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DEVELOPMENT AND FUNCTIONALIZATION OF NOVEL POLYMERIC
MATERIALS FROM POLY(OXAZOLINE)S FOR POTENTIAL
BIOAPPLICATIONS

SUMMARY

The polyoxazoline polymers (POx) were discovered as poly(N-acylethylenimine) in
1966, and have caught researchers’ attention only in recent years. This is because they
stand out in many ways as they exhibit high biocompatibility, stealth effect, narrow
molecular weight distribution, responsiveness to pH and temperature, high
functionalization and copolymerization and versatility. To this respect, they became a
popular choice to replace polyethylene glycol (PEG), which infamously suffer from
oxidation under in vivo conditions.

As a nutritional supplement, poly(2-ethyl-2-oxazoline) (PEtOx) was ratified by FDA,
and it is expected that the biomaterials depending upon PEtOx will improve very
swiftly with the assent of PEtOx for medical use. It is known that polyoxazolines
exhibit very good cellular compatibility for in vitro studies due to their stealth behavior
similar to PEG and their structure mimicking peptide. In vitro cytotoxicity studies of
PEtOx and their derivatives were generally found to be quite low and PEtOX is the one
of most studied polymers for in vivo toxicity. In addition, it was determined that
repeated intravenous injections of high dose (29 / kg) to rats, did not cause side-effects
on animals and no difference in histological applications in liver, spleen and kidney
compared to animals of control group.

Within the scope of this thesis, three different studies based on PEtOx were conducted:

The first study states that poly(2-ethyl-2-oxazoline)/clay (PEtOX/MMT)
nanocomposites were developed for the first time. The living cationic ring-opening
polymerization (CROP) of 2-ethyl-2-oxazoline was initiated by the tosyl-
functionalized montmorillonite clay, then silicate layers were delaminated in the
polymer matrix and nanocomposites were formed. The obtained nanocomposites have
been investigated in means of thermal and morphology properties by utilising DSC,
TGA, XRD, and TEM. All PEtOX/MMT nanocomposites consisting both intercalated
and exfoliated silicate layers have an enhanced thermal stability.

XXi
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Figure 1: The synthesis of PEtOx/clay nanocomposites via CROP.

In the second part of this thesis, PEtOx based-amphiphilic block copolymers and
synthetic routes that enable to reach them were certificated. In this context, a novel
procedure was created for the preparation of poly(2-ethyl-2-oxazoline)-block-poly(e-
caprolactone) (PEtOx-b-PCL) to manage the molecular architecture. Hereof, a new
electrophilic moiety functionalized PEtOx-b-PCL derivative was described. This
methodology opened a way to prepare biomolecule conjugated block copolymers that
have enormous importance for various applications.
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Figure 2: The fabrication of PCL-b-PEtOx-OCO-CHo>-I and their peptide-18 / BSA
conjugates.
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Amphiphilic block copolymers are shown to self-assemble into various morphologies,
comprising ellipsoids, tubular structures, toroids, vesicles, micellar structures. In this
study, we discuss the preparation PEtOx-b-PCL based copolymeric nanostructures
(CNs). Our data indicate that — varying the molecular weight and the number of
repeating units dictate the nature of morphology. That is, the formation of self-
assembled morphologies from ellipsoid to rod-like architectures are observed in
aqueous solution, contingent on the mass ratio of hydrophilic block to total block
copolymer (fretox). To best of our information, this is the first document on the
morphological transitions of PEtOx-b-PCL amphiphilic block copolymer-based CNs
with different fpetox values in the literature.

ellipsoid | rod

%l #&%' e,
N B .}
2 L)

rod

r.t, 24 h | CuSO/Ascorbic acid

ﬁ(—oho(\/\/\ot"
HsC +N /\{“N,N--"
.

increasing range of frecox (-0.2-0.30)

Figure 3: The morphological transitions of PEtOx-b-PCL CNs in aqueous solution
upon altering the molecular weight, and the number of repeating units.
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POTANSIYEL BIYOUYGULAMALAR ICiN POLI(OKSAZOLIN)LERDEN
YENI POLIMERIK MATERYALLERIN GELISTIRILMESI VE
FONKSIYONLANDIRILMASI

OZET

Polioksazolin polimerleri (POx) 1966’da poli(N-agil etilenimin) olarak kesfedilmis
olup, son yillarda yeniden arastirmacilarin ilgi odagi olmustur. Bunun nedeni, yiiksek
biyouyumlulugu, goriinmezlik etkisi, diisiik ortalama molekiiler dagilimi, pH ve
sicakliga kars1 yanit olusturmasi, yiiksek fonksiyonellestirme ve kopolimerizasyon ile
cok yonliiliik sergileyebilmesidir. Bu agidan POX, oksidasyon sorunu olan polietilen
glikoliin (PEG) yerini almak i¢in popiiler bir se¢im haline gelmistir.

Poli(2-etil-2-oksazolin) (PEtOx)’un dolayli yolla gida takviyesi olarak kullanimi FDA
tarafindan onaylanmis olup medikal kullanim i¢in de PEtOx’un onaylanmas ile
birlikte PEtOx’a dayali biyomateryallerin olduk¢a hizli gelisim kaydedecegi
beklenmektedir. PEtOx polimerleri, PEG’e benzer goriinmezlik davranisi
sergilemektedirler ve peptidleri taklit eden bir yapiya sahiptirler. Bu nedenlerden
dolay1, polioksazolin polimerleri in vitro ¢alismalarda oldukea iyi hiicresel uygunluk
gostermektedirler. PEtOx yapisindaki polimerlerin biiyiikk bir kisminda in vitro
sitotoksisite ¢alisilmis ve sitotoksik Ozelliklerin  genel olarak diisiikk oldugu
gorilmistiir. In vivo toksisite i¢in PMeOx’dan sonra en fazla ¢alisilan polimer PEtOx
olmustur. Ayrica yiiksek dozda (2g/kg) tekrarlanan damar ici enjeksiyonlarin
hayvanlar iizerinde yan etkiye neden olmadigi ve kontrol grubu hayvanlar ile
karsilagtirildiginda karaciger, dalak ve bobrekteki histolojik uygulamalarda hi¢ bir
farklilik olusmadigr tespit edilmistir.

Tez cercevesinde PEtOx esasli ii¢ farkli calisma yapilmistir:

Ik ¢aligmada, literatiirde ilk kez poli(2-etil-2-oksazolin) / kil nanokompozitleri
hazirlanmistir. Tosil fonksiyonlu montmorillonit kili (MMT), 2-etil-2-oksazolinin
yasayan katyonik halka agilma polimerizasyonu i¢in polimer matriksindeki silikat
tabakalariin ayrilmasini tetikleyen ve nanokompozit olusumuna yol agan baslatici
olarak  kullanilir. Polimerizasyonun yasayan dogas1i kinetik ¢alismalarla
dogrulanmistir. Nanokompozitin morfolojisi ve termal 6zellikleri, X-1511 kirinimu,
transmisyon elektron mikroskopisi, diferansiyel tarama kalorimetresi ve
termogravimetrik analiz metotlari kullanilarak degerlendirilmistir. Tiim nanokompozit
numuneler, karigik bir eksfolidiye / interkale silikat katmanina ve saf poli(2-etil-2-
oksazolin) ile karsilastirildiginda yiiksek bir termal stabiliteye sahiptir.
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Sekil 1: Yasayan katyonik halka acilma polimerizasyonu yoluyla PEtOx / MMT

PEtOx igeren amfifilik blok-kopolimerleri ve bu polimerik malzemeleri sentezlemek
i¢in bir ¢ok yaklasim literatiirde vardir. Bu kapsamda, molekiil yapisini kontrol etmek
amaciyla poli(2-etil-2-oksazolin)-blok-poli(e-kaprolakton) sentezi i¢in modiiler bir
yaklasim ekibimiz tarafindan gelistirilmistir. Bu ¢alismada ise terminal pozisyonunda
elektrofilik kismi olan yeni bir poli(2-etil-2-oksazolin)-blok-poli(e-kaprolakton) tiirevi
gelistirildi. Bu yeni tasarim, birgok uygulama igin biiyiikk 6nem tasiyan blok-ko-
polimer-biyomolekiil konjugatlarinin hizli bir sekilde sentezlenmesini saglayacaktir.
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(R naococHal

BSA-SH
or
Peptide-18-SH

Sekil 2: PCL-b-PEtOX-OCO-CH:-I ve peptit-18 / BSA konjugatlarinin sentezi.



Amfifilik blok kopolimerlerin elipsoidler, tiibiiler yapilar, toroidler, vezikiiller, misel
yapilar dahil olmak iizere ¢esitli morfolojilere kendiliginden birlestigi bilinmektedir.
Bu c¢alismada poli(2-etil-2-oksazolin)-blok-poli(e-kaprolakton)  (PEtOx-b-PCL)
amfifilik blok kopolimerlerin kullanilarak kopolimerik nanoyapilarin (CN) sentezini
tartistik. Verilerimiz - molekiiler agirligin ve tekrar eden birimlerin sayisinin
degistirilmesinin morfolojinin dogasini degistirdigini géstermektedir. Bunun nedeni,
sulu ¢ozeltilerde gozlenen elipsoitten gubuk benzeri mimarilere kendi kendine monte
edilen morfolojilerin olusumu, hidrofilik blogun (fretox) kiitle oranina bagli olmasidir.
Bildigimiz kadariyla, bu ¢alisma literatiirde farkli fpetox degerlerine sahip PEtOx-b-
PCL amfifilik blok kopolimer esasli CN'lerin morfolojik gegisleri hakkindaki ilk
calismadir.

-

cn,+~,\+:, . ///-\OP‘\N\JHM

L24n [Cusodhcumk acid

Kot
HyC *N '\'t:‘ o
o
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Sekil 3: PEtOx-b-PCL CN'lerin, molekiiler agirhigin ve tekrarlanan birimlerin
sayisinin degistirilmesiyle sulu ¢ozeltilerdeki morfolojik gegislerinin gosterilmesi.
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1. INTRODUCTION

Amphiphilic block copolymers comprising of hydrophobic and hydrophilic segments
represent a new class of functional materials serving a number of applications mainly
drug delivery, pharmaceutics, separation, surfactant and coating. By changing various
parameters such as hydrophilic/hydrophobic block ratio, polymer concentration,
temperature and polymer-solvent interaction, they can self-assemble into a wide
variety morphologies including bilayer-type, cylindrical or spherical micelles,
polymersomes, liposomes, vesicles and nanotubes. Since the amphiphilic block
copolymers deliberately require precise molecular characteristics, only controlled
polymerization methods have been able to prepare these type of copolymers. The
combination of these methods with highly efficient “click™ chemistry reactions has
been provide great opportunities for the preparation of macromolecular structures.
This combination has been very useful to join the chemically incompatible blocks in a
single molecule, such as a block and a graft copolymer, a star-shaped polymer, a hybrid

material, and a bioconjugate.
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Figure 1.1: Some instances for polymeric carriers.



Lately, polyoxazolines (POx)s have drawn attention with the finding of the potential
biological and chemical favorability due to their some advantageous structural
properties such as pH and temperature sensitive, ionic strength, chemical and
biological stimuli, biocompatible and highly soluble. Based on their superior
properties including low toxicity and stealth behavior they are currently investigated
for various different applications such as drug delivery, protein adsorption and
antibacterial materials. Due to the amide functions in both the main and side chains,
these polymers are structurally isomers of both polyacrylamides and polypeptides.
These polymers can be synthesized by cationic ring-opening polymerization of 2-
alkyl-2-oxazolines by using various initiators such as methyl tosylate, methyl triflate,
and benzyl bromide. The living nature of the polymerization allows the synthesis of
numerous well-defined functional polymers together with the access to both
hydrophobic and hydrophilic monomers. Watersoluble polymers are accessible using
small aliphatic side chains such as methyl, ethyl and different variants of propyl,
whereas larger aliphatic or aromatic substituents result in hydrophobic polymers.
These features result in different polymer properties that make them suitable for

biomedical applications.
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Figure 1.2: General scheme for CROP of 2-oxazolines.

However, their films exhibit very poor mechanical properties and show sensitivity to
atmospheric moisture that still need to be improved in order to extend their use in other
engineering applications. The addition of a very small amount of reinforcing

nanoparticles into a continuous polymer matrices leads to polymer nanocomposite



formation, which show significant improvements in both thermal and mechanical

properties of the corresponding polymer.

Phase separated Intercalated Exfoliated
(microcomposite) (nanocomposite) (nanocomposite)

Figure 1.3: Formation of polymer/clay nanocomposite.

Recently, owing to the their unique nontoxicity, biocompatible and biodegradable
features, PCL, poly(L-lactide) (PLA), and their derivatives have been intensively
studied for a lot of bioapplications, such as, absorbable sutures, and controlled drug
release systems. However, these aliphatic polyesters have several disadvantages
including their low solubility and lack of reactive sites for further functionalization,
which limit their usage in biomedical applications. The introduction of hydrophilic
segments or pendent functional groups along these polyester chains enables to adjust
their physicochemical properties, such as crystallinity, hydrophilicity, bioadhesion,
biological activity and biodegradation rate. Up to now, various modification strategies
for example, functional initiators or monomers, copolymerization and post-

modification reactions have been applied for the functionalization aliphatic polyesters.
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Figure 1.4: General scheme for ROP of €-caprolactone.
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Considering above-mentioned knowledges, this thesis proposal is suggested the
synthesis of PEtOx based amphiphilic blocks via click chemistry methods for
polymeric carrier systems as drug and gen delivery devices. Moreover, it is proposed
the novel approach for the in-situ synthesis and characterization of poly(2-ethyl-2-

oxazoline)/montmorillonite (PEtOX/MMT) nanocomposites.

