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Abstract

The present work mainly focuses on the synthesis and characterization of novel polymer-based
magneto-responsive materials and pH-responsive drug nanocarriers. A novel series of well-defined
PEGMA,-b-AEMA, diblock copolymers was prepared by RAFT and characterized by several methods
including SEC, *H NMR (molecular characterization), DSC and TGA (thermal characterization) and
AFM and DLS (self-assembly behavior). For the first time the PEGMA,-b-AEMA, micelles were used
as nanocontainers for the encapsulation and stabilization of magnetic iron oxide nanoparticles in
aqueous media, leading to the generation of novel magneto-responsive micelles. Magnetic
measurements demonstrated the superparamagnetic behavior of these systems. Moreover, in vitro cell
viability studies provided strong evidence for their in vitro biocompatibility. The PEGMA,-b-AEMA,
diblock copolymers were also used for stabilizing SWCNT/Fe,O, nanoparticles in water. As revealed
by TEM, spherical iron oxide nanoparticles were located onto the SWCNT surfaces. VSM
measurements showed that the magneto-responsive SWCNTs exhibited superparamagnetic behavior.
Further to the above-mentioned applicability of the PEGMA,-b-AEMA, towards the fabrication of
magneto-responsive materials, preliminary studies demonstrated that the PEGMA,-b-AEMA, may act
as potential candidates in biomineralization applications. A new approach for the fabrication of
magneto-responsive polymer networks presented in this work, involved the random copolymerization
of HEGMA and AEMA in the presence of either preformed oleic-acid coated magnetite nanoparticles
(OA.Fe30,) or non-coated magnetic iron oxide (nano)particles (Fe,O,). Further to the compositional
and thermal characterization and the investigation of the swelling behavior in organic and aqueous
media, assessment of the magnetic characteristics of these materials by VSM or PPMS, disclosed
superparamagnetic behavior for the OA.Fe;O4-containing systems, whereas ferrimagnetic behavior was
observed in the case of the Fe,Oy-containing co-networks. pH-responsive diblock copolymers of the
type HEGMA,-b-DEAEMA, were prepared by RAFT and tested towards their ability to act as pH-
triggered drug delivery systems. Kinetic drug release measurements (DOX), clearly demonstrated that
in acidic pHs the HEGMA,-b-DEAEMA, micelles collapse (due to the protonation of the DEAEMA
ionisable block), resulting to the release of the drug. Cell viability studies were carried out on a breast
cancer cell line, in the presence of unloaded and DOX-loaded HEGMA,-b-DEAEMA, micelles and
assessed against DPBS (control) and “free” DOX.



