic modification fields.
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Figure 118. Thiol-ene ‘click’ reaction mechanism.

Eva Harth and cevorkers synthesized crosslinked polyester nanoparticles in
selected nanoscale size di mensiakynsazidei a 0
reaction and the thiedne coupling reaction. In order to crosslink linear polyester, firstly,
pendant alkyne groups of polymer reacted with bisazides in the presence of copper(l)
bromide. Than, to compare the azalkyne chemistry, thethiene o6cl i ckd r ec¢
carried out between alkene moieties of polymer and dithiols without precense of any
catalyst or initiator. It has been demonstrated that both -atkgae and thickne click
chemistries were equally efficient in the performaota crosslinking reaction in a control
manner resulting in welilefined spherical particl¢&0].
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Figure 119. Crosslinked nanoparticles via azdiyne and thiolene click chemistry
[60].
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2. AIM OF THE STUDY

The nanoscopic length scale, high loading capacity, long circulation in the blood stream
and enhanced accumulation in solid tumors makes micellar drug carriers excellent
candidates as drug delivery vehicles. The aqueous stabilities of these polymeric micelles
are very crucial to achieve controlled release of the drugs. Recently, a growing interest has
been dedicated to produce core crosslinked micelles to benefit from their increased
stabilities and prolonged drug release profiles. In this study, we have destexhghe
synthesis of core crosslinked polymeric micelles from amphiphilic pokgeedron
conjugates i n a modul ar fAa slkeneo fanctieanalized g 0
biodegradable polyester dendron was used as a building block to constitute the
hydrophobic part of the micell®©n the other hand,iccompatible watersoluble and non
immunogenic p(PEGMApasedpolymer was utilized to form the hydrophilic segmh of
the conjugate. Three different goters were synthesized that were variedhgin lemgths
and they were used to further conjugation with dendkdinelle formation studies were
performed with three diffrent polyme&lendron conjugates in agueous solutiBffect of
different hydrophilic chain leghts were investigated in termsizd and sthility. Efficient
crosslinking of peripheral alkene units using theoke click chemistry provided stable

polymeric micelles.

Figure 21. Micelles assembled from three different polyrdendron conjugates that

have differenhydrophilic chain lengths.
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Figure 22. General representation of amphiphilic block copolymers.
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3. RESULTS AND DISCUSSION

3.1. Synthesis ofPolymer-Dendron Conjugates via Click Chemistry

For the degin of polymerdendron conjugate, two main building blocks were
utilized; alkynefunctionalized third generation bBMPA dendron (G3 dendron) and azide
functionalized copolymer of PEGMA (Poly(ethylene glycol) methyl ether methacrylate)
and NHSMA (Nhydroxysiccinimide methacrylate). Both components were covalently

coupled via copper catalyzedidgent ype o6cl i ckd reaction (Fig

Figure 31. Schematic representation of formation of amphiphilic polydesrdron

conjugates.
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Figure 32. General scheme of alkene functionalized dendron synthesis.
For the hydrophobic part of the micelle, aliphatic polyester dendrons with alkyne unit

at the focal point was synthesizetihe polyester dendron is biodegradable due to
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hydrolysable ester bonds on its structure. The 4pderation polyester dendron was
prepared using a wedlstablished divergent synthesis strat@gyour group[61]. The
growth of the dendron was started frtime alkyne core towards the periph@rjgure 3.2).

The dendrimer backbone was based orbisghydroxymethyl) propionic acid (bigIPA)

as a biocompatible building block. In order to install the alkyne functionality at the core, an
alkyne group containgnalcoholl was used. The first generation dendron was synthesized
via reacting propargyl alcohol with anhydri@e Then, the acetonide protecting unit was
removed by acidic DOWEX resin. The resulting produdtgave the G1 dendron bearing
alkyne unit atthe core. The alcohol groups at the periphery were further utilized for
dendrimer growth. The GZ) and G3 §) generation dendrons were synthesized in the
same manner using anhydride acylation and acetonide protection sequences. Finally, G3
dendron with kcohol surface groups] was obtained and subsequently used for end group

modification to install peripheral alkene units.

The hydroxyl end groups of the G3 dendron was functionalized with alkene groups
using 4pentanoic anhydrided) in the presence of AP and pyridine in dryfCHxCl,. To
check the conversion efficiency of hydroxyl groups to alkene moieties, the pddtiweis
characterized by FIR and H NMR spectroscopy.All FT-IR and 'H NMR
characterizations are included in Appendix and are in agre¢emitie previous products
[61].

G3 dendron bearing alkene units at the peripery was also characterized by MALDI
TOF for the analysis of molecular compositigiigure 3.3) It was revealed that molecular
weight distribution was in agreement with the real position. The G3 dendron has the
molecular weigth 1524 g/mole. However, it was seen 1547 g/mole which was the sodium
adduct of the dendron (M+23). The dendron was analyzed usiitgoSantracene (dA)
as the matrix and sodium cloride to improve the iatian of the polymer.
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Figure 33. MALDI-TOF spectrum o10.

For the hydrophilic part of the amphipt copolymer, p(PEGMA])s preferred. It is
watersoluble, biocompatible andonimmunogenic. The reason of why p(PEGMA) is
preferred instead of linear PEG is that it can be possible to introduce anotherrgigthac
based functionamonomer during polymerization. As a result, desif@actional groups
can be incorporatedto copolymer chains that would allow pgxgilymerization
modification. In this study, copolymers of PEGMA aNehydroxysuccinimide methyl
methacrylate (NHSMA) monomers were synthesized. NHSMA is a methacrjdated
monomer, which contains succinimide ester group. It includes activated carboxylic acid
unit that reacts with amines efficiently. Thus, proteins from amino termini or other
polypeptides containing amino group at their side chains can be easily attached to the
polymeric platforms carrying NH8ctivated carbonyl groups. Ultimately, it is possible to
decoate polymers with desired peptides or any amine containing groups séwiag

intended use.