1.1 Purpose of Thesis

The purpose of this thesis is the assertion of a new methodology about
poly(oxazoline)s and their applications. It gives the opportunity to discover the novel
synthetic approaches towards poly(oxazoline)s in terms of characterization and
functionalization. The various amphiphilic block copolymers are synthesized via click
chemistry methods by using different functional hydrophilic and hydrophobic
polymers for new polymeric carriers. Besides, these amphiphilic block copolymers are

functionalized through targeting or imaging agents.

Herein, the another purpose of our thesis is the in-situ preparation of poly(2-ethyl-2-
oxazoline)/clay nanocomposites. To the best of our knowledge, there is no example
for the preparation of polyoxazoline-based clay nanocomposites in the literature. First-
time, we report an influential living cationic ring-opening polymerization (CROP) of
2-ethyl-2-oxazoline that is initiated by functionalized initiator bounded nanoclays and
it permits for the in-situ preparation of poly(2-ethyl-2- oxazoline)/montmorillonite
(PEtOX/MMT) nanocomposites.

1.2 Literature Review

Recently, a plethora of polymeric systems possess favorably employed self-assembly

in controlled drug release systems and many bio-fields including virus-assisted gene



delivery, nanoreactors, and biomedical coatings. These are amphiphilic diblocks or
triblocks that self-assemble into vesicles, tubular structures, membranes, micelles,
worm-like micelles, liposomes, or polymersomes under suitable conditions. A
modular preparation of these polymers is extremely covetable as it suggests precise
individual block characterization and enhanced yields. In line with this purpose, these
type of copolymers have been able to prepare by using just controlled polymerization
methods. Combining these methods and highly efficient click chemistry have been
provide a very powerful route towards complex macromolecular architectures. Since
Sharpless et al. has explored click chemistry methodology in 2001, research workers
have been enthusiastic to further enhance and find only just click approaches out for
novel bio-fields. Especially, interest has shifted to the progress of metal-free and ultra-
fast reactions that have same features as the click chemistry prototype. The
combination of these reactions enables the modification of biomaterials. Expressly,
click chemistry concept has been profited by polymer chemistry. The living/controlled
polymerizations make the addition of the various of well-defined highly functional
materials easy. The introduction of clickable blocks creates the opportunity for post-

polymerization modifications.

Fundamentally, polyesters consist repeating units that are linked via ester bonds, there
are several ester types that are available in nature and in enzymes. Especially, PCL and
PLA have been intensively utilized in a wide range of clinical studies, pharmaceutical,
and biomedical applications including controlled drug release systems, resorbable
sutures, and orthopaedic fixation devices such as screws, pins, and rods on account of
their physical properties and nontoxicity to humans. Besides, the permeability to drugs
and biodegradability properties of these polymers and their copolymers can be fine-
tuned by monomer sequencing, molecular weight of polymers, and copolymer
composition. Thus, several studies have been concentrated on fabricating both block
and random copolymers from e-caprolactone and lactide to obtain copolymers with
covetable features. As the bioapplications of these aliphatic polyesters are restricted
for their powerful hydrophobicity and no functional groups in the polymer backbones,
the addition of hydrophilic segments or functional groups to these polyesters has
become important.

Oxazolines (OX)s, that can be polymerized via a living CROP with low polydispersity
index (PDI) values, are regarded as cyclic imino ethers. Notedly, 2-substituted-2-



oxazolines are the most comprehensively labored compounds in polymer and organic
chemistry. The invention of polymerization of 2-substituted-2-oxazolines has been
occured in the mid-1960s. Polyoxazolines can be also prepared and modified with the
vast diversity (range) of 2-alkyl-oxazoline monomers, electrophilic initiators, and
nucleophilic terminating agents which can give a chance to synthesis post-
polymerization reactions. The polymerization reaction progress by means of formation
of cationic and/or covalent-bonded propagating chains (Figure 1.2), depending upon
the nucleophilicity of the monomer, counter-anion and polarity of the solvent. The
nature of this polymer type and their combination with multifarious polymers permit
the preparation of double hydrophilic, graft, amphiphilic, and network polymers for
use in a wealth of implementations. On the occasion of biocompatible, nontoxic, and
approved by the FDA, polyethylene glycol (PEG) has attracted intensive attention for
drug companies. The covalent introduction of PEG to proteins (PEGylation), both can
decrease the rental ultrafiltration, and can augment the circulating half-life in blood by
raising the stability of the proteins. Since PEGylation can diminish the
immunogenicity of a number of proteins normally, drug firms are so keen to find
alternative polymers. Due to the low toxicity and immunogenicity, PEtOx is an up-
and-coming applicant among all alternative polymers. Well defined linear
polyethylenimines, that have catchy solubility features, can be synthesized by way of
acidic hydrolysis of PAOx owing to their pH responsiveness and crystallinity. The
partial acidic hydrolysis of PAOx enables that obtain PAOXx-co-PEI copolymers.
Herein, the obtained PEI exhibits less cytotoxic effect than linear poly(ethyleneimine)
(Figure 1.6). These are used in many applications such as micellar catalysis,

temperature and pH responsive drug delivery, or aqueous self-assembly.
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Figure 1.6: General scheme for the synthesis of PEtOx-co-PEI via partial acidic
hydrolysis.

Latterly, the studies in field of polymer layered silicate (PLS) nanocomposites have
been intensively increased at an unparalleled level owing to their improved

mechanical, physical, and chemical features as compared with traditionally filled



composites. Polymer nanocomposites can be defined as 2 phase substances in which
the polymers are consolidated by the nanoscale fillers. The most populously utilized
filler materials are hinged upon the clay minerals such as bentonite, montmorillonite,
hectorite and synthetic mica that are layered silicates composed of alumina and silica
nanosized sheets stacked on top of each other in different combinations. Due to their
structural features (van der Waals forces holding layers together) and surface energies
(incompatibility of the hydrophilic clay with the hydrophobic polymer), the dispersion
of individual layered silicates without agglomeration in the polymer matrix is difficult
to achieve. The cation exchange technique does not only change the surface chemistry
of the silicate layers, but also expands the basal spacing of them. Thus, the layered
silicates are compatible with polymer matrix by increasing intermolecular interactions
between them. There are three different techniques that have been used for the
preparation of polymer/clay nanocomposites; solution exfoliation, melt intercalation
and in-situ polymerization. In-situ polymerization is the most commonly used
technique as it enables chain growth of polymer molecules in the silicate layers of
nanoclays, which leads to the better exfoliation and interaction between clay and
polymer matrix. The important aspect in nanocomposite preparation is to find an
efficient method that ensures the complete exfoliation of silicate layers and,
simultaneously, provides more control over the polymer molecular characteristics such
as functionality, molecular weight, architecture, composition and dimension.
Controlled and living polymerization techniques enable production of well-defined
polymers, which improve the intermolecular interactions as well as the exfoliation of
clay layers in the nanocomposite formation. In recent years, various polymerization
techniques such as conventional free radical polymerization, controlled radical
polymerization, ring-opening polymerization, living cationic polymerization, living
anionic polymerization and click reactions have been described for the in-situ

preparation of polymer/clay nanocomposites.

1.3 Hypothesis

In the past decade, PAOx have become spotlighted as multi-pronged polymer-based
biomaterials and potential alternatives to PEG. By virtue of non-cytotoxicity,
structural adaptability, susceptible, biocompatibility, and stealth behavior to

attachment of biological moieties such as labeling and targeting groups, PAOX are cut



out in the diversified amount of biomedical fields such as scaffolds for 3D cell culture,
polymer therapeutics, tissue adhesives, surface modification, antimicrobial agents, and
matrix excipient for solid dispersions. Here, the methodology described will provide
flexibility to obtain the amphiphilic block copolymers by using functional POx, PEI,
PCL, and PLA for polymeric carrier systems. The obtained amphiphilic block
copolymers will be distinguished applicants in biomedical studies such as
pharmaceutics, drug or gen delivery systems, stabilizing agents, cosmetics and

processing aids.

On the other hand, the use of functionalized clay in living CROP of EtOx will ease the
growing polymer chains with living nature of the polymerization in the silicate
interlayers and fabricate well-defined poly(2-ethyl-2-oxazoline) (PEtOx) polymers
with controlled molecular weight and narrow molecular weight distribution. It is
expected that PEtOx/clay nanocomposites will be used in the production of novel
biomaterials for significant applications such as drug delivery, protein adsorption and

antibacterial material.



2. IN-SITU PREPARATION OF POLY(2-ETHYL-2-OXAZOLINE)-CLAY
NANOCOMPOSITES VIA LIVING CATIONIC RING-OPENING
POLYMERIZATION!

Polyoxazolines (POx)s are stimuli responsive, biocompatible, nonionic, and highly
soluble polymers [1]. Based on their superior properties including low toxicity and
stealth behavior they are currently investigated for various different applica-tions such
as drug delivery, protein adsorption and antibacterial materials [2]. Due to the amide
functions in both the main and side chains, these polymers are structurally isomers of
both polyacrylamides and polypeptides [3,4]. These polymers can be synthesized by
cationic ring-opening polymerization of 2-alkyl-2-oxazolines by using various
initiators such as methyl tosylate, methyl triflate, and benzyl bromide [5,6]. The living
nature of the polymerization allows the synthesis of numerous well-defined functional
polymers together with the access to both hydrophobic and hydrophilic monomers [7—
14]. Water-soluble polymers are accessible using small aliphatic side chains such as
methyl, ethyl and different variants of propyl, whereas larger aliphatic or aromatic
substituents result in hydrophobic polymers [5,15]. These features result in different
polymer properties that make them suitable for biomedical applications [1,16-18].
However, their films exhibit very poor mechanical properties and show sensitivity to
atmospheric moisture that still need to be improved in order to extend their use in other
engineering applications [19]. The addition of a very small amount of reinforcing
nanoparticles into a continuous polymer matrices leads to polymer nanocomposite
formation, which show significant improvements in both thermal and mechanical
properties of the corresponding polymer [20-24]. Clay minerals such as bentonite,
montmorillonite, hectorite and synthetic mica are layered silicates composed of
alumina and silica nanosized sheets stacked on top of each other in different

combinations [25]. Due to their structural features (van der Waals forces holding layers

! This chapter is based on the paper “Ozkose U. U., Altinkok C., Yilmaz O., Alpturk O., and
Tasdelen M. A., In-situ preparation of poly(2-ethyl-2-oxazoline)-clay nanocomposites via living
cationic ring-opening polymerization. European Polymer Journal, 2017, 88, 586-593. doi:
10.1016/j.eurpolymj.2016.07.004”


http://dx.doi.org/10.1016/j.eurpolymj.2016.07.004
http://dx.doi.org/10.1016/j.eurpolymj.2016.07.004

together) and surface energies (incompatibility of the hydrophilic clay with the
hydrophobic polymer), the dispersion of individual layered silicates without
agglomeration in the polymer matrix is difficult to achieve [26,27]. The cation
exchange technique does not only change the surface chemistry of the silicate layers,
but also expands the basal spacing of them. Thus, the layered silicates are compatible
with polymer matrix by increasing intermolecular interactions between them. There
are three different techniques that have been used for the preparation of polymer/clay
nanocomposites; solution exfoliation, melt intercalation and in-situ polymerization.
In-situ polymerization is the most commonly used technique as it enables chain growth
of polymer molecules in the silicate layers of nanoclays, which leads to the better
exfoliation and interaction between clay and polymer matrix.

The important aspect in nanocomposite preparation is to find an efficient method that
ensures the complete exfoliation of silicate layers and, simultaneously, provides more
control over the polymer molecular characteristics such as functionality, molecular
weight, architecture, composition and dimension. Controlled and living
polymerization techniques enable production of well-defined polymers, which
improve the intermolecular interactions as well as the exfoliation of clay layers in the
nanocomposite formation. In recent years, various polymerization techniques such as
conventional free radical polymerization [28-32], controlled radical polymerization
[27,33-40], ring-opening polymerization [33,41-48], living cationic polymerization
[49], living anionic polymerization [50,51], and click reactions [49,52-54] have been
described for the in-situ preparation of polymer/clay nanocomposites. To the best of
the authors’ knowledge, there is no example for the preparation of polyoxazoline-
based clay nanocomposites in the literature. Here, we report an efficient living cationic
ring-opening poly-merization (CROP) of 2-ethyl-2-oxazoline that is initiated by
functionalized initiator anchored nanoclays and allows for the in-situ preparation of
poly(2-ethyl-2-oxazoline)/montmorillonite  (PEtOX/MMT) nanocomposites. The
living nature of poly-merization has been examined by Kkinetic studies. The
morphologies and thermal properties of obtained PEtOX/MMT nanocomposites have

been characterized by spectroscopic, microscopic and thermal analyses.
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2.1 Experimental

2.1.1 Materials

Organo-modified montmorillonite clay modified by methyl bis(2-hydroxyethyl)
tallow alkyl (containing ~65% C18; ~30% C16; ~5% C14 atoms) and ammonium ions,
commercially known as Cloisite 30B (MMT-(CH2CH20H),), was purchased from
Southern Clay Products (Gonzales, TX). Its organic content was calculated from
thermogravimetric analysis and was found as 21 wt%. The clay was dried under
vacuum at 110 °C for 1 h prior to use. Tosyl-functionalized montmorillonite clay
(tosyl-MMT) was synthesized according to reported literature [11,13]. 2-Ethyl-2-
oxazoline (Aldrich, >99%), acetonitrile (J.T. Baker, >99%) and triethylamine
(Aldrich, HPLC grade) were purified by distillation prior to use. p-Toluenesulfonyl
chloride (Alfa Easer, 98%) were used as received. All other solvents (methanol,
dichloromethane and cold diethyl ether) were purchased commercially and used fresh

from the apparatus or stored with drying agent.