Lepiinyn

H mapodoo epyocio otoyevel kuvpiong otnv obvOeon Kol YOPOKINPIGUO KOUIVOTOU®MV HUaPVHTO-
ATOKPIVOUEVV DAIKDY KOL VOVOUETAPOPEDY POPUAKDV UE IKOAVOTHTO ATOKPIGHS 6 UETAP0LES 6TO
PH. Mia véa oeipd adpopepdv cvpmolvpepdv tov tomov PEGMA,-D-AEMA, £xel mapackevaotel e
™ pnébodo RAFT kat yapaktnpiotel pe diGpopeg nedddoug svpmepirappavopévav tov SEC, 'H NMR
(noprakdc yapoaktnpiopdg), DSC kat TGA (Beppuxog yopaxtnpiopdc) kot AFM kot DLS (peiémn
GLUTEPLPOPAG  cvoowpdtoong). T mpaty ¢@opd puwdia tov PEGMA-D-AEMA, £xovv
YPNOLLOTONOEl OG VOVOCLGTAUATH Y10, OEGLEVCT] Kol 0TABEPOTOINCT HOYVITIKOV VOVOSOUOTIOIWY
o&ediov Tov GIONPOL GE VOOTIKA SAVUATO, TPOG ONUIOLPYIC KUVOTOUWMV UAYVHTO-OTOKDIVOUEVWDV
MkvAiov.  MayvnTikég PETPNOELS, EMESEIEOY VIEPTOPAUOYVITIKT] CUUTEPIPOPH TOV CUYKEKPIUEVAOV
ovotnpatov. Emmiéov, peléteg wvttapoto&ikdotntoag mov deénybnoav in vitro mapeiyav oyvpd
otoyela Yy v in vitro PoocvpPatdmra tov vikov ovtov. To PEGMA,-b-AEMA,
xpnowonomOnkav eniong npog otabeponoinon twv SWCNT/Fe,Oy o vepd. H pkpookonio TEM,
OTEKAADYE TNV TOPOVGI0 CPAPIKADY VAVOSOUATIOIMV 0£€10{0V TOL GLONPOV TAV® GTIC EMPAVELIEG TOV
SWCNT. Metpricelig VSM  édeiéav  otL  ta  poyvpro-amoxpivoueve, SWCNTs — emdeikvioovy
VEPTOPAUAYVITIKY GLUTEPLPOPA. TIEpa and v epappoyn twv PEGMA,-b-AEMA, 1tpog mopacKeLT
LLOLYVI TO-OTOKPIVOUEV®Y TOAVUEPTKADV VAIKQOV, TPOKATOPKTIKEG HeAéteg €de&av 0Tl T PEGMA,-b-
AEMA, prnopei va dpdcovv wg mbavé cuctiuate o€ epopuoyég biomineralization. Mo kavovpya
TPOGEYYIOT TPOG TMOPUCKELT] LOYVITO-OMOKPIVOUEVOV TOAVUEPIKAOV TAEYUATMOV TOV TEPLYPAPETAL
otV Topovoa epyacia, copmeptiapfavel Tov toyaio cvuroivpepiopd twv HEGMA kot AEMA oty
TOPOVCIN €(TE TPO-TOPACKEVACUEVOV VAVOSOUATIOMY HOyVNTITY, EMKOAVTTOUEVOV IE OAETKO 0ED
(OA.Fe;04) M| un-emikaAvntopevov poyvntikav (vavo)ocopotdiov oéewiov tov cwnpov (FecOy).
[Tépa amd ToV YoPAKTNPIGUO TOV VAIKOV QUTOV MG TPOGS TNV GVGTACT], TV CUUTEPLPOPE SLOYKMGNG O
0PYOVIKOUG KOl VOATIKOVE SLOAVTEG KOl TOV BEPUIKO YOPAKTNPIGHO, O TPOGIIOPICUOG TOV UOYVITIKGV
YOPOUKTNPIOTIKOV T®V GLOTNUATOV ovtedv pe VSM 1 PPMS, amekdAvye VTEPTOPOLLOyVITIKY
GUUTEPLPOPA oTo TAEYHOTO TTOL Teptletyav Ta OA.Fes0y, evd ta mAéypaTa oTo omoia spmepikieiovoy
T0. un-emkoivntopevo Fe,Oy mapovsioacay cdnpipoyvntiky cuumeplpopd. ASpouept) GLUTOAVDUEPT)
ne wavotro andkpiong oe petoforr) oto pH tov tomov HEGMA,-b-DEAEMA, cuvtéOnkav pe
puébodo RAFT kot egetdommkay ®¢ TPog TNV 1KAvOTNTA OPACTG TOVG G GUOTHUOTO UETAPOPOS
papuckwv. Metpnoels Kvntikng anerevfépwong eappdakov (DOX) emédeiéav o6t oe 6&wa pH, M
pokidiokn dopn) tov HEGMA-b-DEAEMA, katappéet (e€ottiag g mpwtovimong tov DEAEMA),
odnymvtag og ameAevfépwon Tov pappakov. Meréteg kuttapotoSikotntag Exovv detoydel oe celpd
KOPKIVIKOV KUTTAp®V pootol, otnv topovcio pkviiov HEGMA,-b-DEAEMA, (pe 1 xwpig to DOX)
KoL €YOVV GUGYETIOTEL UE TO. AmOTELECHATA TTOL ANQPONKav otnv Tapovcio ehevfepov DOX kat Tov

DPBS (control).

i
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Research goals

The goal of this Ph.D. Thesis was to develop stimuli-responsive (i.e. magneto-responsive,
thermo-responsive and pH-responsive) polymer-based materials of various architectures with
potential applications in the biomedical field. In general, stimuli-responsive polymers possess
functional groups rendering them capable of changing their properties by altering a parameter
of the environment, such as the temperature, the pH, the magnetic and the electric field. In the
biomedical field there is a great interest in the development of new polymer-based systems that
are responsive to changes in (a) the temperature, (b) the presence of an external magnetic field
and (c) the pH.