For the synthesis of NHSMA monomet3], N-hydroxysuccinimide 1) was
reacted with methacryloyl chloridd?) in the presence of triethylamine (Figurd)3.The

monomer was purified by +erystallization method and obtained with high yield.
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Figure 34. NHSMA monomer synthesis.

The polymers were synthesized via Atom Transfer Radical PolymeriZ&idrRP),
which is one of the most commonly employed controlled/living radical polymerization
techniqgus. ATRP method allows the synthesis of polymers with desired molecular
weights and low polydispersity indices. In polymerization, a transition metal & ase
catalyst and an alkyl halide servestlasinitiator. Generally, copper salts are preferred for
polymerization of various kinds of monomers. The most commonly used initiater is 2
bromoisobutyryl bromidel). In this study, the initiator was functidied with an azide
group in orer to install the azide unit &te polymer chain ends that allg@+2] Huisgen

0 c | furcctiordalization with alkyne containing dendron.

The azidefunctionalized initiator was obtained after tstep reactions (Figure 5.
similar to literature [62]Firstly, 6-chloro-hexanl-ol (14) reacted with sodium azide
obtain 6azidohexanl-ol (15). Then, hydroxyl group of this alcohol was reacted &ith
bromoisobutyryl bromide 1) in the presence of g to give theazido ATRP initiator
(17). Productsl5 and 17 were characterized by FIR and*H NMR spectroscopies and

aggrenent with previous synthesis [p1

14 H>0, reflux 15
92%

Et,0, 0 °C o)

OH i Br EtsN /\/\/\/OT]>(
N3/\/\/\/ + Br)j7< ——» N3 Br
16 17

15 79%

Figure 35. Synthesis of azid&inctionalized initiator.
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For the copolymer synthesis, commercially available PEGMA=300 g/mole)
(18) and NHSMA monomel 3 were used. The reactions were carried out with the ATRP
initiator 17 and the polymerizations were performed using different ratios of the initiator.
The polynerization reactions were conducted in anisole under varying temperatures
(Figure 3.6) As indicated inTable 3.1 copolymers with desired molecular weights were
synthesized with relatively low polydispersity indsc@DI). The obtained polymef
carrying azide functionality at the end were used for further conjugation to a polyester
dendron carrying alkyne group at focal poifitree different copolymensere chosemith
different molecular weights; approximately 3 ki(Rd), 7 kDa (P12, 10 kDa(P10) for
conjugation with G3 dendrol0.

@) O
17 X
ya N
) O
> . 13
O 35
Cu(l)Br, PMDETA \
Anisole 18

@)

Nswoweﬁ&
y
00 070

Nallie

3.5

19

Figure 36. Synthesis of p(PEGMAD-p(NHSMA) block copolymer.

As seen in Table 3.1, molecular weigth of polymer increased as decreasing the ratio

of initiator. The amount of solvent was effective on polydispersity indiGemnerally,
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small solvent amounts resulted in high/M, value Also, high solvent amount decreased

the molecular weigth of polymer and lowered the polymerization yield.

P4, P10 and P12 were caonpared in ®C traces (Figure 3. P10 haghe higher
hydrodynamic volume, so came in GPC traces earlier. This indicated that it had the higher
molecular weigth. PDI values and molecwaeights of polymers were reportéa the

polymerization BRble 3.1.

14
5 12
&
o 10
2
S 8 — P 4
S 6
04 —P12
S 4
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o
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Retention Volume (mL)

Figure 37. GPC traces of polymers P4, P12 and.P10

'H NMR spectrumof copolymer P4 is shown in Figure 318, protons of polymer
was at 3.27ppm as a triplet with an integration value of two protdfs.protons of
PEGMA mehoxy group is at 3.3ppm as a singlet. FinallyH, protons of NHSMA
methylene group appeared at 2.80 ppm as a broad singlet. From the integration values,
molecular weight of the polymer was calculated as 3.264 g/mole. To calculate the
molecular weigth opolymer, integration value of Hprotons was divided by three due to
the 3H on methoxy group and the resulting value was multiplied with molecular weight of
PEGMA. The same procedure was applied ferFhe 3.60 ppm was divided by four, and
the result wa multiplied with the molecular weigth of NHMA. Lastly, the two results and
the molecular weight of azido initiator were summed up to give the Mw of polymer.



Table 31. Conditionsandresultsof polymerization reactior.

c
"4 c epatymer| [ oy 1,500 T reea |OPL 2 My LM s Moo s
1 P1 3.3 6 40 55|110/090[ 6 [94 821 3 K 5. 8 1.3
2 P2 5 6 40 5411090 - - 107 - 5.9 1.3
3 P3 6.7 6 40 58| 1090 - - 141 - 6.5 1.3
4 P4 10 6 40 54110090[{10[90 185 3.3 8 K7 1.12
5 P5 20 6 40 56| 10[90] - - 349 - 9. 8 1. 4
6 P6 30 8 40 52| 10(90 - - 478 - 13.9 1.7
7 P 7 30 16 40| 43(10[90 - - 40 2 - 8.9 1,5
8 P8 30 16 85 35|110[90] - - 335 - 9. 4 1. 2
9 P9 40 8 40 58| 1090 - - 702 - 11. 4 1.6
1 P10 40 8 85 73110090[(13(87 894 10K 13.3 192
1 P11 50 8 85 56|110090[{1486] 842 9. KR 15K 1. 2
1 P12 50 12 85 34110[90/1486[ 519 7. B 11K 1 152
1 P13 50 16 85 2911090 - - 440 - 10K 1. 2

a. [, [CuBr]:[L] = 1:1:2; time:30 min; solvent:anisole

. Theoretical molecular weightascalculated according to: M= ([M]/[1] o) X conversiorx 288.32 + 292.17. Where 288.32 and 292.17 are the average

molecular weight of monomer&&3.16 x 10% + 300 x 90%288.32, M, nusma= 183.16; M,, peama= 300) and initiator respectively.
Calculated frontH NMR.
Determined from size exclusion chromatography (Sédliprated with PMMA standards in THF as eitie
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Figure 38. 'H NMR spectrum 6P4 polymer (Mwt=3.%Da).