2.1.2 In-situ preparation of poly(2-ethyl-2-oxazoline)/montmorillonite
(PEtOX/MMT) nanocomposites

All nanocomposites were prepared by using slightly modified literature procedure
[55]. A monomer 2-ethyl-2-oxazoline (EtOx) and with the tosyl-MMT initiator (1, 5
and 10 wt% with respect to EtOx) dissolved in acetonitrile (ACN) under an inert
atmosphere at room temperature. The sealed vial was heated to 130 °C in an oil bath
for 16 h at 130 °C, the reaction mixture was again cooled at room temperature and
methanolic potassium hydroxide solution (0.1 N KOH/MeOH) was added to ter-
minate the polymerization. After termination for 24 h at the room temperature in the
dark media, the solvent was removed under reduced pressure. Then, the product was
dissolved in dichloromethane and precipitated in cold diethyl ether and dried under

vacuum for overnight.

2.1.3 Characterization

The resulting exfoliated polymer/clay nanocomposites have been characterized by X-
ray diffraction (XRD) spectroscopy, Fourier transform infrared spectroscopy (FT-IR),
differential scanning calorimetry (DSC), thermogravimetric analysis (TGA) and
transmission electron microscopy (TEM). The FT-IR spectra were recorded on a
Perkin-Elmer FT-IR System Spectrum BX over the range 4000-500 cm™. Gel
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permeation chromatography (GPC) measurements were performed on an Agilent 1260
Infinity Multi-Detector GPC/SEC system with viscometer (390-MDS), light scattering
(390-MDS 15/90 LS) and refractive index (Agilent 1260 Infinity MDS RID) detectors
with a PL Aquagel-OH Mixed H column (7.5 300 mm?; 8 um; Agilent Tech-nologies).
The mobile phase used was deionized water consisted of 0.02% (w/w) sodium azide
and the flow rate adjusted to 1.0 mL min! at 30 °C. All polymer samples prepared by
previously reported procedure, they were cleaved from MMT nanoclay by refluxing
with lithium bromide in THF for 24 h and then isolated by centrifugation and filtration.
The DSC analyses were performed with a SEIKO DSC 6200 instrument under inert
atmosphere at a heating rate of 5 °C/min between -20 and 300 °C. The TGA
measurements were carried out with a SEIKO ExStar 6300 instrument under inert
atmosphere at a heating rate of 10 °C/min between 25 and 800 °C. The XRD analyses
were performed on a Shimadzu 6000 X-ray diffractometer equipped with graphite-
monochromatized Cu Ko radiation (. = 1.5418 A). The TEM imaging of the samples
was carried out on a Jeol JEM 1400 Plus instrument operating at an acceleration
voltage of 200 kV. The samples were dispersed in chloroform and then drop-cast onto

carbon coated grid for the TEM measurements.

2.2 Results and Discussion

2.2.1 Functionalization of organomodified nanoclay with tosyl chloride

In-situ preparation of polymer/clay nanocomposites can be achieved by either
organomodified clay containing monomer, initiator or chain-transfer functionalities,
which are involved in the polymerization or organomodified clay with non-functional
groups. The first route is more efficient than the second route due to the possibility of
growing polymer chains between clay galleries. For this purpose, the initiator-
functionalized organomodified montmorillonite clay was prepared by tosylation
reaction between alcohol groups of commercially available Cloisite 30B (MMT-
(CH2CH20H)) clay with p-toluenesulfonyl chloride (Figure 2.1).
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Figure 2.1: In-situ preparation of PEtOX/MMT nanocomposites via living cationic

ring-opening polymerization.
The attachment of tosyl group in the MMT layers was confirmed by FT-IR and XRD
spectroscopy, and TGA analysis. After the intercalation process, the characteristic FT-
IR bands belonging to aromatic C-H stretching, aromatic C-H bending, aromatic C=C
bending and S=0 stretching bands were appeared at 2990, 680, 1480 and 1390 cm™,
respectively. In addition, the characteristic Si-O and aliphatic C-H bands of MMT-
(CH2CH20H), were still detected at 1005 and 2990 cm™ in the FT-IR spectrum of
tosyl-MMT. The basal spacing peak of MMT-(CH2CH>OH). was shifted from 4.89°
(1.89 nm) to 4.64° (1.82 nm) implying that the tosyl group was successfully attached
into the silicate galleries of the MMT. The char yields of commercial MMT-
(CH2CH20H)2 and tosyl-MMT were determined as 20.2 and 27.4%, respectively
(Figure 2.2).

13



] ,/““ PEtOX/MMT-10
C-H c=a

% PEtOx
N 4
> ] cH
8
o C=
e
T T MMT-Tosyl
£ |@ancH :
£
2
S I VvY  MMT-
=1 4

C-H (C=0)-C-H

\

Si-0

E T : T E T E T
3200 2800 2400 2000 1600

Wavenumber (cm™)

T r
1200 800

Figure 2.2: FT-IR spectra of neat MMT-, tosyl-MMT and PEtOX/MMT-10

nanocomposite.

This result confirmed that the 7.2% weight percentage of tosyl-MMT was attached

tosyl groups (Table 2.1). The larger layer spacing compared to the MMT-

(CH2CH20H)2 not only weakened the Van der Walls forces between clay galleries,

but also improved the monomer diffusion and polymer growth in the silicate layers.

Thus, the degree of exfoliation of MMT layers in the polymer matrix was significantly

enhanced according to previous reports [29, 31, 32, 45].

Table 2.1: Experimental data from PEtOX/MMT nanocomposites and their

components.
b -
Entry Conversion  Mn M/ doos®  TgC Weight Iosse C_hare
(%)? (gf M,P (m)  (C) Temperature®  Yield
rn0|) (OC» (96)
Tonset Tmax
MMT- - - - 1.82 - 376 - 79.8
tosyl-MMT - - - 1.89 - 296 - 72.6
PEtOXx 97 10.900 1.13 - 494 371 400 <1
PEtOX/MMT-1 91 13.800 121 ndf 508 372 403 1.6
PEtOX/MMT-5 93 11.300 1.24 n.df 531 374 405 3.8
PEtOX/MMT-10 96 9300 1.26 247 552 375 419 8.5

aDetermined by gravimetrically; "Molecular weight and distribution are determined by

gel permeation chromatography; “Basal spacing (doo1) distances of the samples are

determined by XRD analysis; “Measured by DSC analyses with a heating rate of 10
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°C/min under nitrogen atmosphere; “Measured by TGA analysis with a heating rate of
10 °C/min under nitrogen atmosphere, Tonset: temperature at 10% weight loss and Tmax:

temperature at 50% weight loss; "Possibly comixemplete exfoliated silicate layers.

2.2.2 In-situ preparation of PEtOX/MMT nanocomposites via living CROP

After successful functionalization, a series of polymer nanocomposites were prepared
by living cationic ring-opening polymerization (CROP) of 2-ethyl-2-oxazoline (EtOx)
using various weight percentages of tosyl-MMT (1, 5, and 10 wt% based on the EtOx
concentration). By taking advantage of the living nature of CROP, the kinetic studies
using 5 wt% tosyl-MMT as initiator (EtOx/tosyl-MMT ratio = 183/1) were performed.
The linear relationship between monomer consumption and polymerization time, and
between the molecular weight of obtained polymer and conversion confirmed the
living nature of this process (Figure 2.3). However, the theoretical molecular weights
of obtained polymers were noticeably higher than experimental values and they
displayed relatively broad molecular weight distributions ranging from 1.19-1.24. This
behavior might be due to the unavoidable chain transfer reactions, which not only
reduce the experimental molecular weights but also increase the molecular weight

distributions of the final polymers.
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Figure 2.3: The living CROP of EtOx ([EtOx]o/[tosyl-MMT]o= 183/1), a) kinetic
plot and b) molecular weights and distributions of resulting polymers as a function of
conversion.

2.2.3 The morphology of PEtOX/MMT nanocomposites

Subsequently, the influence of tosyl-MMT concentration on the nanocomposite
formation was investigated by varying 1, 5 and 10% tosyl-MMT in the polymerization.
The increase in clay concentration not only led to reduce the monomer/initiator ratios

and also reduced molecular weights of the resulting polymers. The higher number of
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initiating sites caused in the slightly higher monomer conversions and molecular
weight distributions (Table 2.1).

There was no XRD peak belonging to tosyl-MMT (4.64°) in the PEtOX/MMT-1 and
PEtOX/MMT-5 nanocomposites, implying that all clay layers loss ordered structure
and are separated/dispersed in the PEtOx matrix. Conversely, the PEtOX/MMT-10
sample revealed a broad peak at 3.56°, which resulted from partially exfoliated or
intercalated MMT layers with d-spacing of 2.47 nm. Separating the silicate layers by
overcoming strong ionic attractions between layer surfaces was an important
parameter for the exfoliation and intercalation processes. By increasing clay loadings,
it could be more difficult to overcome the ionic attractions and the intercalated
structures became denser in this sample (Figure 2.4). On the other hand, the existence
of MMT in the nanocomposite was confirmed by FT-IR spectroscopy. The
characteristic Si-O band of MMT was visibly detected at 1005 cm™ in the FT-IR
spectrum of PEtOX/MMT-10.

'\/\,_,/ PEtOX/MMT-10|
= \ PEtOX/MMT-5
s
2 PEtOX/MMT-1
‘®
e -

‘3 \———/\ MMT'TOSV“
1=
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2 4 6 8 10

2Theta (deg)

Figure 2.4: X-ray diffractions of neat MMT-, tosyl-MMT and PEtOX/MMT
nanocomposites containing 1, 5 and 10% clay content.

The XRD analysis gave useful information for the nanocomposite formation, but it
alone was not sufficient for morphological identification due to the some peak
broadening factors such as clay dilution, preferred orientation and mixed layering.
Transmission electron microscopy (TEM) was used to obtain accurate information
about dispersion of silicate layers in the polymer matrix. The TEM images of the
nanocomposites containing 1 and 5 wt % tosyl-MMT were shown in Figure 2.5 and
Figure 2.6, respectively. The bright region represented the polymer matrix and the dark
lines about 1.0~3.0 nm thick and from 50 to 200 nm dimensions that oriented
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perpendicularly to the slicing plane corresponded to the stacked or individual silicates.
The mixed morphologies containing non-uniform intercalated structures and
exfoliated single layers isolated from any stack were detected in the PEtOX/MMT-1
and PEtOX/MMT-5 samples. By combining XRD and TEM results, it could be
concluded that all nanocomposites had mixed morphologies containing partially
exfoliated/intercalated silicate layers in the polymer matrix. This result implied that
the intensive ionic attractions between silicate layers were still strong and be likely to
hold them together instead of to delaminate them homogeneously in the polymer

matrix, particularly at high clay concentration.

500 m

Figure 2.5: TEM micrographs of PEtOX/MMT-1 in high (a, scale bar: 200 nm) and
low (b, scale bar: 500 nm) magnifications.

Figure 2.6: TEM micrographs of PEtOX/MMT-5 in high (a, scale bar: 200 nm) and
low (b, scale bar: 500 nm) magnifications.
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2.2.4 Thermal behavior of PEtOX/MMT nanocomposites

The thermal behavior of the PEtOX/MMT nanocomposites were investigated by
differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). The
glass transition temperature (Tg) of neat amorphous PEtOx was determined as 49.4 °C
consistent with recently reported literature [56, 57]. All PEtOX/MMT nanocomposite
samples displayed higher T4 values than neat PEtOx. Notably, a slight increase (4.4
°C) in Tg with increasing clay loadings from 1% to 10% were measured in the
nanocomposite samples. The presence of silicate layers led to the restricted segmental
motions of polymer chains near the organic-inorganic interfaces of silicate layers,

which more occurred at in the high clay loadings (Figure 2.7).

—— PEtOX/MMT-10
—— PEtOX/MMT-5
——PEtOx/MMT-1
——PEtOx
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— T T T T T T
30 40 50 60 70 80 90 100 110 120
Temperature (°C)

Figure 2.7: DSC traces of neat PEtOx and PEtOX/MMT nanocomposites containing
1, 5 and 10% tosyl-MMT.

The effect of tosyl-MMT on the thermal stability of PEtOx was examined for the
heating rate 10 °C/min under nitrogen atmosphere. The TGA thermogram of the
PEtOx showed that the polymers start to decompose at 370 °C with a single-step
thermal decomposition. Since similar degradation behaviors were observed for all
samples, it was found that Tonset and Tmax Of nanocomposites slightly shifted toward
higher temperatures compared to PEtOx in proportion to the degree of
functionalization. By addition 10% tosyl-MMT, the Tonset and Tmax temperatures of
PEtOx were improved by up to 4 and 19 °C, respectively (Table 2.1). On the other
hand the final char yields of nanocomposites, the remaining mass after all organic
material burned away were increased with increase in weight percent of clay loading.

This improvement might be due to the barrier properties of clay mineral layers, which
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were not only inhibited the diffusion of oxygen into the nanocomposites, but also
blocked the spread out combustion products. The increase in char yield obviously
reflected about the effect of silicate layers on flame retardant characteristics of the
obtained PEtOX/MMT nanocomposites (Figure 2.8).
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Figure 2.8: TGA thermograms of neat MMT-, tosyl-MMT, PEtOx and PEtOX/MMT
nanocomposites containing 1, 5 and 10% tosyl-MMT.