Regarding the first Thesis target was the synthesis of innovative polymer-based
magnetoresponsive/thermoresponsive materials were synthesized and characterized. In
particular the preparation and characterization of (i) superparamagnetic polymeric micelles and
(i1) superparamagnetic single-wall carbon nanotubes stabilized in aqueous media by the use of
novel, well-defined amphiphilic block copolymers having hydrophilic/thermoresponsive
(polyPEGMA) and metal-binding functionalities (polyAEMA) has been accomplished.

In the field of Materials Science, magneto-responsive polymer-based materials have attracted
increasing attention during the last years due to their extremely interesting properties. The
combination of the inherent magnetic properties of magnetic nanoparticles with the advantages
of a functional polymer matrix, renders these materials promising in various applications in the
biomedicine and nanotechnology field. For example such magneto-responsive materials have
potential uses in the biomedical area as contrast enhancement agents in MRI, in hyperthermia
treatment and as magneto-thermally-triggered drug delivery systems. AEMA (containing a 3-
ketoester functionality) was chosen to be the hydrophobic unit incorporated within the
PEGMA-b-AEMA amphiphilic block copolymers due to its capability to develop strong
interactions with inorganic matter. The -ketoester group is well-known for its ability to act as a
strong bidentate ligand and complex various metal ions of different geometries and oxidation
states via its keto- or its enolate tautomeric form. For the first time in the present Thesis, novel
amphiphilic diblock copolymer micelles comprising of a PEGMA hydrophilic/
thermoresponsive corona and an AEMA hydrophobic/ligating core have been employed as

nanosystems for the stabilization of magnetic iron oxide nanoparticles in aqueous solutions.

XX



The nanosized micellar containers demonstrated high ability of retaining the magnetic
nanoparticles stabilized in aqueous media for a long period of time, not only in neutral water
but also under high salt concentrations. Hence, the PEGMA hydrophilic block provided
efficient steric stabilization and at the same time, its ability to respond to temperature changes
offered the system an additional functionality i.e. to be able to act as a temperature — responsive
nanohybrid system in solution. On the other hand, strong interactions developed between the 3-
ketoester groups and the surfaces of the magnetic nanoparticles encapsulated within the
micellar core, provided an improved mechanism for the stabilization of the nanoparticles.

The above-mentioned diblock copolymers were also employed for the stabilization of single-
wall carbon nanotubes (SWCNTSs) in aqueous media. SWCNT present unique electrical,
physical, chemical and mechanical properties. New materials consisting of CNTs combined
with iron oxides may find potential applications in biology and biomedicine. A significant
obstacle is the difficulty for preparing stable aqueous solutions of these materials attributed to
the strong tendency of CNTs for aggregation due to the intrinsic Van der Waals attractive
forces and the high aspect ratio of nanotubes as well as the nanoscale dimensions and the large
surface to volume ratios of the magnetic nanoparticles characterized by large surface energies
combined with the strong attractive magnetic dipole-dipole forces existing between the
particles. In the present work, the ability of well-defined diblock copolymers of the type
PEGMA-b-AEMA to act as effective stabilizers for SWCNTs/iron oxide nanoparticles in
aqueous solutions has been demonstrated for the first time.

Furthermore, in the present Thesis, magnetoresponsive/thermoresponsive polymer random co-
networks were fabricated and characterized. In these systems either preformed oleic-acid coated
or non-coated magnetic (nano)particles were incorporated inside polymeric random co-
networks based on PEGMA and AEMA. These novel composite co-networks have shown
different magnetic behaviour (either superparamagnetic or ferrimagnetic). Superparamagnetic
properties were only observed in the cases where oleic acid-coated magnetite nanoparticles
were incorporated inside the polymer matrix. Moreover, it has been demonstrated that these
composite conetworks are able to respond to external temperature changes, in a similar way as
that observed in the case of the PEGMA-b-AEMA diblock copolymers. Such systems could be

useful in environmental applications, for example for the extraction of heavy metals from the

XX1



water wastes or in the biomedical field e.g. as a potential magneto-thermally triggered drug-
delivery system.