Obtained biocompatible copolymer bearing azide group at the end and
biodegradable polyester G3 dendron with alkyne group at its focal point were conjugated
successfully vig3+2] Hui sgen t ype (Figud 39)cThdreaatian dookt plaae n
at 40 °C in THF in the precence of Cu(l)BThree different copolymers with varying

molecular weights were used for conjugation as shown in Table 3.2.

Table 32. Polymerdendron conjugates

Copolymer | Conjugate | Mn®conjugate | Mw/Mn conjugate Yield
P4 C1 10.7 kDa 1.26 55%
P12 C2 14.1 kDa 1.23 58%
P10 C3 16.2 kDa 1.24 62%

a. Determined from size exclusion chromotography (SEC) calibrated with PMMA
standards in THF as eluent.
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Figure 39. Synthesis of polymedendron conjugate.

The increase in hydrodynamic volume of polymdendron conjugate (Cl) was
monitored by the evolution of GPC trad88,kene andP4. The molecular weigth increase

of C1 upon attacment of dendron to polymer was evident from GPC traces (Figure 3.10).

Polymeri dendron conjugate wewrdso characterizediia *H NMR analysis (Figure
3.1). After the O6clickd reaction with the
proton formatio was expected. The triazole protop &ppeared at 7.68 ppmhé& proton
of the alkyne core of the dendréfy at 2.52 ppndisappearedThe methyleneproton H
shifted from 4.720 5.22 ppm. Finally, kproton of polymer near the azide group shifted

to downfeld region.
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Figure 310. Comparisorof GPC traces a0, P4 and C1.
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3.2. Micelle Formation from Polymer-Dendron Conjugates

The polymerdendron conjugates are composed of amphiphilic macromolecules that
have diverse hydrophilic and hydrophobic block domains. Due to the solubility difference
between these blocks, the macromolecules have a tendency of assembling into polymeric
micelles in gueous media. In order to study the aquous solution behavior of the
macromolecular construct, the conjugates were dissolved in water and micelle formation

was accounted using different techniques.

3.2.1.Critical Micelle Concentration (CMC) Measurement

The critical micelle concentration means the minimum concentraticopulymer
thatis required to fornmicellar structures in wateia selfassembly. The CMC value may
give an opinion about the thermodynamic stability of the micelles. It is knowbelat
CMC, polymeric micelles are gradually disintegrated into their uniméish will in the
release of their cargddiowever, the micelles having lower CM@luesdo notdissociate

easily and they will be more stable in aqueous environment.

v{ s @
1 I »
\ J \

Y I
Hydrophobic Hydrophilic
segment segment

Figure 312. Schematic representation of polyrtEmdron conjugate and pyrene

loaded seHassembled micellar structure.
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To prepare micelles from the polyr@endron conjugates and measure their
critical micelle concentrations, pyreneope method was used. Pyrene is a hydrophobic

fluorescence dye. It is commgnlised to determine CMC values.

To study our micelles formation in an aqueous environment, the conjugates were
dissolved in an organic solvent such as tetrahydrofuran (THF)ram&férred into vials to
have different concentrations ranging from>1@ to 10° M. After evaporation of THF,
pyrene sol ut i“pindcetode wad addedto &l shd \Gals. Acetwas also
removed undevacua Afterward, all samples were dissolved in 3 mL MilliQ water (pH 7),
and micelle formations were triggered with waion for 1 h, at 76C. Finally, fluorescent
signal arising from pyrene in micellar solutions having diffecapolymerconcentrations

were measured by fluorescence spectrometer.

Pyrene exhibits a number of characteristic intensity bdedeeen 30660 in the
fluorescence spectrurnithe excitation spectra of micelles obtained from conjigyaia,
C2 andC3 are given in Figure 3.13t is indicated that as the concentration of conjugates
increased, the intensity of pyrene in the spectrum increasedntaddition, the maximum
intensity pealshifted to 338 nm from 334 nafter a certain point.
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Figure 313. Excitation spectra of pyrene loadedl G4, (b) C2 and (c) C3
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From fluorescence spectrum, ig easy to draw CMC graph. Pyrene shows different
characteristic intensity bands in the excitation graph according to the environmeiisthat
found. In an aqueous solution, xraum intensity of pyrene is 33dm (L). However,
when pyrene is in an orge media, the intensity is shifted to the higher ng). (This
number is generally in between 3338 nm. To obtain the CMC graph, it is benefited
from the ratio of 4/ |1, This ratio is fixed for certain concentrations, which demonstrates
that pyrene isstill in aqueous environment. However, after a certain concentration
(intercept point of trendlines in Figurg.14), this value is starting to increase. This
indicates that pyrene is located in less polar environment. In other words, micelle
formation hadeen started in aqueous solution, so pyrene prefers to go in the hydrophobic
core of the micelles. As can be seen in FigBu®, the intercept points give the CMC
values.

Three different micelles were formed from three different copolymers, nadielg2
and C3. The CMC values did not differ from each other significantly. These results
indicate that stability of micelles did not change as increasing the size bydhaphilic

portion of copolymer.

(@
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Figure 314. Log C vs ksg/ Izzagraph of micelles assembl&om (a) C1 (b) @ and
(c) C3.
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3.3. Stability of Micelles

Stability of micelles plays an important role for the micellar drug delivery systems.
Micelles should be stable enough against dilution and thepeable to circulate in the
blood stream for sufficient time in order to reach and accumulate the tumor tissue. If the
macromolecules do not have the feature of stability, they result in early drug release which
lead to udesiredside effects to healthyissues. In this research, core crosslinking
strategies were applied farther stabilize the micelles. Then, core crdiss&ked micelles
were compared with necrosslinked ones andthe sizedifferences were observed via
dynamic light scattering (DLS) instment.