2.3 Conclusion

In conclusion, the use of tosyl-functionalized clay in the CROP of EtOx facilitated the
growing polymer chains with living fashion in the silicate interlayers and produced
well-defined PEtOx polymers with controlled molecular weight and narrow molecular
weight distribution. The linear kinetic plot and molecular characteristics as a function
of conversion confirmed the living nature of the polymerization. These well-defined
PEtOxs not only improved organic-inorganic interaction between the silicate layers
and the polymer chains, but also increased the probability of exfoliated structures in
the nanocomposites. The increase of clay concentration reduced the molar masses of
obtained PEtOX, resulting intercalated structures due to the difficulty of overcoming
intensive ionic attractions. As supported by the XRD and TEM results, all
nanocomposite  samples had mixed morphologies containing partially

exfoliated/intercalated silicate layers in the polymer matrix. Due to the barrier
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properties of clay mineral layers, which not only restricted segmental motions of
polymer chains but also inhibited the diffusion of oxygen, the thermal stabilities of the
nanocomposites were clearly improved compared to neat PEtOx. Our findings have
concluded that PEtOX/MMT nanocomposites will be utilized in the fabrication of new
generation biomaterials for important applications such as drug delivery, protein

adsorption and antibacterial material.
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3. SYNTHESIS OF POLY(2-ETHYL-2-OXAZOLINE)-b-POLY (€-
CAPROLACTONE) CONJUGATES BY A NEW MODULAR STRATEGY?

In recent years, polymeric systems, and supramolecular assemblies of block
copolymers are of particular interest to engineer drug delivery systems. [58] Of course,
this notion stems from their ability to form self-assembly systems in the aqueous
milieu, rendering them perfect tools to delivery many agents, including therapeutic
agents, genes and so forth. [59] In regards to their structure, these polymeric self-
assemblies are composed of amphiphilic di-block, or tri-block co-polymers wherein
hydrophobic block is inherently tethered to a hydrophilic one. Once the concentration
of these block polymers exceeds certain critical micelle concentration in solution,
amphiphilicity assures micellation, upon which block polymers may assume a large
variety of morphologies with a well-defined core to encapsulate molecules. [60, 61]
In the synthesis of these amphiphilic block-copolymers, polyethylene glycol (PEG) is
a common ingredient to procure hydrophilicity. This synthetic polymer is relatively
non-toxic, biocompatible, and more importantly, it is highly water-soluble, thus it is
very favorable for many pharmaceutical applications. For instance, the covalent
attachment of PEG to proteins (or “PEGylation”) is reported to vastly improve their
circulation half-life in blood, whilst considerably diminishing rental ultrafiltration and
minimizing the immunogenicity of some proteins. [62-66] Yet, a more remarkable
aspect of PEGylation is stealth effect, whereupon its conjugation camouflages drug
delivery systems, by eliminating protein-like reactions with the immune system. [67]
Consequently, many PEGylated drug delivery systems (PEG-poly(lactic acid) or PEG-
poly(e-caprolactone), to name few) have been precedented in the literature to benefit
from these aspects of polyethylene glycol. [68-72]

Quite naturally, these merits even enabled PEG-containing products and drug delivery

systems to receive approval from FDA, whereupon the era of commercialization is

2 This chapter is based on the paper “Ozkose U. U., Yilmaz O., and Alpturk O., Synthesis of poly(2-
ethyl-2-oxazoline)-b-poly(€-caprolactone) conjugates by a new modular strategy. Polymer Bulletin,
2020, 77, 5647-5662. doi: 10.1007/s00289-019-03038-w”
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launched. [73] Inasmuch as this appears to be a huge step forward, reports, later on,
revealed that PEG is in fact imperfect. For instance, PEG infamously undergoes
(photo)oxidation, causing its sequential degradation under in vivo conditions and it
exhibits rather poor non-biodegradability. [74] Another obstacle compromising its
conspicuous advantages is the emergence of anti-PEG antibodies, whereby the
iImmune system neutralizes PEG-based systems. On account of these limitations,
scientific communities, and pharmaceutical companies felt compelled to replace PEG
with some others (e.g., polyoxazoline (POx) [75], N-(2-hydroxypropyl)
methacrylamide (HPMA) [76], polysialic acid (PSA) [77], polyvinylpyrrolidone
(PVP) [78]) to ameliorate in vivo fate of polymeric drug delivery systems.

So far, polyoxazolines (POx) have emerged as a promising candidate amongst all the
alternative polymers. [3, 4, 12, 79-83] Discovered more than 50 years ago,
polyoxazolines are reported to be very comparable to PEG in many ways, while
exhibiting no apparent adverse effects. [2] Synthetically, POx is more favorable than
PEG, as cationic ring-opening polymerization of 2-oxazoline monomers ensures the
synthesis of well-defined block copolymers in one pot, using sequential monomer
addition and “one-shot” copolymerization techniques to prepare random, quasi-
diblock, and block (e.g., diblock, terpolymer, quarterpolymer) copolymers. In brief,
the structural changefulness of polyoxazolines and their combination with various
polymers pave the way for the synthesis of amphiphilic, double hydrophilic, graft and
network polymers, which are well-suited platforms to craft amphiphilic polymers. [84-
86]

Consequently, amphiphilic block co-polymers, wherein poly(oxazoline) supplied
hydrophilicity and their synthesis have been investigated by many groups. [87] In this
context, we devised a modular approach for the synthesis of poly(2-ethyl-2-
oxazoline)-b-poly(e-caprolactone) to control the molecular architecture of block-co-
polymers. Therein, our methodology relied on the independent synthesis of both
blocks, followed by their assembly through Click chemistry under relatively mild
condition. [88] In doing so, we also recognized that should this material be intended
for use in targeted drug delivery systems in future (i.g., tissue-selective transport of
therapeutics), this method has better conform with tethering “targeting” molecules
with ease. Thus, we carved out PCL-b-PEtOx-OCOCH2-1 (1), a second-generation
molecule that possesses an electrophilic terminal position for conjugation of targeting

compounds or biomolecules, allowing this mode of drug delivery. In this manuscript,
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we report the rationale behind this chemistry, and a revisited synthetic methodology
to access 1 (Figure 3.1).
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Figure 3.1: Top) The structure of first-generation poly(2-ethyl-2-oxazoline)-b-
poly(e-caprolactone) and Bottom) The structure of second-generation PCL-b-PEtOx-
OCOCH:2-1 with terminal electrophilic position.

3.1 Experimental

3.1.1 Materials and Methods

2-Ethyl-2-oxazoline (EtOx, Aldrich, Germany), and €-caprolactone (CL, ACROS
Organics, Japan) were dried over calcium hydride (Aldrich, Germany) overnight,
purified through vacuum distillation and kept under nitrogen atmosphere until use.
Propargyl para-toluenesulfonate (Aldrich, Switzerland) was purified through vacuum
distillation. Acetonitrile (J. T. Baker, US), and toluene (Aldrich, France) were distilled
from calcium hydride under reduced pressure. 2-chloroethanol (Aldrich, Germany),
tin (11) 2-ethylhexanoate (Aldrich, Japan), bovine serum albumin (BSA, Aldrich, New
Zealand), sodium iodoacetate (Aldrich, USA), sodium azide (Aldrich, China), peptide-
18 (LifeTein, USA) (Leu-Phe-Arg-GIn-Tyr-Ala-Ala-Glu-X-Trp-Cys), and all other
reagents, as well as the solvents, were directly used without further purification. All
dialysis membranes with indicated molecular weight cut-off were purchased from
Spectra/Por.

'H-NMR spectra were acquired on a Varian Spectrometer operating at 600 MHz.

Coupling constant values were given in Hertz and chemical shifts were reported in
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ppm, with respect to the internal standard TMS. Splitting patterns were described as
follows: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), and br (broad
signal). The attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectroscopy measurements were recorded using a Perkin-Elmer Spectrum BX FT-IR
spectrometer over the range of 4000-500 cm™ with a maximum OPD resolution of 1
cm?,

Gel permeation chromatography (GPC) measurements were performed on an Agilent
1260 Infinity Multi-Detector GPC/SEC system with viscometer (390-MDS), light
scattering (390-MDS 15/90 LS), and refractive index (Agilent 1260 Infinity MDS
RID) detectors with two different column systems: (i) a PLgel Mixed-D column (7.5
x 300 mm? 5 pm; Agilent Technologies) for PCL-Ns, and the final resulting
amphiphilic block copolymer, (ii) PL Aquagel-OH Mixed H column (7.5 x 300 mm?;
8 um; Agilent Technologies) for PEtOx-alkyne. Samples of hydrophilic segments
were filtered with 0.2 pm regenerated cellulose syringe filters prior to injection and
were eluted with phosphate buffer saline (PBS, pH = 7.4) with 0.02% (w/w) sodium
azide (flow rate = 1.0 mL.min, temperature = 40 °C). The detectors were calibrated
with poly(ethylene oxide) standards. On the other hand, samples of hydrophobic
segments were filtered with 0.45 pm PTFE syringe filters, prior to injection and were
eluted with tetrahydrofuran (flow rate = 1.0 mL.mint, temperature = 30 °C). Apparent
molecular weights (Mngcpc, and Mw,crc), and polydispersity indexes (PDI) were
calculated with a calibration based on linear polystyrene (PS) standards.

The conjugation of BSA to amphiphilic block copolymer was demonstrated with
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Two
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels
containing 8% acrylamide/bisacrylamide were prepared according to the
manufacturer's instructions (Bio-Rad). BSA conjugated PEtOx-b-PCL amphiphilic
block copolymer samples of 1 pg /5 pl and 10 pg /5 pl were diluted in related to their
concentrations and were loaded to the SDS-PAGE gel by adding staining buffer.
Firstly, the samples were run on 8% acrylamide/bisacrylamide SDS-PAGE gel under
the electric field of 90 V for 15 minutes, then under the electric field of 120 V. The

proteins were visualized by silver staining.
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3.1.2 Synthesis of 2-azidoethanol [89]

2-chloroethanol (12.05 g, 149.61 mmol), and sodium azide (19.45 g, 299.22 mmol)
were dissolved in distilled water (100 mL) and the reaction was stirred at 75 °C for 96
hours. After cooling to room temperature, the product was extracted with diethyl ether
(5x100 mL). Organic phase was dried over magnesium sulfate overnight, filtered and
concentrated under reduced pressure. Then, oily material was purified through vacuum
distillation to afford the title compound as colorless oil in 77% yield. *H-NMR (CDCls,
d): 3.69 (t, 2H, CH20), 3.35 (t, 2H, CH2N3), 2.80 (b, 1H, OH).

3.1.3 Synthesis of azide-end-capped poly(e-caprolactone) (PCL-Ns) 3 [90]

A flask was charged with 2-azidoethanol (298.69 mg, 3.43 mmol), CL 2 (10 ml, 90.24
mmol), and Sn(Oct). (31.60 mg, 0.08 mmol) in toluene (10 mL) was introduced with
a syringe. The reaction mixture was vented with argon and then, the flask was
submerged in an oil bath at 120 °C for 2 hours. After the removal of the solvent under
reduced pressure, resulting solid material was dissolved in dichloromethane (10 mL)
and the product was precipitated from excess amount of cold methanol. Then, it was
isolated with suction and dried in vacuum oven for overnight at room temperature.
(Yield = 8.10 g, 80%; Mhp,theo = 2400 Da; Mn,cpc = 2500 Da; Mw,cprc = 4000 Da; PDI =
1.60). *H-NMR (CDCls, 8): 4.66 (s, 2H, CH>~C=CH), 4.00 (m, CH.0 on PCL), 3.65
(t, 2H, CH20H), 2.50 (s, 1H, CH>—C=CH), 2.35-2.27 (m, CH2C=0 on PCL), 1.67-
1.57 (m, CH2z on PCL), 1.40-1.38 (m, CH, on PCL). FT-IR (ATR): v (cm™) 3265,
2945, 2865, 2100 (azide), 1730 (carbonyl), 1460, 1410, 1390, 1365, 1295, 1245, 1165,
1105, 1045, 1005, 960, 730.

3.1.4 Synthesis of alkyne-end-capped poly(2-ethyl-2-oxazoline) (PEtOx-
alkyneiio00) 6 [84]

A flask, equipped with a stirring bar, was capped with a rubber septum and dried with
a heat gun under vacuum. Then, 2-ethyl-2-oxazoline 4 (15 mL, 148.60 mmol), and
propargyl p-toluenesulfonate 5 (242,78 uL, 1.40 mmol) dissolved in acetonitrile (45
mL) were introduced under inert atmosphere and the flask was submerged in an oil
bath at 130 °C for 16 hours. After cooling to room temperature, sodium iodoacetate
(1.17 g, 5.61 mmol) was added as powder in one portion and the reaction was further
stirred for 24 hours at the room temperature, and in the dark to terminate
polymerization reaction. Then, the solvent was removed under reduced pressure and

the crude material was dissolved in dichloromethane (10 ml). The product was
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precipitated from excess amount of cold diethyl ether and dried under vacuum for
overnight. (Yield = 13.29 g, 90%; Mh theo = 9500 Da; Mncrc = 11000 Da; Mw,crc =
11900 Da; PDI = 1.08). *H-NMR (CDCls, 8): 3.5-3.3 (4H, -N-CH2-CH>-), 2.4-2.2 (2H,
-N-CO-CH,-CHg), 1.1-0.9 (3H, -N-CO-CH2-CH3). FT-IR (ATR): v (cm™) 1630
(carbonyl).