The second Thesis target was the synthesis and characterization of well-defined multi-
responsive block copolymers possessing hydrophilic/thermoresponsive (polyPEGMA) and pH-
responsive moieties (polyDEAEMA) and their evaluation toward their ability to act as pH-
triggered drug release systems. The polyDEAEMA block consists of pH-responsive units
capable of changing their character from hydrophobic into hydrophilic and vice versa by
altering the pH. At pH values lower than the pKa of DEAEMA (6.8), the protonation of the
tertiary amino groups in DEAEMA results in distortion of the micellar nanostructure in aqueous
media, which are retained at higher pH values (above 6.8) due to the hydrophobic nature of the
DEAEMA block which is found in its neutral form. Kinetic drug release studies (involving the
anti-cancer drug Doxorubicin) have been carried out at different pHs, demonstrating for the first

time the pH-triggered release ability of these systems.
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Introduction Ph.D. Thesis

1. Introduction.

1.1. General characteristics of Polymers.

Polymers are materials that have attracted a considerable interest in the last decades due to
their unique properties and potential applications in many areas. The word “polymers” is
derived from the Greek word «moiv» which means “many” and «pépoc» which means
“part”. A polymer molecule consists of many “mers” which are usually bound to each other

covalently, constructing high-molecular-weight substances.

The polymer structure plays a crucial role to its properties, and is related to the arrangement
of monomers along the backbone of the chain, the type of “mers” and the length of the
polymer chain. Polymer nomenclature is based upon the type of monomers which constitute
the polymer. A polymeric chain comprising of only a single type of monomer is known as
homopolymer. As shown in Fig. 1.1 a homopolymer can be classified into four different
categories: (a) linear, (b) branched, (c) crosslinked, and (d) network structure depending on
the way the monomer units are connected to each other as a consequence of the synthetic
methodology followed. Although the “mers” are joined together via covalent bonds, also
secondary forces (intramolecular or intermolecular) usually exist between the polymer chains

including Van der Waals forces or hydrogen bonding interactions. "2

o
ga=s

(c) (d)
Figure 1.1. Schematic illustration of (a) linear, (b) branched, (c) crosslinked, and (d)

network (three-dimensional) molecular structures. The circle configures the individual

[ » .
mer  units.
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Another category of polymers which are constituted of two or more different monomer units
is called copolymers. For example DNA molecules are composed of a variety of different
mers namely nucleotides. Copolymers are classified into various types, depending on the
monomer placement along the chain: random, alternating, graft and block copolymers. " % *
The structural design of these four polymer types is demonstrated using two monomer units,

in Fig. 1.2.

eoooooceoooo  Block copolymer

o000 Random copolymer

OOBOOABCAOA0  Alternating copolymer

QOM Graft copolymer

Figure 1.2. Four different types of copolymers: (i) Block, (ii) Random (iii) Alternating and

(v) Graft copolymers, consisting of two different monomer units.
1.1.1. Polymerization methods.

Synthetic polymers may be prepared by a number of different polymerization techniques
including living cationic and anionic polymerizations, the ring opening metathesis
polymerization, the group transfer polymerization (GTP), the free radical polymerization and

the Ziegler-Natta polymerization.

Free-radical polymerization belongs to the so-called chain-growth polymerization
techniques. The mechanism of this method involves three principal steps: the initiation, the
propagation and the termination.* In the first step, an initiating molecule attacks a monomer
molecule thus developing an active monomer. During the next phase of the polymerization,
propagation or growth of the active (free radical) chain is achieved by sequential addition of
monomers. The propagating chain that loses the active site is transformed to non-active
namely as “dead” chain. Finally the termination step involves the destruction of all the active
centers.” > Free radical polymerization has attracted much attention especially in industry
because it is a method that does not require extreme conditions to be performed.

Nevertheless, it shows an important disadvantage which is the lack of control over the
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molecular characteristics of the synthesized polymers in particular the polymer molecular

weight, molecular weight distribution and the chain end groups.’

Controlled radical polymerization is one of the most widely used processes for the
commercial production of high molecular weight polymers. This type of polymerization has
earned significant development over the last decade due to its possibility to produce
polymers characterized by predetermined molecular weights with narrow polydispersity

indices (PDI) and well-defined architectures.