3.3.1. Core Crosslinking of Micelles

After demermination othe CMC of the micelles, core crosslinking method has
been applied in order to stabilize the system. For this, the hydsmplwoosslinker
(tetrathiol, 20) and photoinitiator (DMPA21) were used (Figur&.15). These reagents
reacted with the periphery of dendron via UV irradiation at 335 nm and the core of the

micelles were crosslinked by means ofttioh e &6 c | i c kigure8.h§e mi st ry (

Figure 315. Schenmatic representation of core crosslinking.
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3.4.Dynamic Ligth Scattering Measurements

The size of micelles has an impant role for tageted drug delivery. The ideal micelle
size should be between 10 to 100 nm in order to prevent rapid clearence by the

reticuloendothelial systefRES).

The sizes and stabilities of both noncrosslinked and crosslinked micelles were studied
using DLS.Twelve different micelles were prepared from the three conjugates. They were
classified according ttheir crosslinking and whether they have pyrene as a cargo, namely
empty nonrcrosslinked, pyrene loaded norosslinked, empty crosslinked angrgne
loaded crosslinked micelles. The measurements were perfateedoncentration df0
M which is above the CMC concentratioofsall micelles The polydispersity of micellar
structures was shown in numbes. diameter graph (Figure 3)18All the copolymer
formed monodisperse micellar with diameter below IO size distribution of micelles

obtained from the three conjugatiel not change considerably

The diameterof noncrosslinked micelles weren the range of 680 nm. After
applying corecrosslinking, thediameterreduced to 280 nm. In addition, pyrene loaded
noncrosslinked micelles had smaller sizes as compared to empty ones. The reason may be
the hydrophobic interaction between pyrene and G3 dendron. However, was no
change in dimeter forcrosslinked micelledue to the pyrene loadinBLS measurements
data are shown in Appendix and summarizetth@eTable 3.3 and in Figureld.

Table 33. Micellar sizes obtained from DLS measurements

Non-crosslinked| Non-crosslinked| Crosslinked| Crosslinked

No | Copolymer empty pyrene loaded empty pyrene loaded
1 Cil 77+8 nm 53+4 nm 2915 nm 29+6 nm
2 Cc2 64+15 nm 58+4 nm 25+4 nm 25+3 nm

3 C3 61+6 nm 5943 nm 2545 nm 2345 nm
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Figure 3.17. Comparsonof micellar sizes obtained from DLS measurements.
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In order to confirm the stability of coieosslinked micelles, THF was added to all
micelles. THF is a good solvent both blocks of the copolymer-édosslinked micelles
completely disassociated into their unimers (free blocllyopers) upn addition of THF.
(Figure 3.19). However, crosslinked micelles just swelled (Figur20B. These results
confirmed that micelles were successfully crosslinked by UV irradiaf\sna control,
polymerdendron conjugate was dissolved in THFanmhethe same size distribution was
found (Figure 3.19b).
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Size (d.nm) Size (d.nm)

Figure 319. DLS image of (a) nowrosslinked micelles tdr THF addition (0.85

nm), (b) polymerdendron conjugate

Figure 3.20demostrates the sizes of crosslidkeicelles after addtion of THH.he
results show that crosslinked empty micelles swelled more in THF than the rdcedsli

pyrene loaded micelles did.
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Figure 3.20. Comparison of micellar sizes after addition of THF. The smbers

were obtained from DLS measurements.
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4. EXPERIMENTAL

4.1.General Methods and Materials

2,2-Bis(hydroxymethyl) propionic acid (BMPA)Dowex X50WX2, Propargyl
Alcohol, 4pentenoic anhydride were purchased from Alfa Aesar. Pentaerythritol
tetrakis@-mercaptopropionate) was purchased from Aldrich and DMPADQZyiethoxy
2-phenylacetophenone) from Acros. All solvents were purchased from Merck and used as
obtained without further purification unless otherwise noted. Azide functionalized initiator
and eéndron 10 weresynthesized aceding to literature procedurd$2]. The initiator,
dendron and polymer characterizations involdddNMR spectroscopy (Varian 400 MHz)
and Fourier transform infrared (ATRT-IR) spectroscopy (Thermo Fisher Scientific Inc.
Nicolet 38Q. MALDI -tof of dendron was characterized byiAva Performance instrument
(Shimadzu Biotech) Micelle formations were characterized using Fluoresee
spectroscopy (Cary Eclipse) adetasizer Nano particle analyser series (Malvefime
molecularweights of the polymers were estimated by GPC analysis using a Shimadzu
PSSSDV (length/ID 8 x 300 mm, 10 mm particle size) mix@daolumn caliberated with
polystyrene standards 1(150 kDa) using a refractivimdex detector. Tetrahydrofuran
(THF) was useds eluent at a flow rate of 1 mL rhinat 30 °C.UVP BlackRa B
100AP/R High Intensity UV lap (100 Watt / 365 nm) was used for crosslinking

experiments.