3.1.5 Synthesis of PEtOx-b-PCL amphiphilic block copolymers 1 [88]

A flask, equipped with a stirring bar, was capped with a rubber septum and dried with
a heat gun under vacuum. In the flask, PCL-N3 3 (0.23 g, 0.09 mmol), PEtOx-Alkyne
6 (1 g, 0.09 mmol), copper sulfate (0.02 g, 0.09 mmol), and sodium ascorbate (0.09 g,
0.45 mmol) were dissolved in N,N-dimethylformamide (20 mL). Then, the mixture
was deaerated with nitrogen and stirred at the room temperature, and in the dark for
24 hours. Afterwards, the reaction mixture was passed through a silica column and the
solvent was removed under reduced pressure. The resulting material was dissolved in
dichloromethane (10 ml) and the product was precipitated from excess amount of cold
diethyl ether. The product was isolated with suction and dried under vacuum for
overnight. (Yield = 1.06 g, 86%; Mn theo = 11900 Da; Mncpc = 12400 Da; Mw,pc =
16400 Da; PDI = 1.32)

3.1.6 Conjugation of BSA to amphiphilic block copolymer 1 (7a) [91-94]

BSA was reconstituted to 2 mg/ml in HEPES (50 mM, pH = 7.5) which was
supplemented to 1 to 5 mM with EDTA to minimize reoxidation of free thiols. To
reduce disulphide of BSA, a fifteen to twenty molar excess of DTT (dithiothreitol) was
added to this solution and the reduction reaction allowed proceeding at room
temperature. After one hour, 1 dissolved at 5 to 10 mg/ml in distilled water (9.2 - 18.4
mM) was mixed with BSA solution in an amber vial or in a container, which was
immediately wrapped with foil to exclude light. Then, the reaction mixture was gently
stirred for 24 hours at room temperature. Excess PEtOx-b-PCL amphiphilic block
copolymer was removed through dialysis overnight against deionized water
(molecular weight cut-off = 14000 Da) and the final product was obtained with

lyophilisation.
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3.1.7 Conjugation of peptide-18 to amphiphilic block copolymer 1 (7b) [91-94]
Peptide-18 was reconstituted to 2 mg/ml in HEPES (50 mM, pH = 7.5) which was
supplemented to 1 to 5 mM with EDTA to minimize reoxidation of free thiols. Then,
1 was dissolved at 5 to 10 mg/ml in distilled water (9.2 - 18.4 mM). Two solutions
were mixed in an amber vial or in a container, which was immediately wrapped with
foil to exclude light and then, the reaction mixture was gently stirred for 24 hours at
room temperature. Excess peptide-18 was removed through dialysis overnight against
deionized water (molecular weight cut-off = 2000 Da) and the final product was

obtained with lyophilisation.

3.2 Results and Discussion

The synthetic route to PCL-b-PEtOx-OCO-CH>-1 1 relies on the independent synthesis
of hydrophobic and hydrophilic segments, which are assembled through Click
chemistry (Figure 3.2). In this paradigm, our interest in Click chemistry stems from
the observation that once combined with controlled polymerization techniques (such
as ATRP, and some others), this approach indeed gives facile access to complex
macromolecular structures, and those with chemically incompatible groups, by design.
This is because the controlled polymerization technique fashionably eases the
introduction of functional a- or w-end groups and/or side chains to the polymer
backbone, whilst “clickable groups” give a facile avenue to modify polymers in the
post-polymerization stage. To benefit from this elegant-and-yet-simple strategy, we
have devised the synthesis of azide-end-capped poly(e-caprolactone) 3, and clickable
alkyne-functionalized poly(2-ethyl-2-oxazoline) (PEtOx-alkyne) (6) to supply
functional groups essential for copper-catalyzed azide-alkyne cycloaddition, which is
a sub-class of Click chemistry. [95] With this rationale in mind, we have prepared
clickable azide-poly(e-caprolactone) (PCL-azide) via coordination-insertion ring-
opening of e-caprolactone in the presence of 2-azidoethanol, and tin(ll)2-ethyl
hexanoate, as initiator, and catalyst, respectively. Conversely, alkyne-functionalized
poly(2-ethyl-2-oxazoline) (6, Figure 3.2), as the other partner to effectuate Click
chemistry, were obtained through living cationic ring opening-polymerization (CROP)
of 2-ethyl-2-oxazoline in almost quantitative yields. In the last step, 6 was reacted with
3 through copper-catalyzed azide-alkyne cycloaddition to give block copolymer 1. [88,
96, 97]
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Figure 3.2: Synthetic route to PCL-b-PEtOX-OCO-CHo>-I amphiphilic block
copolymers followed by their conjugation with BSA and peptide-18.

As detailed in experimental section (vide supra), the polymerization reaction to acquire
6 was initiated by propargyl p-toluenesulfonate ([M]/[I] ratio = 106:1) and was
terminated with excess sodium iodoacetate. Following to its synthesis, the structure of
6 was confirmed by 'H-NMR, wherein the peaks at 0.9-1.1, 2.2-2.4, and 3.3-3.5 ppm
were inherently assigned to methyl (CHs—CH>—C=0-), methylene (CH3-CH,-C=0-),
and ethylene bridge (—N-CH>—CH>-N), and are in agreement with relevant literature
(Figure 3.3). However, terminal positions were characterized with FT-IR technique;
bands at 2200 cm™ (C=C), and 3265 cm™ (C=C-H) were clear indications that one
terminal position is occupied by alkyne group as low-intensity band at 1728 cm™
confirms the presence of iodoacetate on the opposite one (Figure 3.4). The
corresponding number-average molecular weight (Mn) of this polymer measured by
gel permeation chromatography was found to be 11000 Da, with relatively low PDI
(1.08).

28



LA

8.0 70 6.0 50 40 3.0 20 1.0 00

ppm

Figure 3.3: *H-NMR spectrum of alkyne-PEtOx-OCOCHI.

1 rd
. c=C ,
ter)C=0
\ (ester)
7 C-H

Transmittance (a.u.)

— Alkyne-PEtOx-OCOCH,1

¥
(amide)C=0

T T T T T T T T T T ¥ L) ¥ 1
4000 3500 3000 2500 2000 1500 1000 500

Wavelength {em™

Figure 3.4: IR spectrum of alkyne-PEtOX-OCOCHzl.

With hydrophilic fragment 6 in our hand, we have turned our attention to the synthesis
of 3, as depicted in Figure 3.2. Within the scope of this synthetic pathway, 2-
azidoethanol was a contemporary choice of initiator for the reason that it harbors a
hydroxyl group to initiate polymerization of caprolactone, and an azide group to pave
the way for subsequent Click chemistry. In that regard, 2-azidoethanol was obtained
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from the reaction of 2-chloroethanol with sodium azide in considerable yield and *H-
NMR, as well as FT-IR spectrum of title compound, were in full agreement with the
relevant literature; C-ClI stretching at 754 cm™ disappeared on FT-IR spectrum on 2-
azidoethanol whilst the characteristic peak of azido group was distinctly observed at
2106 cm™. [89]

Consequent ring-opening polymerization of e-caprolactone in the presence of 2-
azidoethanol ([M]/[1] ratio = 26.31) rather proceeded in a controlled fashion, affording
3 with well-preserved end-group functionalities. With that respect, we should
emphasize that projected molecular weight of 3 homopolymer was about 2.5 kDa, as
a compromise between relatively narrow PDI, and tolerable reaction time. Following
to the polymerization reaction and work-up previously detailed, the structure of 3 was
confirmed by *H-NMR wherein methylene protons of the repeating unit (i.g., O—CHx—
CH>—CH>CH>-CH>-C=0) were observed at 1.3-1.4, 1.5-1.7, and 3.9-4.0 ppm
whereas triplet at 3.7 ppm was assigned to methylene (CH>OH) protons of PCL end-
groups. Furthermore, FT-IR spectrum of the title compound revealed characteristic
ester, and azide bands at 1240 cm (C—-O—C=0), 1730 cm* (C=0), 2100 (azide) cm"
! with the latter corroborating proper capping. As for the size of PCL-N3, M, of the
product was found to be 2500 Da (PDI = 1.60), which resonates well with our goal.
Next, PCL-b-PEtOx-OCO-CH»-1 1 was obtained through CuAAC click reactions
between PEtOx-Alkyne 6 and PCL-Ns 3 ([PEtOx-Alkyne]:[PCL-Ns] = 1:1). These
reactions were monitored through FT-IR spectroscopy, as such that the characteristic
azide band of 3 at 2100 cm, as well as, alkyne bands (C=C and C=C—H) of 6 at 2200
and 3265 cm™ disappeared in time whereas new bands assigned to C=0, and C—-O-C
moieties on 3 appeared at 1730 and 1240 cm™?, respectively. Noticeably, the high-
intensity band of ester carbonyl (C=0) of 3 at 1730 cm™ thoroughly overshadows that
of iodoacetate carbonyl on 6, which obstructs structural analysis of 1 to some extent.
Nonetheless, the characteristic bands of other functional groups, such as amide,
methine, methylene, methyl, as well as iodide group on 6, were fully assigned upon

overlapping FT-IR spectrum of both 6 and 3 to 1 (see Figure 3.5).
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Figure 3.5: FT-IR spectra of PEtOx-Alkyne, PCL-N3 and PEtOx-b-PCL.

PCL-b-PEtOXx-OCO-CHy-1 1 is also characterized through the H-NMR spectrum,
wherein proton of triazole ring was distinctly observed at around 8.1 ppm and those of
both PEtOx and PCL segment were observed in full, except for methine (CH—C=CH)
proton of PEtOx-alkyne at 2.3 ppm, which appears to overlap with methylene group
of PEtOx. In that regard, further in-depth characterization indicates a ratio of 1:1
between two fragments, whereby comparing the integration of the methyl (CHz:—CH>—
C=0-) protons of PEtOx to methylene (O-CH>—CH>—CH>—CH>—CH>—-C=0) protons
of PCL.

The molecular weight (Mnnwvr) Of block copolymer are determined though *H-NMR,
and GPC (12400 Da) using the integral ratio of triazole proton to methylene protons
(O-CH2>-CH2-CH>—CH>-CH>-C=0) of PCL. As for GPC, the chromatograms of
initial precursors exhibit unimodal patterns with molecular weight distributions, as
narrow as 1.32, which explicitly implicated that the polymerizations reactions
proceeded in a controlled fashion. Therein, GPC of PCL-b-PEtOX-OCO-CH.-I was
monomodal and shifted to higher molecular weight regions; however, the molecular
weight of the final product was found to be higher than its theoretical molecular weight
on the ground that GPC equipment was calibrated with polystyrene standards. In this
context, we should also point at the finding that the title compound was of lower

polydispersity index than PCL-Ns fragment; we believe that introduction of PEtOx-
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Alkyne with more favorable PDI bettered molecular weight distribution of PEtOXx-b-
PCL in the course of Click reaction. In conclusion, structural characterizations with
'H-NMR and FT-IR revealed that synthetic route summarized in Figure 3.2 afforded
PCL-b-PEtOX-OCO-CH,-I and that its theoretical molecular weights calculated
through two different methods had been for the most part in good agreement.

In this synthetic route to 7a and 7b, the role of sodium iodoacetate deserves merit. As
precedented in the literature, CROP of oxazolines intrinsically necessitates a
termination step whereupon cationic polymer chains are quenched with nucleophilic
agents (e.g., water, amines, thiols, dicarboxylic acid, and many others). [7, 98-104] In
doing so, these “terminating agents” also decorate the polymers with functional
groups, much needed to conjugate (bio)molecules or to achieve post-synthesis
modifications of any kind, if or when desired. Naturally, many illustrative cases of
such modifications have been reported to date, however; an engaging one involves the
end-functionalization of PEtOx with “masked” maleimide residue, in the form of the
maleimide-furan adduct. In the stage of post-synthesis, retro Diels-Alder reaction
reverts this functional group, whereupon the polymer chain and elastin-like
polypeptides could be tethered through Michael addition. [105] Within this
framework, we recognized that the use of sodium acetate in a similar capacity would
uncloak an electrophilic position likewise, which offers a novel platform for end-
functionalization (or conjugation with biomolecules) and culminates the repertoire of
terminating agents.

As a proof-of-concept, PCL-b-PEtOX-OCO-CHz-1 (Mncpc = 12400 g.mol?) was
tethered with bovine serum albumin (BSA) through iodoacetate group and the product
was characterized with SDS-gel electrophoresis. BSA is a popular choice for such
conjugation reactions, as its having one single free cysteine (Cys-34 residue) available
genuinely eradicates any by-products. [105, 106] In solution, BSA is in monomeric
form or form high-molecular-weight self-aggregates through S-S bridges (lane C and
B, in Figure 3.6). Considering these S-S bridges utterly efface the nucleophilic
propensity of thiol groups whereupon to hinder bioconjugation reactions, BSA was
treated with an excess amount of DTT to reconstitute free cysteines, at first. Following
conjugation reaction and the removal of the excess polymer through dialysis, we have
observed that a weak band had emerged at ca. 80 kDa, which corresponds to the mass
of PCL-b-PEtOx-OCO-CH,-S-BSA adduct (lane A, in Figure 3.6). Of course, not only

has this result inferred that 7a was successfully synthesized but also it goes along with
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our spectroscopic data suggesting that PEtOx was indeed terminated with iodoacetate,

as previously discussed.
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Figure 3.6: Conjugation of PCL-b-PEtOX-OCO-CHa-I 1 with BSA.