The Nitroxide Mediated Polymerization (NMP) and the Atom Transfer Radical
Polymerization (ATRP) methods that have been developed in recent years belong to this
category and are based on a reversible activation — deactivation mechanism, resulting to a
uniform growth of all polymer chains. Moreover, in 1998, Rizzardo’s group in CSIRO
laboratories developed a new controlled radical polymerization methodology namely
Reversible Addition-Fragmentation Chain Transfer (RAFT) polymerization. In RAFT
polymerization, a chain transfer agent is employed (usually a thiocarbonylthio compound)

that reacts with propagating radicals via a reversible chain-transfer process.” >’

RAFT is an extremely versatile polymerization method. This polymerization technique
allows the synthesis of functional polymers with controlled molecular weight and low
polydispersity indices. It can be used in the fabrication of complex architectures such as
block,* ° star,'™ ' graft polymers,'* polymer networks,"” microgels and hyperbranched
structures. Moreover, RAFT is applicable to a vast range of monomer types such as styrene,
(meth)acrylates, (meth)acrylamides, acrylonitrile, vinyl acetates, vinyl formamide, or
monomers bearing protonated acidic groups that cannot be polymerized by other
polymerization methods. This polymerization process can be also carried out in different
solvents including aqueous media and over a wide temperature range (20-150 °C) as well as
in homogeneous and heterogeneous media such as bulk, solution, emulsion, miniemulsion,

. 14,42
and suspension.

An important parameter in RAFT polymerization is the right choice of the chain transfer
agent (CTA), depending on the type of monomers and the reaction conditions used. The
general structure of a RAFT agent is displayed in Fig. 1.3. The CTAs possess a reactive C=S
bond and a weak S-R single bond. The selection of the Z and R groups is important for the
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determination of both addition and fragmentation rates and hence the effectiveness of the

RAFT agent.

Monomer inserted
into weak single bond

R is free radical leaving group;
it must be able to

S S—R / reinitiate the polymerization

/!

Reactive \ 7 modifies addition

double bond and fragmentation rates

Figure 1.3. General chemical structure of a RAFT chain transfer agent.”

The Z group must be capable of activating the C=S double bond and it may be an aryl or an
alkyl group. The R segment must be a good free-radical leaving group such as cumyl and

cyanoisopropyl, with the ability to reinitiate the polymerization.'

In RAFT polymerization, peroxy or azo compounds such as 2,2’-azobis(isobutyronitrile)
(AIBN), benzoyl peroxide (BPO) and potassium persulfate (KPS) are usually employed as
initiators. RAFT can be also performed with the use of UV irradiation, y-source and plasma
initiation. '® The RAFT mechanism proposed by Rizzardo et. al. involves a rapid exchange of
the radical between all the growing polymer chains via an addition-fragmentation reaction
with the chain transfer agent. This causes the uniform growth of all polymer chains and the
equal probability to add monomers units.'® As illustrated in Fig. 1.4, at first (initiation) the
homolytic cleavage of the initiator occurs thus generating an active free radical. This in turn
may react with a monomer molecule creating an active center to which other monomers are
added hence developing a polymer chain P,. Subsequently, the P,- radical chain is added to
the chain transfer molecule forming an intermediate radical. The fragmentation of the
intermediate radical in the reversible chain transfer step gives either the polymer chain P, or
a new radical R- which reinitiates the polymerization. The new free radical can react with a
monomer molecule and develop a new active centre and finally a new propagation chain Py,
Then the actively growing Py, radical chain is added on the dormant compound and the P,
chain is released in the next step namely as chain equilibration. The adding cycle to the

double bond C=S is ended when all monomer molecules and the initiator are totally
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consumed. In the final termination step the radical polymer chains P, and P, may connect

together resulting to the formation of a “dead” polymer chain."’

P’ SY S™R Kadd Pn—S\.( S-R _ Kaad PH_SY -
U z Kadd z Kad z

M

K,
Ro M R_M. M M Pmo

K
H
_ Pi-Se SP, Pi—S
Pm. + SYS Pn m \.( n__ @& O o YS Pn.
. g > ()

M

K Ky
P . . kt
m T P, dead polymer

Figure 1.4. The RAFT polymerization mechanism, as proposed by Rizzardo et. al. **

There are three main points that need to be taken into account in RAFT polymerization. The
chain transfer agent used should have a high transfer constant in the monomers to be
polymerized. The intermediates should fragment rapidly and give no side reactions and the

radicals R- should efficiently reinitiate the polymerization process.

RAFT polymerization is recognized as one of the foremost method for block copolymer
synthesis and numerous examples already appear in the literature. This method proceeds with
the retention of the thiocarbonylthio group at the chain-end of a homopolymer “precursor”,
thus assisting the synthesis of AB diblock copolymers via the addition of a second monomer.
In block copolymer synthesis, it is important to keep a very high fraction of living ends

throughout the polymerization process.'’