4.2.Synthesis of Polyester Dendron

The first, second and thigleneration polyester dendrons were prepared using
a wellestaltisheddivergentsynthesis strateg¥B]. The growth of the dendron was started
from the alkyne core towards the periph@fygure 4.1). The dendrimer backbone was
based on 2;bis(hydroxymethyl) propionic acid (Big§IPA) as a biocompatible building
block. In order to install the alkyne functionality at the core, an alkyne group containing
alcohol () was used. The first generation dendron was synthesized via reacting propargyl

alcohol with anhydride2. Then, the acetonide protecting unit was removed ligicac
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DOWEX-H resin. The resulting produdtgave the G1 dendron bearing alkyne unit at the
core. The alcohol groups at the periphery were further utilized for dendrimer growth. The

second and third generation dendrons were synthesized in the same manger us

anhydride acylation and acetonidigorotection sequences.
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Figure 41. Synthesis of alkyne core functionalized deprotected and protected G1, G2

and G3 dendron with acetal groups at thegbeny.
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4.2.1.Synthesis ofThird Generation PolyesterDendron

To obtain third generation dendron bearing alkyne group at the focal point,
compound? (1 g, 0.90 mmglwas dissolved in MeOK40 mL). Dowex H resin(1.00 g),
washed with MeOH (5 x 30 mL)was added to this solution. The resulting mixture was
stirred at40 °C until the compound was not observed via TLC. After the reaction was
completed, the resin was filtered off and MeOH was evaporated uadeo The crude
product was purified by recstallizationfrom CH,Cl, and the produc8 was obtained as
white solid yielding 0.82 g, 97% *H NMR (CD;OD, Ui, ppm)4.77 (s 2H), 4.33- 4.22 (m,
12H), 3.66 ¢, 8H, J=12.0Hz), 3.58 (d, 81, J= 12.0Hz), 2.97 (s, 1H) 1.3 (s, 3H),1.28
(s, 6H), 1.1qs, 12H).FTIR (cm?): 3305.5, 1727.7

O~ OH
Oj/iVo 0 OH
,u><: »{/ /U7C 5 _DOWEX H* }‘“ﬁ
//\ )IJ(‘O\H)C Tg(c?g /\OJ><: )7)(\ (C))HH

! OJ\C% ° O)\E\OH

OH

Figure 42. Synthesis of alkyne functionalized deprotected G3 dendron.
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4.2.2 Peripheral Functionalization of Generation 3 Dendron

In order to fuwmtionalize he hydroxyl end groups o8 with alkene groups,
compound8 (0.0974, 0.122 mmpland DMAP (.015g, 0.122nmol) were added to a
round bottom flask and purged with, fbr two minutes. Then, dry Gi€l, (1.3 mL) was
added as a solvent. Finally, pine (0.109 mL, 1.347mmol) and 4pentenoic anhydride
(0.246 mL, 1.34mmol, 9) were added to the solution undes, Kespectively. The reaction
was stirred foR4 h Water 0.109 ml) was added to the reaction flask astigred for2 h.
Reaction mixture wa diluted with CHCI, (3 mL) and then extracted with 1M NaH$O
solution @ x 3 mL), 10% NaCG; solution @ x 3 mL) and withbrine solution (1x 3 mL).
Organic layer was dried over anhydrous$@,. Pure produciOwas obtained a8.147¢g
(86% yield). '"H NMR (CDCl;, G, p p imB.74 (m{i8Hp, 5.8744.98 (m, 16H), 4.73
(d, 2H, J = 2.4 Hz), 4.3 4.16 (m, 28H), 2.5 (t, 1H, J = 2.4 Hz), 2.48 2.39 (m 16H),
2.377 2.32(m, 16H), 1.31(s, 3H), 1.24(s, 6H), 1.2 (s, 12H). FTIR (crit): 3079.04,
2980.7 17277, 1641.4 Maldi-tof (9-NA, NaCl): 1547 g/mole.

0O o »_/“/
0 ° OH Q 9 )L‘ﬁ,o/l% A A~
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0 o OH dry CH,Cl, 0 Yo o)

OH 10 Q g’/\’\

Figure 43. Functionalization of periphery of G3 dendron.
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4.3. Synthesis oPolymer

4.3.1. Synthesis of Azido Initiator

4.3.1.1. §nthesis of 6Azido-hexanl-ol (14).

/\/\/\/OH NaN3 /\/\/\/OH
Cl 3
14 H,0, reflux 15
92%

Figure 44. First step of azido initiator synthesis.

Sodium azide (1.3 g, 20.5 mmol) were dissolved in distilled water (8 mL) and 6
chloro Xhexanol 4, 1 mL, 7.5 mmol)wasadded to this solution. The reaction viested
under reflux for 20 h, then cooled to ambient temperature . The product was extracted with
EtOAc (3 x 15 mL). Then, the combined extracts were washed with brine, dried over
anhydrous N80, ard concentrated to yield 1.02 g (95 %)1&fas transparent liquidH
NMR(CDCl;, &, ppm) U Hg)., B.Z(t, @H, J =6.8HtE), 1.6 155 (f, 4
4H), 1.417 1.39 (m, 4H)FTIR (cm?); 3326.2, 2094.5

4.3.1.2.Synthesis of Bromo-2-methykpropionic acid éazidohexyl ester 17).

Figure 45. Synthesis of azido initiator.
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Compoundl5 (1.02 g, 7.13 mmol) and triethylamine (1.03 mL, 7.13 mmol) were
added to a round bottom flask and dissolved JOKE25 mL). The solution was cooled to 0
°C and 2-bromo2-methyl propionyl bromidel, 0.97 mL, 7.84 mmol) was added slowly
via syringe. The reaction wasirredat 0°C for 1 h, thenfor 12 hat room temperature. The
resulting white suspension was filtered through sintered glasthatbtained yellowish
orange solution was washed with saturated Nakl€&ution (2 x 50 mL) and dried over
NaSO,. After filtration, the solvent wasemoved undevacuq the residue was purified by
flash chromatography with 100% hexane to gh7e(1.81 g, 87 %) as colourless oiH
NMR (CDCl;, 0, Bt,aM, J=eaeHz) 3.27 (t, 2H, J =8Hz), 1.93 (s, 6.4), 1.73
i 1.67 (m, 2H), 1.65 1.58 (m, 2H), 1.44i 1.42 (m, 4H). FTIR (cr); 1731.96

4.3.2. Synthesis of NHSMA Monomer

Ni hydroxy succinimide (2.54 g, 20.11 mmol), triethylami(837 mL, 24.17
mmol) and CHCI, (130 mL) was added to r@action flaskat 0°C. Then, methacryloyl
chloride (2 mL, 20.66 mmol) was added slowly to the solution (0.1 mL each 5 min).
Reaction was stirred at room temperature for 2 h. The resulting prodsaektracted with
distilled water (2 x 50 mL) and concentrated undatuo. The resulting residue was
recrystallized in EtOAc (10nL) : Hexane (20 mL) mixture. The solid obtained after
filtration, yielded 3.41 g (90 %) of the white crystals.