Also, we have investigated the conjugation of peptide-18 with PCL-b-PEtOx-OCO-
CHo>-11. Considering it is a short cancer targeting peptide [107, 108], we have reasoned
that the successful synthesis of PCL-b-PEtOXx-OCO-CH>-S-peptide-18 7b will allow
acquiring consequential structural information over these conjugation products
through H-NMR for one thing; but at the same time, it will offer a building block,
paving the way for fabrication of polymeric-based drug delivery systems in long run.
To this respect, 7b was synthesized from iodoacetate-terminated PEtOx 1 and peptide-
18 through an analogous method to 7a and purified with dialysis. In *H-NMR of 7b,
aromatic protons, which PCL-b-PEtOx-OCO-CH2-1 1 is devoid of, were the key to
characterize the product; peaks at 7.31-7.16 and 6.97 ppm, 7.31-7.21 ppm, and 6.97
and 6.68 ppm are assigned to aromatic protons of trp, phe, and tyr residues,
respectively. [109] Furthermore, PCL-block in 7b was confirmed by methylene
protons of the repeating unit (i.g., O—-CH>-CH>-CH,-CH,—CH>—C=0) at 1.3-1.4,
1.5-1.7, and 3.9-4.0 ppm whereas the multiple peaks at 0.9-1.1, 2.2-2.4, and 3.3-3.5
ppm were assigned to methyl (CHs—CH>—C=0-), methylene (CHs—CH>-C=0-), and
ethylene bridge (-N-CH>-CH>-N) of PEtOx-block (for complete assignment of
protons, refer to Figure 3.7). [88]
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Figure 3.7: *H-NMR spectrum of PCL-b-PEtOx-OCO-CH,-S-peptidel8.

3.3 Conclusion

Well-defined amphiphilic block copolymer PCL-b-PEtOx-OCO-CH2-1 1 was
successfully synthesized by the combination of CUAAC click chemistry with either
coordination-insertion or living cationic ring-opening polymerization, according to the
synthetic route described in Figure 3.2. From the standpoint of polymer synthesis,
these results signify that our methodology is particularly beneficial to combine
mechanistically incompatible blocks (PEtOx and PCL) in a single molecule under mild
conditions. Another key finding of this work is the fact that CROP of PEtOx could be
terminated by commercially available iodoacetate, decorating PEtOXx with an
electrophilic position, which allows tethering biomolecules, if desired. In conclusion,
our results indicate that synthetic methodology we report herein is favorable to prepare
novel materials, such 7a and 7b, which may be essential for many applications,
including targeted drug delivery systems.
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4. DEVELOPMENT  OF  SELF-ASSEMBLED  POLY(2-ETHYL-2-
OXAZOLINE)-b-POLY(E-CAPROLACTONE) (PEtOx-b-PCL)
COPOLYMERIC NANOSTRUCTURES IN AQUEOUS SOLUTION AND
EVALUATION OF THEIR MORPHOLOGICAL TRANSITIONS?

Self-assembly of the block copolymers is an active and widescale field since it is one
of the most important nanotechnological methods to prepare nanocarriers for different
applications. The block copolymer self-assemblies have been intensively examined
since the 1960s and a vast number of data have been published about this topic [61,
110-113]. On the other hand, the self-assembly of block copolymers in aqueous
solutions has been actively studied although the existence of various morphologies of
block copolymers in aqueous solution has been known for many years [114-116].
Especially, small molecule amphiphilic surfactant systems that form self-assembled
aggregates of multiple morphologies in agueous solutions have been extensively
studied for many decades and the precise nature of the various nanostructures formed
in aqueous solution was influenced by the surfactant concentration [117-119].

In the wake of advances in polymer synthesis, a broad variety of amphiphilic block
copolymer self-assemblies including ellipsoids [120], tubular structures [121],
micellar structures [115, 122-126], toroids [127], vesicles (a.k.a., polymersomes) [115,
128-132], which ensure potential and practical applications in plenty of biomedical
fields [133], has been achieved. The large emphasis on these nanostructures is founded
on the observation of CNs that can respond to external stimuli, such as pH [134, 135],
oxidation [136], temperature [137] and that they offer researchers a tremendous
platform to formulate drug delivery systems [133, 138]. In the early stages concerning

the self-assembly of amphiphilic diblock copolymers, such as poly(styrene)-block-

3 This chapter is based on the paper “Ozkose U. U., Gulyuz S., Oz U. C., Tasdelen M. A., Alpturk
0., Bozkir A., and Yilmaz O. Development of self-assembled poly(2-ethyl-2-oxazoline)-b-poly(€-
caprolactone) (PEtOx-b-PCL) copolymeric nanostructures in aqueous solution and evaluation of
their morphological transitions. eXPRESS Polymer Letters, 2020, 14(11), 1048-1062. doi:
10.3144/expresspolymlett.2020.85”
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poly(acrylic acid) (PS-b-PAA) or poly(styrene)-block-poly(ethylene oxide) (PS-b-
PEO), it was demonstrated

that those with the hydrophilic blocks shorter than the hydrophobic blocks, yield a
variety of morphologies with larger hydrophobic region than the structure corona [115,
116, 139-141]. In contrast, self-assemblies (usually spherical micelles) in which the
coronas are much larger than the core regions are often commemorated to as “star-
like” structures [140].

Concerning the synthesis of self-assembled CNs, there has been remarkable progress
in controlling shapes (especially on the sub-100 nm scale). In that regard, the ultimate
“fate” of their morphology is contingent on a variety of physicochemical phenomena,
such as spontaneous curvature, hydrophobic/hydrophilic balance of copolymer blocks
(“fhydrophilic” = percent mass ratio of copolymer’s hydrophilic fraction to total block
copolymer), interfacial energy between copolymer blocks, packing parameter, and
hydrophilic block’s state of order, as well as the nature of the process (for instance,
solvent exchange, film rehydration, pH switch and so on) [142]. Particularly, it is well-
recognized that fhyaropniic Value is what governs the formation of self-assemblies,
followed by their dynamic morphological transition in solution. Nanostructures with
different morphologies were obtained by using block copolymers where the fhydrophilic
value is in the range of 0.2-0.3 and these examples were described in the literature
[143-148]. Naturally, this observation stems from the thermodynamics of the whole
process, wherein hydrophobic fractions of block copolymer self-assemblies in an
attempt to minimize their contact with water, whilst hydrophilic ones tend to locate on
the surface of the membrane [149].

In that regard, the morphological transitions of block copolymers in aqueous media
have been studied extensively for certain block copolymers, to date. Although these
studies have mostly focused on non-biodegradable copolymers (e.g., PS-PAA [150],
PGMA-PHPMA [151], PEO-PDMS [152]), some biodegradable copolymers (PEG-
PDLLA [153], ELP-PBLG [154]) have been also taken into account, as well. To this
date, it is well-known that the morphological transition of these block CNs can be
achieved by adjusting the nature of the repeating unit, molecular weight, and the
relative block length [155]. Besides, it has been reported that copolymers having a
molecular weight in the range of 2-20 kDa can self-assemble into various nanoscopic
structures [156]. To this end, we have previously reported the design of PEtOx based

vesicles [157] and several research groups prepared PEtOx-harboring block
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copolymers in many forms, including scaffold [158], hydrogel [159], conjugate [83],
micelle [160], liposome [161] for various applications. In that context, we reported the
synthesis of PEtOx-b-PCL amphiphilic block copolymers, wherein PEtOXx served as
hydrophilic fragment [162, 163]. In doing this, we came to notice that nature of CNs
derived from these block copolymers and their morphological transitions are not
investigated, to date.

In this study, we report the synthesis of copolymeric nanostructures from PEtOX-b-
PCL amphiphilic blocks and studied their morphological transitions. The CNs with
different fretox values were obtained via solvent-switch method [164] using these
copolymers and the morphological transitions from ellipsoid to rod-like architectures
were monitored with transmission electron microscopy (TEM), in keeping with
relevant literature [149, 151]. After all, for the first time, the morphological transitions
of PEtOx-b-PCL copolymers in aqueous solution were proved by adjusting the
molecular weight and the number of repeating units. Overall, after further
investigations, these strong findings suggest that PEtOx-b-PCL amphiphilic block
copolymer-based CNs can be used as drug/biomacromolecule delivery and release

tools, diagnostic imaging agents, and nanoreactors for diverse bioapplications [165].

4.1 Experimental

4.1.1 Materials

2-Ethyl-2-oxazoline (EtOx, >99%, 137456, Aldrich, Germany), and €-caprolactone
(CL, 99%, 173442500, Acros, Japan) were dried over calcium hydride (95%, 208027,
Aldrich, Germany) overnight and purified by vacuum distillation. These monomers
were stored under nitrogen atmosphere until use. Methyl p-toluenesulfonate (MeTos,
>98%, 158992, Aldrich, China), and propargyl alcohol (PA, 99%, 131452500, Acros,
Germany) were purified via vacuum distillation. Tin (1) 2-ethylhexanoate (Sn(Oct)a,
92.5-100%, S3252, Aldrich, Japan) was directly used. Acetonitrile (ACN, >99.8%,
8149, J. T. Baker, US), tetrahydrofuran (inhibitor-free, for HPLC, >99.9%, 34865,
Aldrich, France), and toluene (>99.7%, 32249, Aldrich, France) were distilled from
calcium hydride under reduced pressure, prior to use. All other reagents, as well as
solvents, were directly used without further purification. All dialysis tubings with
indicated molecular weight cut-off and closures were purchased from Spectrum labs
(MWCO 6-8 kDa, Spectra/Por).
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4.1.2 Characterizations of block-co-polymers and polymeric self-assemblies
Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy
measurements were recorded using a Perkin-Elmer Spectrum BX FT-IR spectrometer
over the range of 4000-500 cm~ with a maximum OPD resolution of 1 cm™.

All proton nuclear magnetic resonance (*H-NMR) measurements were carried out on
a Varian 600 Spectrometer operating at 599.90 MHz. Coupling constant values were
given in Hertz and chemical shifts were reported in 6 (ppm) with respect to the internal
standard TMS. Splitting patterns were described as follows: s (singlet), d (doublet), t
(triplet), g (quartet), m (multiplet), and br (broad signal).

Gel permeation chromatography (GPC) measurements were carried out in two
different systems: an Agilent instrument (Model 1100) was used for PCL-alkyne, as
well as resulting amphiphilic block copolymers, whereas a Viscotek TDA302 GPC
instrument was solely used for PEtOx-Ns. The Agilent system was equipped with a
pump, refractive index (RI), and ultraviolet (UV) detectors and four Waters Styragel
columns (guard, HR 5E, HR 4E, HR 3, and HR 2), (4.6 mm internal diameter, 300 mm
length, packed with 5 um particles) with the effective molecular weight ranges of
2000-4000000, 50-100000, 500-30000, and 500-20000, respectively. The samples
were eluted with tetrahydrofuran (THF) at a flow rate of 0.3 mL/min at 30 °C. The
apparent molecular weights (Mncpc and Mw,crc), as well as polydispersity indexes
(PDI), were determined upon calibration with linear polystyrene (PS) standards, using
PL Caliber Software from Polymer Laboratories. The Viscotek system was equipped
with a Viscotek GPCmax pump, refractive index and right-angle light scattering
detectors, and Tosoh TSKGel G3000PWxI (300 mmx7.8 mm) column. Phosphate-
buffered saline (pH 7.4, 12 mM) with 0.05% NaNz was used as mobile phase at a flow
rate of 0.8 mL/min and the detectors were calibrated with poly(ethylene oxide) (10
kDa standard solutions). All samples were filtered with 0.2 um regenerated cellulose
syringe filters.

The size of polymeric structures (0.5 mg/mL) was analyzed by dynamic light
scattering (DLS) method by using Zetasizer Nano ZS (Malvern Ltd.). The analysis
conducted in five replicates and expressed as average. The morphologies of polymeric
structures were evaluated by transmission electron microscopy (TEM, FEI Tecnai G2
Spirit) at 80 kV, wherein the structures were visualized with negative staining via
phosphotungstic acid (PTA) [166].
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4.1.3 The Synthesis of Amphiphilic Block Copolymers

4.1.3.1 The Synthesis of Azide Capped Poly(2-ethyl-2-oxazoline) (PEtOx-Ns) (3a-b)
[88, 157]:

A flask equipped with a stirring bar was preheated with a heat gun. Then, the flask was
capped with a rubber septum and it was once again heated with a heat gun under
vacuum. After cooling down to room temperature under vacuum, the flask was charged
with a solution of 2-ethyl-2-oxazoline (1) (10 mL, 99.06 mmol for both PEtOX2000, and
PEtOxX4000), and methyl p-toluenesulfonate (2) (747 uL, 4.95 mmol for PEtOx2000, and
373 uL, 2.47 mmol for PEtOx4o00) in acetonitrile (30 mL) under an inert atmosphere
at room temperature. After polymerization for 15 hours at 130 °C, the reaction mixture
was cooled to room temperature and then, sodium azide (1.29 g, 19.80 mmol for
PEtOX2000, and 0.64 g, 9.88 mmol for PEtOxas000) Was added as a powder in one portion
and the reaction was further stirred for 24 hours at 65 °C in the dark to terminate the
polymerization reaction. The reaction mixture was cooled down to room temperature
and the solvent was removed under reduced pressure. Then, the crude material was
dissolved in dichloromethane (10 mL). The product was precipitated from the excess

amount of cold ether and dried under vacuum for overnight.

IH-NMR (CDCls): 5 3.5-3.3 (4H,-N-CH2-CHj-), 3.0-2.9 (3H, CH3-N-CH2-CHa-N-),
2.4-2.2 (2H,-N-CO-CH2-CHs), 1.1-0.9 (3H,-N-CO-CH,-CHs). FT-IR (ATR): v [cm™
1] 2100 (azide) and 1630 (carbonyl).

Table 4.1: Molecular weight characteristics of the PEtOx-N3 homopolymers.

Yield M theo Mncrc Muw.rc PDI
PEtOx-N3 Homopolymers

(9/%) (Da) (Da) (Da) (Mw / Mn)
PEtOx2000 (3a) 8.94/91 1800 2000 2200 1.10
PEtOx4000 (3b) 9.13/93 3700 4000 4300 1.07

4.1.3.2 The Synthesis of Alkyne End-Functionalized Poly(&-caprolactone) (PCL-
Alkyne) (6a-f) [88]:

PCL-alkyne (6) was synthesized through ring-opening polymerization of &-
caprolactone (4) (CL) in the presence of Sn(Oct)2, and propargyl alcohol (5), as the
catalyst, and the initiator, respectively. CL (10 mL, 90.24 mmol for PCLao00, PCLs000,
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PCLsooo, PCL10000, PCL12000 and PCL14000), and propargyl alcohol (PA, 278 uL, 5.15
mmol for PCLaooo; 159 pL, 2.94 mmol for PCLgooo; 111 pL, 2.06 mmol for PCLgooo;
100 pL, 1.72 mmol for PCLiooo00; 86 pL, 1.47 mmol for PCL12000; 75 pL, 1.29 mmol
for PCLu4000) Were added and a solution of Sn(Oct)> (24.94 uL, 0.077 mmol for
PCL4o0o, PCLe000, PCLgooo, PCL10000, PCL12000 and PCL14000) in toluene (10 mL) was
introduced. Then, the reaction mixture was deaerated with nitrogen and then
immediately immersed in a thermostatic oil bath at 120 °C for 5 h. Upon the
completion of polymerizations reaction, the solvent was removed under reduced
pressure and the crude material was dissolved in dichloromethane (10 mL). The
product was precipitated from the excess amount of cold methanol and dried under

vacuum oven for overnight at room temperature.

'H-NMR (CDCls): & 4.66 (s, 2H, CH2-C=CH), 4.00 (m, CH20 on PCL), 3.65 (t, 2H,
CH20H), 2.50 (s, 1H, CH»-C=CH), 2.35-2.27 (m, CH>C=0 on PCL), 1.67-1.57 (m,
CH, on PCL), 1.40-1.38 (m, CH2 on PCL). FT-IR (ATR): v [cm '] 3265, 2945, 2865,
1730, 1460, 1410, 1390, 1365, 1295, 1245, 1165, 1105, 1045, 1005, 960, 730.

Table 4.2: Molecular weight characteristics of the PCL-alkyne homopolymers.

] Mngre  Mugrc PDI
Yield M theo
PCL-Alkyne Homopolymers (Da) (Da) (M /
(9/%) (Da)
M n)
PCLaoo  (6a) 8.65/84 1700 4000 5400 1.35
PCLeoco  (6b) 8.86/86 3000 6000 7900 131
PCLsooo  (6€) 8.34/81 4100 8000 10200 1.27
PCL1oooo  (6d) 8.24/80 4800 10000 12900 1.29
PCL12000  (6€) 9.06 /88 6200 12000 16100 1.34
PCLusooo  (6f) 9.27/90 7200 14000 19200 1.37

4.1.3.3 The Synthesis of PEtOx-b-PCL Amphiphilic Block Copolymers (7a-f) [88,
157]:

A flask, equipped with a stirring bar, was capped with a rubber septum and dried with
a heat gun under vacuum. In this flask, PEtOx-N3 (3a-3b) (0.13 mmol), PCL-alkyne
(6a-6f) (0.13 mmol), copper sulfate (0.13 mmol), and ascorbic acid (0.65 mmol) were
dissolved in dichloromethane (20 mL). The reaction mixture was deaerated through
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bubbling with nitrogen for 5 minutes, then; the reaction was stirred at room
temperature and in the dark for 24 hours. Upon the completion of the reaction, the
reaction mixture was passed through a silica column to remove undissolved materials
and the solvent was removed under reduced pressure. The resulting crude material was
dissolved in dichloromethane (10 mL) and the product was precipitated from an excess
amount of cold ether. Then, the title compound was isolated with suction and dried
under vacuum for overnight (the thorough structural characterizations of 7a-7f are

reported in the discussion part).

4.1.4 Self-Assembly Process

Self-assemblies were obtained via the solvent-switch method that relies on the
controlled mixing of copolymer solution with aqueous solution [164]. In a typical
experiment, PEtOx-b-PCL amphiphilic block copolymer (10 mg) was dissolved in
THF (1 mL) and was stirred overnight. Once a clear solution is obtained, an aliquot of
PBS buffer (pH 7.4, 3 mL, 12 mM) was injected into a vigorously stirring copolymer
solution at 1 mL/h rate with a syringe pump, and the polymeric dispersion was
obtained. Afterwards, the formed polymeric dispersion was placed into a dialysis tube
(MWCO 6-8 kDa) and dialyzed against PBS (pH=7.4, 1 L); the external buffer solution
was replaced by fresh PBS three times (minimum 4 h intervals) to remove THF.
Afterwards, the resulting dispersion was subjected to three cycles of freeze-thaw, at -
77 °C and 37 °C, respectively, to stabilize the products. In the final step, the dispersion
was centrifuged at 800xG for 5 min to remove any impurities and the final product
was stored at +4 °C, until use. The morphologies of the self-assemblies were monitored
by using transmission electron microscopy (TEM) [166]. Briefly, 5 pL of polymeric
dispersion (0.5 mg/mL) was deposited onto carbon-coated grids for 1 min then treated
with 0.75% (w/v) PTA staining solution at pH=7.4 for 10 seconds. The excess amount

of solutions was blotted with filter paper and the samples were dried under vacuum.

4.2 Results and Discussion

In designing the chemical architecture of amphiphilic block copolymers which can
self-assemble in solution, a variety of distinct self-assembled morphologies including
worms, micelles, vesicles, rods and spheres could be formed and these studies (non-

biodegradable copolymers [150-152], biodegradable copolymers [153, 154]) have
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been reported in the literature. It is well known that several studies indicated that the
shape and size of the self-assembled morphologies depend on used solution conditions
and polymer properties such as the nature of repeating unit, the molecular weight or
the relative block length. Moreover, the ability to control the morphology and
dimensions of self-assembled structures fabricated from a given copolymer was
investigated by adjusting the solution conditions. The aforementioned morphogenic
factors comprise the solvent nature and composition, the water content in the solvent
mixture, the polymer concentration and the presence of additives (ions, surfactants,
and homopolymer) [155]. Herein, for the first time, we have demonstrated the
morphological transitions of PEtOx-b-PCL copolymers in aqueous solution by
adjusting the nature of the repeating unit, molecular weight, and the relative block
length.

Therefore, we have investigated the self-assembly behavior of PEtOx-b-PCL
copolymers having a molecular weight between 6.7 - 20.9 kDa and have monitored
different PEtOx-b-PCL morphologies, which were attained by taking advantage of
these block copolymers where the fhydropnitic Value is in the range of 0.2-0.3 [143-148],
via same self-assembly procedure, depending on the molecular architecture of the
copolymer [156]. Several nanostructures were obtained including ellipsoids, rods and
intermediate structures which have a broad application area especially in the
biomedical field ranging from drug/biomacromolecule delivery to protocell
development. In particular, since the shape properties of ellipsoid structures are known
to provide enhanced cellular phagocytosis [167], the utilization of PEtOx-b-PCL
ellipsoids as intracellular cargo delivery vehicles might be advantageous.

In regards to the morphology of self-assemblies, the hydrophobic/hydrophilic balance
of copolymer blocks (fydrophitic, for short or simply f) is decisive. To characterize the
CNs-based architectures, it is, therefore, necessary to evaluate the amphiphilic
copolymer nature individually, in terms of fuyarophitic. The copolymers having varied
fhydrophitic values such as 0.25-0.45 for PEG-PLA [156], 0.12-0.32 for PEG-
poly(caprolactone) [168, 169], 0.31-0.34 for poly(butadiene)-poly(ethylene oxide)
[170], 0.42 for hyaluronan-poly(g-benzyl-L-glutamate) [171], 0.25 for polystyrene-
poly(acrylic acid) [172], 0.36 for poly[oligo(ethylene glycol)methyl methacrylate]-
poly(2-(diisopropylamino)ethyl methacrylate) [173], have been reported to be self-
assembled to form CNs. In compliance with these observations, we envisioned to

prepare PEtOx-b-PCL 7a-f with fhyarophilic (Or fretox, in our case) in this range (Table
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4.3) to investigate their morphological transition through transmission electron
microscopy (TEM) (Figure 4.14).

Our synthetic route to access 7a-f, which is summarized in Figure 4.1, relied on the
independent synthesis of PEtOx-Ns and PCL-alkyne blocks, followed by their
assembly through copper-catalyzed azide-alkyne cycloaddition (CuAAC) click
chemistry [88, 157]. Therein, PEtOx-N3 3a-3b was prepared by living cationic ring-
opening polymerization (CROP) of 2-ethyl-2-oxazoline whilst PCL-alkyne 6a-6f was
synthesized via the coordination-insertion ring-opening polymerization of &-
caprolactone. In the final step, 7a-f was obtained through the CUAAC reaction between
these two polymers [9, 174]. The relative amounts of the precursors and the reactants,

in tandem with the overall yield of the reactions, are given below (Table 4.3).

Et =0
Et
A o o CHs Hsc{ N~
N“0 +  Hco-$— )—CH -0 O - N Na
U 3 g 3 W H3C{N/\%N\/; NaN, >:O m-1
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Figure 4.1: The synthetic route to PEtOx-b-PCL amphiphilic block copolymers 7a-
7f.
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Table 4.3: The relative amounts of the precursors and the reactants used in the
synthesis of amphiphilic block copolymers.

CuSOs  Ascorbic Acid Yield

o PEtOXx (3a-3b) PCL (6a-6f)
Amphiphilic Block Copolymers fretox (ol /9 ol /9 (mmol /) (mmol /) ©%14)
PEtOX2000-h-PCLgooo (7a) 0.20 0.13/0.26 0.13/1.00 0.13/0.02 0.65/0.12 84/1.05
PEtOx2000-b-PCLsooo (7b) 0.25 0.17/0.34 0.17/1.00 0.17/0.03 0.85/0.15 79/1.06
PEtOX2000-b-PCLaooo (7c) 0.33 0.25/0.50 0.25/1.00 0.25/0.04 1.25/0.22 84/1.26
PEtOxa000-b-PCL 14000 (7d) 0.22 0.07/0.28 0.07/1.00 0.07/0.01 0.35/0.06 78/1.00
PEtOxa000-b-PCL12000 (7e) 0.25 0.08/0.32 0.08/1.00 0.08/0.01 0.40/0.07 85/1.12
PEtOXx4000-b-PCL 10000 (79 0.29 0.10/0.40 0.10/1.00 0.10/0.02 0.50/0.09 7711.08

In this synthetic route, the living CROP of 2-ethyl-2-oxazoline was initiated by methyl
p-toluenesulfonate (monomer to initiator concentrations [M]/[1] were 40:1 and 20:1
for PEtOxa000 and PEtOXx2000, respectively) and was terminated with an excess amount
of sodium azide [160]. The number-average molecular weights (M) of PEtOx-N3
blocks 3a-3b were measured by gel permeation chromatography and were found to be
4000 Da (PDI =1.07), 2000 Da (PDI = 1.10), respectively (Figure 4.2). On the other
hand, clickable PCL-alkyne 6a-6f were prepared by coordination-insertion ROP of &-
caprolactone, using Sn(Oct). as catalyst and propargyl alcohol as initiator ([M]/[1]=
18, 31, 44, 53, 62, and 70 for PCLa4ooo, PCLeooo, PCLg0oo, PCL10000, PCL12000 and
PCLu4000, respectively). According to GPC analysis, Mn values of PCL-alkyne
polymers were found to be 4000 Da (PDI = 1.35), 6000 Da (PDI = 1.31), 8000 Da
(PDI =1.27), 10000 Da (PDI = 1.29), 12000 Da (PDI = 1.34), 14000 Da (PDI = 1.37),
respectively (Figure 4.3). The structures of 3a-3b and 6a-6f were also confirmed by
FT-IR (Figure 4.4 and Figure 4.5), *H-NMR (Figure 4.6 and Figure 4.7) and they are
in concert with our previous results [88, 157]. In the final step, the CUAAC click
reactions of 3a-3b with 6a-6f ([PEtOx-Ns]:[PCL-alkyne] = 1:1) at room temperature
afforded 7a-f, as detailed in the experimental section. The molecular weights of the
precursors and the resulting block copolymers, their PDI and fpetox for 7a-f were

summarized in Table 4.4.

44



= PEtOx 4000

PEtOxzwo

T v 1 M L) M 1 e 1
5 10 15 20 25

Elution Time (min)

Figure 4.2: GPC chromatograms of PEtOX2000 and PEtOXao00.
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Figure 4.3: GPC chromatograms of PCLaooo, PCLsooo, PCLsooo, PCL 10000, PCL12000
and PEtOX14000.
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Figure 4.5: FT-IR spectra of PCL1o000.
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Table 4.4: The molecular weights of the precursors and resulting amphiphilic block
copolymers, as well as fretox.