0
TEA
HO-N;>| 4 \ﬁ AN \ﬁ
c1”0 O

CH,Cl, 0
© 0°C, 1h e
11 12 259C, 2 h o=§j/
0,
%690 13

Figure 46. Sythesis of NHSMA monomer.
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4.3.3. Synthesis of p(PEGMAp-p(NHSMA) Block Copolymer

/\/\/\/O\n)(
N3 I Br =§: =/<:
17

o) O‘\j
> . 13
O 35
Cu(l)Br, PMDETA \
Anisole 18

@)

N3WOWBr
y
00" 070

Nellinte

/I 35

19
Figure 47. Synthesis of p(PEGMA)-p(NHSMA) block copolymer.

4.3.3.1. Synthesis of Copolymer 4

Copper (I) bromide (0.112 g, 0.78 mmol) was weighed into a dry 10eattion
flask equipped with a stibar. The flask was sealed and purged wigioh1 min. In a vial,
N, N, N NjPevtaphgthyditdylenetriamine (PMDETA) (330 pL, 0.27 mmol) and 3 mL
anisole were added, sealed and purged withfdd 10 min. Then, the solution was
transferred into thdlask via syringe, the mixture was stirred undéy until the copper
dissolved and formed complex with PMDETA. In a separate vial, PEGMA2(mL, 7
mmol), NHSMA @3, 0.142 g, 0.78 mmol) and anisol@ mL) were added, sealed and
purgedunderN; for 10 min. Then, this solution was transferred into filngt flask. The

reactionflask was immersd into the oil bath, allowed tdiisat 40°C. To the reaction
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mixture which was stirring vigorously, liquid azido initiator (149 pL, 0.78 mra@),was
added as quickly as possible. The reaction was stirred & 4@ 30 min. Thestarting
material ratio was [PEGMA]:[NHSMA]:.[PMDETA]:[Cu(D)Br]:[In], 9:1:2:1:1. After the
polymerization was completed, anisole was evaporated. For purification, minimum amount
of CH,CI, was added to crude mixture and precipitatgddrqopinginto cold EtO. The
mixture was kept in the fridge for more precipitation. After decantation of ether, the ppt
was dissolved with MeOH: Ci€l, (1:10) mixture and passed through silica gel to remove
copper catalyst. For further purification prodweés precipitated 2 times in cold Jx.
Finally, purified product was dried undeacua *H NMR (CDCE, a, 4.08 bany.19

4.13 (m, 18), 3.653.54 (m 19H), 3.37 (s 30H), 3.27 (t, 2H), 2.8@s, 4H). FTIR (cm™);
2097.01, 1726.02.

4.3.3.2. Synthesisf @opolymer D.

Copper (I) bromide (0.028 g, 0.195 mmaualas weighed into a dry 10 mL reaction
flask equipped with a stibar. The flask was sealed and purged wigiol1 min. In a vial,
N, N, N NjPaitamhgthpdigidylenetriamine (PMDETA) (81 uL, @3mmol) and 4 mL
anisole were added, sealed and purged withfoX 10 min. Then, the solution was
transferred into thdlask via syringe, the mixture was stirred undes itil the copper
dissolved and formed complex with PMDETA. In a separate vial, PEGMA2 mL,
7.023 mmol), NHSMA 13, 0.142 g, 0.78 mmol) and aniso{é¢ mL) were added and
purged with N for 10 min. This solution was transferred into tfiest flask Then, the
reaction flask was immeed into the oil bath, allowed toistat 85 °C and mrged was
closed. To the reaction mixture which was stirring vigorously, liquid azido initiator (37.5
uL, 0.195 mmol,17) was added as quickly as possible. The reaction was stirB&Gt
for 30 min. The startingratio was [PEGMA]:[NHSMA].[PMDETA]:[Cu()Br]:[In],
36:4:2:1:1. After the polymerization was completed, anisole was evaporated. For
purification, minimum amount of Ci&l, was added to crude mixture and precipitdigd
droppinginto cold EtO. The mixture was kept in the fridge for more prectmta After
decantation of ether, the ppt was dissoled in MeGH3Cl, (1:10) mixture and passed
through silica gel to remove copper catalyst. For further purification product was

precipitated 2 times in cold . Finally, purified product was dried undeacua H
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NMR (CDCk, o, p bsngsH)43.663%5 ((n 490H), 3.38 (s 90H), 3.28 (t, 2H),
2.81(s, 19H). FTIR (cmiY); 2101.49, 1727.55.

4.3.33. Synthesis of Copolymdr2.

Copper (1) bromide (0.0223 g, 0.156 mmwias weighed into a dry 10 mL maon
flask equipped with a stibar. The flask was sealed and purged wigiok 1 min. In a vial,
N, N, N NjPaxitamhgthpdigidylenetriamine (PMDETA) (65 uL, 0.312 mmol) and 6 mL
anisole were added, sealed and purged withfo 10 min. Then, the solain was
transferred into thdlask via syringe, the mixture was stirred undes itil the copper
dissolved and formed complex with PMDETA. In a separate vial, PEGMAZ mL,
7.023 mmol), NHSMA 13, 0.142 g, 0.78 mmol) and aniso{6 mL) were added and
purgedunderN, for 10 min. Then, this solution was transferred into fihs flask. The
reaction flask was immeesd into the oil bath, allowed totis at 85 °C. To the reaction
mixture which was stirring vigorously, liquid azido initiator (30 L, 0.156 ahr7) was
added as quickly as possible. The reaction was stirr88 & for 30 min. Thestarting
material was [PEGMA]:[NHSMA].[PMDETA]:[Cu(l)Br]:[In], 45:5:2:1:1. After the
polymerization was completed, anisole was evaporated. For purification, umnim
amount of CHCI, was added to crude mixture and precipitabgddroppinginto cold
Et,O. The mixture was kept in the fridge for more precipitation. After decantation of ether,
the ppt was dissoled in MeOH: @El, (1:10) mixture and passed through silgal to
remove copper catalyst. For further purification product was precipitated 2 times in cold
Et,O. Finally, purified product was dried undeacua *H NMR (CDCl, a, p pbsn) 4.
45H), 3.663.55 (m 349H, 3.38 (s 64H), 3.28 (t, 2H), 2.81s, 13H). FTIR (cmi);
2098.27, 1727.80.

4.4.Synthesis of PolymeiDendron Conjugates

4.4.1. Synthesis of Conjugate 1

Ina 25 mL reactionflask Cu (1 )Br (0. 0074 mg, 0.0516
0.0516 mmol) were dissolved in dry THF (2 mL) and purged wihDéndron {0, 0.157
mg, 0.1031 mmol) and copolymé&4 (0.4 mg, 0.0688 mmol) were taken into a vial,
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dissolved in dry THF (5 mL) and purged with.N'hen, the miture was transferred into
the reaction flasland stirred at 48C for 96 h. The crude product was dissolveadniore
THF and filtered through ADs; column to remove copper salts. The solvent was
concentrated underacuoand the desired product was precipitated 3 times in cold. Et
Precipitate was dissolveéd THF ard dried under vacuo yielding %of product 'H NMR
(CDCls, U, ppm) 7-5639m,8H),53IsHH), 5.084.9&8, 16H), 4.34 (t,
2H, J = 8 Hz), 4.26..15 (m, 38H), 4.07 (bs, 32H), 38454 (m, 279H), 3.36 (s, 51H),
2.80(s, 3H). FTIR (cm?); 1728.69, 1641.53.

4.4.2. Synthesis of Conjugate 2

Ina25 mLreactionflask Cu (1 )Br (0.006 mg, O0.043 mr
mmol) were dissolved in dry THF (2 mL) and purged with Nendron {0, 0.131 ng,
0.086 mmol) and copolymét12 (0.4 mg, 0.057 mmol) were taken into a vial, dissolved in
dry THF (5 mL) and purged with N Then, the nxture was transferred into the reaction
flask and stirred at 46C for 96 h. The crude product was dissolved in more THF and
filtered through AJO3; column to remove copper salts. The solvent was concentrated under
vaauo and the desired product was precipitated 3 times in cal@. BRrecipitate was
dissolvedin THF ard dried under vacuo yielding $8of product *H NMR (CDCls, a,
ppm) 7.68 (s, 1H), 5.88.74 (m, 8H), 5.25 (s, 2H), 5.0698 (m, 16H),4.35 (t, 3H, J =8
Hz), 4.284.09 (m, 155H), 3.68.55 (m, 863H) 3.38 (s 158H, 2.81 (s 33H), 2.432.33
(m, 42H) FTIR (cm%); 1728.30, 1642.11.

4.4.3. Synthesis ofConjugate 3

Ina25 mLreactionflask Cu (1 )Br (0.0044 mg, 0.0306
0.0306 mmol) were dissolved in dry THF (2 mL) and purged withDdndron {0, 0.093
mg, 0.0612 mmol) and copolymd?10 (0.4 mg, 0.0408 mmol) were taken into a vial,
dissolved in dryTHF (5 mL) and purged with N Then, the mixture was transferred into
the RBF and stirred at 4@ for 96 h. The crude product was dissolved in more THF and
filtered through AJO3; column to remove copper salts. The solvent was concentrated under

vacuo and the desired product was precipitated 3 times in col® EPrecipitate was
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dissolvedin THF ard dried under vacuo yielding 820of product '"H NMR (CDCls, u
ppm) 7.63 (s, 1H), 5.78.68 (m, 8H), 5.18 (s, 2H), 5.680.92 (m, 16H)4.324.27 (m, 3H),
4.134.02 (m, 162H), 3.53-49 (m, 1034 H)3.31 (s 188H), 2.75(s, 30H), 2.362.27 (m,
41H). FTIR (cmi®); 1728.11, 1641.60.

0
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Figure 48. Synthesis of polymedendron conjugat
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4.5. Micelle Formation from Polymer-Dendron Conjugates and

Measurements

Critical micelle concentrations for three different copolymers were determined at
neutral pH by using florescent probe technique. Pyrene was usettheaprobefor the
micellar encapsulation. It exhibited number of characteristic intensity bands between 300
360 in the fluorescence spectrum. So, data was collected &6800m range using 5 nm
width. To studythe micelle formations of each conjugaia an aqueous environmettie
conjugates were dissolved in an organic solvent such as tetrahydrofuran (THF). Then,
conjugates having concentrations ranging fron? A0 to 10° M were transferred into
vials. To ewaporate the organic solvent, all vials were put in desicatderhigh vacuofor
2 hours. Then, pyr en e *M)inactone svas laddeditocaihvials,1 0
and again they wenglacedin desicator to remove acetone. Blank pyrene sample without
copolymer for each set of measurements was also prepared as a controberseiiice
data was checked to be sure that all acetone solution was evaporated. Afterward, all
samples were di®lved in 3 mL MilliQ water (pH¥), and micelle formations were

triggered with sonication for 1 &t 70°C.