PEtOX (3a-3b) PCL (6a-6f) PEtOXx-b-PCL (7a-7f)
Amphiphilic Block Copolymers
Mn Mw PDI Mn Mw PDI Mn Mw PDI  fpetox
PEtOX2000-b-PCLsooo (7a) 2000 2200 1.10 8000 10200 1.27 8700 10500 1.21 0.20
PEtOX2000-b-PCLsooo (7b) 2000 2200 1.10 6000 7900 1.31 6900 8600 125 025
PEtOX2000-b-PCLaooo (7€) 2000 2200 1.10 4000 5400 1.35 5200 6700 129 033
PEtOX4000-b-PCL14000 (7d) 4000 4300 1.07 14000 19200 1.37 16100 20900 1.30 0.22
PEtOXa000-b-PCL12000 (7€) 4000 4300 1.07 12000 16100 1.34 14300 18200 1.27 0.25
PEtOXa000-b-PC L0000 (7f) 4000 4300 1.07 10000 12900 1.29 12400 15100 1.22  0.29

CUAAC click reactions are monitored through FT-IR, wherein the azide band of
PEtOx-N3 at 2100 cm* and alkyne bands (C=C and C=C—H) of PCL-alkyne at 2125
and 3320 cm™ disappeared, whereas new peaks corresponding to C=0 and C-O-C
bonds of ether groups on PCL emerged at 1728 and 1240 cm, respectively. In
addition, the distinctive amide, methine, methylene and methyl bands of PEtOx were
fully assigned in both block copolymer samples (Figure 4.8 and Figure 4.9). The final
products 7a-7f were also characterized with *H-NMR; therein, the key evidence is the
peak of triazole ring formed after Click reaction, which appears at ca. 8.0 ppm [88].
Furthermore, the characteristic protons of both PEtOx with PCL segments were fully
assigned (Figure 4.10 for details); however, it is worth noting that the methine (CH2—
C=CH) proton of PCL alkyne protons at 2.4 ppm overlapped with methylene protons
of PEtOx (c) and that the methylene (CH>—C=CH) protons of PCL (h) at 4.6 ppm
distinctly shifted to 5.2 ppm. In overall, the FT-IR and 'H-NMR spectra of 7a-7f
resonate well with our previous results [88, 160, 175] and they account for the
successful synthesis of the block copolymers through CUAAC click reaction between
PEtOx and PCL blocks.
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Figure 4.10: *H-NMR spectrum of PEtOx-b-PCL amphiphilic block copolymer.

The GPC analysis of amphiphilic block copolymers also reveals the tethering of both
blocks, when compared to those of 3a-3b and 6a-6f. The GPC chromatograms of the
latter exhibited rather unimodal patterns with narrow molecular weight distributions,
which distinctly suggests that control over molecular weight had been achieved
through both coordination-insertion ROP and living CROP. Upon the click reactions,
the GPC traces of PEtOx-b-PCL block copolymers were monomodal and shifted
towards higher molecular weight regions, as expected (Figure 4.11 and Figure 4.12).
Of course, the fact that GPC equipment was calibrated with polystyrene standards
caused molecular weights of copolymers to exceed theoretical molecular weights to
some extent. Yet, an increase in the molecular weights of PEtOx-b-PCL block
copolymers was apparent in GPC chromatograms, further conforming the synthesis of
7a-7f.
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Figure 4.11: The GPC traces of precursors and resulting PEtOX2000-b-PCLaogo,
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With these amphiphilic block copolymers in hand, copolymeric self-assemblies were
obtained via the solvent-switch method that involves the vigorous mixing of
amphiphile solution with an aqueous buffer solution [164]. In compliance with the
relevant literature, the morphological transitions between these CNs from ellipsoid to
rod were observed by altering fretoxand the careful monitoring of CNs via transmission
electron microscopy (TEM) revealed the evolution of the particle morphology [149,
151].

In the literature, we, for the first time, investigated the morphological transitions of
PEtOx-b-PCL amphiphilic block copolymer-based CNs and observed that PEtOx-b-
PCL copolymers with feetox in the range of 0.20-0.30, self-assemble to form ellipsoidal
and/or tubular structures and the obtained CNs were in good agreement with the
relevant literature [176-178]. Therein, Table 4.5 shows that CNs with 329, 196, 71,
222, 204 and 122 nm average particle sizes (hydrodynamic radius, Rn) were obtained
from PEtOx2000-b-PCLaooo, PEtOX2000-b-PCLe0oo, PEtOX2000-b-PCLgooo, PEtOX4000-b-
PCL10000, PEtOXa000-b-PCL12000 and PEtOXa000-b-PCL14000 cOpolymers, respectively.
The PDI values from 7a to 7c vary between 0.14 to 0.54, which indicates the narrow
self-assemblies diameter distribution, whereas the PDI values from 7d to 7f diversify
between 0.06 to 0.33.

The fabrication of self-assemblies was carried out via a bottom-up approach (solvent-
switch) where copolymer monomers self-assemble to generate thermodynamically
stable separate nanoscopic structures [179]. The solvent-switch method also called
solvent displacement or nanoprecipitation, which is usually preferred at fabrication of
self-assemblies from copolymers having glassy hydrophobic fraction such as PCL,
was utilized to yield CNs at physiological pH and salt concentration. Afterwards,
polymeric dispersion was placed into the dialysis tube (MWCO 6-8 kDa, Spectra/Por)
and dialyzed against pH 7.4 PBS (1 L); the external buffer solution was replaced by
fresh PBS three times (minimum 4 h intervals), to remove THF.

The data in Figure 4.13 and Table 4.5 revealed that increasing faydrophilic Value causes
the formation of larger and then tubular nanostructures, respectively. As the fpetox
value increases, it was observed that the CNs evolve from ellipsoid to rod-like
structures. This situation was proved thanks to increment in hydrodynamic diameter.
The difference between the width and length of the rod-like structures triggered to a
wide distribution of the beam falling on them during the DLS analysis by refracting at

very different angles and intensities. As the structures of self-assemblies move away
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from the ellipsoids, the broader distributed results were obtained. Thus, the nano self-
assemblies like long rods, which obtained by using the PEtOX2000-b-PCLao0o (7€)
copolymer, were demonstrated by a broad DLS profile in Figure 4.13. Moreover, DLS
data in Figure 4.13 reveal the morphological transition from ellipsoid to rod
architectures of prepared copolymeric self-assemblies within 70.71-329.20 nm and
121.90-222.40 nm size ranges, in accordance with DLS data for A-C and D-F,
respectively [176-178].

Table 4.5: feetox, hydrodynamic radius and PDI values of PEtOx-b-PCL self-

assemblies.

Amphiphilic Block Copolymers fretox R (hm) PDI
PEtOX2000-b-PCLsooo (PEtOX20-b-PCL70) (7a) 0.20 70.71£1.09 0.137+0.05
PEtOX2000-b-PCLsooo (PEtOx20-b-PCLs3) (7b) 0.25 195.7+2.81 0.226+0.14
PEtOx2000-b-PCLaooo (PEtOX20-b-PCL3s) (7¢) 0.33 329.2+19.52 0.544+0.21

PEtOX4000-b-PCL14000 (PEtOX40-b-PCL123) (7d) 0.22 121.9£1.06 0.061+0.02
PEtOX4000-b-PCL12000 (PEtOX40-b-PCLu10s) (7€) 0.25 204.2+3.10 0.125+0.08
PEtOx4000-b-PC L0000 (PEtOxa0-b-PCLegs) (7f) 0.29 222.4+11.72 0.326+0.17
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Figure 4.13: Effect of molecular weight and feetox Value on the size/size distribution
of the PEtOx-b-PCL self-assemblies.
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Figure 4.14 also supported our main idea and demonstrated that block copolymer self-
assemblies indicate the morphological transition from ellipsoid to rod-like structures
owing to the increased fretox value [176-178]. The lengthy rod-like nanostructures
were formed by the self-assembly of PEtOx2000-b-PCLao0o (7¢) block copolymer,
whereas shorter rod-like nano self-assemblies were fabricated by utilizing PEtOXao00-
b-PCL1oooo (7f) which have similar feetox Value. This is due to the fact that the system
energy in the self-assembly process formed the longer rod-like nanostructures by
making the hydrophobic PCL block with shorter chain length more easily bended in
the PEtOX2000-b-PCLa4aoo (7€) block copolymer. However, the same system energy
created less elongated rod-like block copolymer self-assemblies by making the
hydrophobic PCL block with longer chain length less bended in the PEtOXao00-b-
PCL10000 (7f) block copolymer.

The six different PEtOx-b-PCL CNs were analyzed by TEM to assess their
morphology (see Figure 4.14). PEtOxX2000-b-PCLsgooo (72) generated exclusively
ellipsoids (see Figure 4.14A). Decreasing the PCL block length leads to a mixture of
(mainly) short, rod particles and some remaining ellipsoid particles for PEtOX2000-b-
PCLsooo (7b) (see Figure 4.14B). Using a block composition of PEtOX2000-b-PCLa4o0o
(7c) leads to longer rods, with some ellipsoidal structures (see Figure 4.14C). On the
other hand, when the remaining 3 block copolymeric particles were investigated, an
increase of just 20 PEtOx units results in the generation of ellipsoids for PEtOXago0-b-
PCLu4000 (7d) (see Figure 4.14D). PEtOxao00-b-PCL12000 (7€) forms an intriguing
intermediate phase comprising ellipsoid-like particles and small rod-like structures
(see Figure 4.14E). Finally, a pure rod-like structure phase is observed when utilizing
PEtOXa4000-b-PCL10000 (7f) (See Figure 4.14F).
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Figure 4.14: TEM images of self-assembled structures generated from PEtOX2000-b-
PClLsooo (A), PEtOX2000-b-PCLeooo (B), PEtOX2000-b-PC L4000 (C), PEtOX4000-b-
PCL 14000 (D), PEtOX4000-b-PCL12000 (E) and PEtOXag00-b-PCL10000 (F).

As evidenced in Figure 4.15, when feetox value of the copolymer is ~ 0.20, the
ellipsoid-like morphology was observed, whereas the rod-like morphology was
detected when fpetox value of the copolymer is ~ 0.30. Firstly, the ellipsoid structures
closed up each other and then merged. Finally, these structures were transformed into
dispersed rod-like structures associated with the increased fpetox value from 0.20 to
0.30. The lengths of the molecular chains exposed to the same system energy played
an important role in the transformation of the ellipsoids. When the copolymers having
a similar fpetox value and exposed to the same system energy were examined, it was
found that shorter rod-like structures were obtained by using higher chain length
copolymers while longer rod-like structures were obtained by the utilization of
copolymers having shorter chain length, depending on the ease of molecular flexibility
of shorter chain length copolymers.

Figure 4.15 shows the phase behavior of copolymeric particles as functions of fpetox
and molecular weight. For all six block copolymers with different molecular weights,

the particle shape and morphology dramatically changed with feetox. The frequency of
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particle morphologies (from ellipsoid to rod) was observed for a given molecular

weight copolymeric structures and fretox.

Molecular Weight (kDa)

Figure 4.15: Effect of molecular weight and fretox value on the morphology of the
PEtOx-b-PCL self-assemblies (Scales correspond to 20 nm).

4.3 Conclusion

We have shown how different fhyaropnitic Values of the amphiphilic block copolymers
can significantly influence the resulting morphologies of the self-assembled structures.
To the best of the authors’ knowledge, this is the first investigation for morphological
transitions of PEtOx-b-PCL amphiphilic block copolymer-based CNs in the literature.
In addition, our findings were concluded that PEtOx-b-PCL amphiphilic block
copolymer-based CNs including ellipsoids, rods and intermediate structures will be
utilized in the fabrication of new generation biomaterials for important applications

such as drug/gene delivery systems, pharmaceutics, and protocell development.
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5. CONCLUSIONS

All in all, the use of tosyl-functionalized MMT clay in the living cationic ring-opening
polymerization of 2-ethyl-2-oxazoline eased the growing polymer chains in the silicate
interlayers and fabricated well-defined poly(2-ethyl-2-oxazoline)s with controlled
molecular weight and low PDI. The living nature of the polymerization was
demonstrated by the linear Kkinetic plot and molecular characteristics. Organic-
inorganic interaction between the silicate layers and the polymer chains were improved
thanks to PEtOx polymers. Besides, these enabled that the probability of exfoliated
structures in the nanocomposites enhanced. The increase of clay concentration
decreased the molar masses of obtained PEtOX, resulting intercalated structures on the
occasion of the difficulty of coming through intensive ionic attractions. The XRD and
TEM results supported that all nanocomposite samples had mixed morphologies
including partially exfoliated/intercalated silicate layers in the polymer matrix. Owing
to the barrier features of clay mineral layers, which not only limited segmental motions
of polymer chains but also inhibited the diffusion of oxygen, the thermal stabilities of
the nanocomposites were obviously developed compared to neat PEtOx. Our
discoveries have brought a conclusion that PEtOX/MMT nanocomposites will be used
in the production of new generation biomaterials for significant applications such as

antibacterial material, protein adsorption, and drug delivery.

The novel synthetic route was constituted to synthesize PCL-b-PEtOx-OCO-CH2-1 by
using the combination of CUAAC click chemistry with coordination-insertion and
living cationic ring-opening polymerization as well-defined amphiphilic block
copolymer. Our synthesis results indicated that our approach is especially useful to
combine mechanistically incompatible blocks (PEtOx and PCL) in a single molecule
under mild conditions. Another crucial discovery of this study is the fact that living
cationic ring-opening polymerization of poly(2-ethyl-2-oxazoline) could be

terminated by sodium iodoacetate, adorning PEtOx with an electrophilic position,
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which allows tethering biomolecules. Finally, this synthetic methodology showed that
it is proper to form new materials which may be substantial for a lot of applications,

containing targeted drug delivery systems.

We have demonstrated the essentially influence of distinctive fhydrophilic values of the
amphiphilic block copolymers over the morphologies of the self-assembled structures.
To the best of the authors’ knowledge, morphological transitions of PEtOx-b-PCL
amphiphilic block copolymer-based nanostructures were documented first time in the
literature. Moreover, our findings were resulted that PEtOx-b-PCL amphiphilic block
copolymer-based nanostructures containing ellipsoids, rods and intermediate
structures will be used in the production of novel materials for significant
bioapplications such as drug delivery systems, protocell development, and

pharmaceutics.
It is believed that the concepts presented here will open new pathways to further

developments of PEtOx based amphiphilic block copolymers for various outstanding

applications such as antibacterial materials and targeted drug/gene carrier systems.
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