4.5.1. Fluorescence Measurements

Fluorescene signal arising from pyrene in micellar solutions having different
concentrations were measured by fluorescence spectrometer. From the excitation spectra of

the micelles, CMC graphs were drawn and CMC values were calculated from these graphs.

Table 41. CMC values of conjugate C1, C2 and C3.

No Conjugate CMC (M)
1 C1 3.31x10'M
2 c2 5.06 x 10'M
3 C3 4.31x10'M
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4.6.Core Crosslinking Experiments

Stock solutions were prepared from polyrdendron conjugate, tetrathi@nd
phdoinitiator as 1 mg in 1 mL THFPolymeri dendron conjugaté3x10° mmol) from
stock solution was addded into a vial, the solvent was evaporated vauierat least 3
hour. Then, into the vial, pentaerythritol tetrakisf@rcaptopropionatejetrathiol, 30 pL,
6x10° mmol) and 2,2-Dimethoxy2-phenylacetophenone (photoinitiator, DMPA, pL,
3x10° mmol) transferred. For core crosslinked pyrene loaded micelles, pgrdn®é ¢ L ,
1.8x10*M) was added in the vial, too. The solvent was evaporated, &gaib.of Milli-Q
water was added, the solution was sonicated for 1 h 8€7@ was left for overnigth.
Then, the resulting solution was crosslinkedby applying UV irradiation (365 nm) for 30

min.

4.7.Dynamic Light Scattering (DLS) Measurements

In order tomeasurethe effective diameter and the size distribution of micelles,
dynamic ligth scattering instrument was uséde size distribution was determined using
number vs diameter graphs which show the number of micelles at certain didfoater.
different mcelles, namely empty necrosslinked, pyrene loaded rorosslinked, empty
crosslinked and pyrene loaded crosslinked micelles, were prepared from the three
conjugates by usingsing Milli -Q water. Each micelle concentrationas10°> M which
was higher tanthe respectiv€MC values. They were formeding sonication method as
described bove.

Table 42. Micellar sizes obtained from DLS measurements.

Non-crosslinked | Non-crosslinked| Crosslinked  Crosslinked
No | Copolymer
empty pyrene loaded empty pyrene loaded
C1 7748 nm 53+4 nm 2945 nm 2916 nm
2 C2 64+15 nm 58+4 nm 25+4 nm 25+3 nm
3 C3 61+6 nm 59+3 nm 25+5 nm 2345 nm
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The DLS measurements were also done in THFrderoto check the stability of
noncrosslinked and crosslin#anicelles. For this study, to 1Lmmicelle solution in water,
0.1 mL THF was as added and sonicatéten, the size as monitored.It was seen that
micelle size became bigger due to swelling. So, THF volume was optimized, and size
changes were observedr forosslinked micelle At a certain THF volume (0.7 mL), the

micelle stopped the swelling.

300

250 - ,0’0

200

150

size (nm)

100

50 ¢

0 0.2 0.4 0.6 0.8 1 1.2 1.4
THF (mL)

Figure 49. Swelling of crosslinked micelles with THIdition.
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5. CONCLUSION

In this thesis projet, we synthesized corerasslinked polymeric micelles from
amphiphiliclinear polymerdendron conjugasin a modular fashion using [3+2] Huisgen
type 0cl i cThebhydoophebm ipatiorn is/biodegradable polyester dondron which
containsalkyne unit at the focal poi andalkene units at the periphery. PoIREGMA)-
based azide group bearing copolymer constitutes hydrophilic portion and the
copolymer contains activated carboxyheid units on the backboneéy changing the
length of hydrophilic part, differe copolymerswere obtainedand used forfurher
conjugationwith dendronThese conjugates were saksembled in agueous methdorm
micellar structuresAvailable functional groups of dendrons on the hydrophobic core were
crosslinkedwith a tetrathiolsuccessfullyvia thiol-ene chemistryin order to getstable
micellar constructs. Pyrene was used psodbeand was loadeduccessfullynto both core
crosslinked and noncrosslinked micelles. We have focused on the size and stability of these

micelles using fluorescenead dynamic light scattering spectroscopies.

From the fluorescence studies, critical micelle concentrations of each micellar
structures assembled from three different polyderdron conjugates were calculated. It
can be seen that, as increasing the rchangth of polymer part, CMC values do not
significantly differ from each otheherefore,the stability of micellesloesnot change
while playing the size of hydrophilic segment of polyrdendron conjugate#n addition,
the size and stabilitof both noncrosslinked and crosslinked micellesrestudied using
DLS. Four different micelles were prepared from the three conjugates, seperately. They
were chssified according to empty non crosslinked, pyrene loadednosslinked, empty
crosslinked and pyrenloaded crosslinked micelld3LS measurements revealed thtier
applying core crosslinking, the sizeEmicellesreducedlIn addition, pyrene loaded non
crosslinked micelles had smaller sizes as compared to empty ones. The reason may be the
hydropholic interaction between pyrene and G3 dendron. However, the decrease was
smaller in the case of crosslinked micellssexpectedThe size distribution of micelles
obtained from the three conjugate did not change considerably also, as in the case of CMC.



APPENDIX A: SPECTROSCOPY DATA

'H NMR, FT-IR spectra and GPC dataof the synthesized products are included
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Figure Al. *H NMR spectrum oproduct 8.
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Figure A17. FT-IR spectrum of P10.
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Figure A20. FT-IR spectrum of C1.
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Figure A26. FT-IR spectrum of C3.
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Figure A28. Size distribution®f (a) noncrosslinked empty, (b) necrosslinked pyrene loaded, (c) crosslinked empty, (d) crosslinked
pyrene loaded micekeassembled from C1 in water



Figure A29. Size distributions of (a) necrosslinked empty, (b) necrosslinked pyrene loaded, (c) crosslinked empty, (d) crosslinked
pyrene loaded micelles assembled from C2 in water.
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