Atom transfer radical polymerization (ATRP) is a simple and inexpensive polymerization

method which can be used for polymerizing a wide range of monomers including styrenes,
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acrylates, methacrylates, dienes and acrylonitriles. By ATRP, polymers with controlled molar
masses and low PDI can be obtained. It is a versatile method for the preparation of polymers
with different chemical compositions and architectures such as a linear, star, dendritic or a

hyperbranched structures.

In ATRP the polymerization takes place through “redox” reactions. As initiator molecules
alkyl halides (R-Cl), such as the alpha substituted alkyl halides with aryl, allyl, carbonyl and
sulfonyl groups as substituents (haloesters and haloacetons) are used. The catalyst used is a
transition metal that is complexed by one or more ligands. Transition metals that are
commonly used are Fe, Cu, Rh, Ni and Pd. Ligands that are complexed with these metals are

pyridines containing nitrogen donor atoms. *°

According to the ATRP mechanism the control of this polymerization is afforded by the
activation of a dormant species or the deactivation of the active radical chain when it reacts
with the metal catalyst respectively. Such a process results in a polymer chain that slowly but
steadily grows and has a well-defined end group. The “redox” process results to an
equilibrium existing between the polymer-halide (P,-X) and the reactive polymer-radical

(Pn-R-) chains.

Nitrogen mediated controlled radical polymerization (NMP) involves the use of a “nitroxide
or otherwise alkoxyamine” as a stable radical such as the TEMPO (2,2,6,6-
tetramethylpiperidinyl-1-oxy), the SG1 (N-tertphosphono-2,2-dimethylpropyl nitroxide) or
the TIPNO.?" **#* 2% The first step is the initiation where the initiator molecule decomposes
thus giving a free radical which adds to monomer molecules. Subsequently, in the
propagation step, a propagation or growth of the active (free-radical) chain takes place by
sequential addition of monomers. The reversible reaction occurring between the nitroxide
stable radical and the propagating chain results in the reduction of the rate of termination
reactions. As a consequence all chains present an equal chance to grow resulting in

uniformity in chain length and low PDI.*
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1.2.  Amphiphilic Block Copolymers and Micellization.

Amphiphilic block copolymers (ABCs) are macromolecules consisting of two or more
different blocks of constitutionally and or configurationally different monomeric units, i.e.
A-By, A-By-A, etc. In the last decades amphiphilic block copolymers have attracted
increasing attention owing to their unique solution and associative properties as a result of
their molecular structure.” Particularly a diblock copolymer consisting of two different types

of blocks has the tendency to self-assemble into micellar nanostructures in selective solvents.

H.O
COCOOCOCO =
Hydrophobic block Hydrophilic block

Figure 1.5. Micellization of an amphiphilic diblock copolymer in water.

Micellization of an amphiphilic block copolymer in an aqueous solution occurs when one of
the blocks is hydrophilic whilst the other is hydrophobic. In an aqueous environment block
copolymers form core-shell structures through the isolation of insoluble blocks into the core
which is surrounded by the hydrophilic shell.”” The hydrophobic core has the ability to
solubilize non water-soluble compounds while the hydrophilic shell serves as the stabilizing

interface between the hydrophobic core and the external aqueous medium.

The major driving force behind self-assembly of ABCs in aqueous media is the decrease of
the free energy of the system, due to the removal of the hydrophobic segments from the
aqueous environment via the formation of the hydrophobic micellar core stabilized by the

hydrophilic blocks that are exposed to water.*®

There are two principle methods for the preparation of block copolymer micelles in aqueous
media: (i) the direct dissolution method and (ii) the dialysis method. The choice of which

method to use depends on the solubility of the block copolymer in water. If the copolymer is
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soluble in water the direct dissolution is employed whereas if the copolymer is poorly soluble
in water the dialysis method is usually the method of choice.”” The latter involves the
dissolution of the polymer in a good solvent for both block segments followed by the slow
addition of a selective solvent for one of the blocks.*

Functionalized ABC micelles generated in aqueous media can be used in the biomedical field
as drug carriers,”’ targeted drug delivery systems,’> bioreactors, diagnostic tools and non-
viral gene vectors.”> A block copolymer controls the amphiphilic character of the polymeric
micelle by changing the hydrophilic/hydrophobic blocks ratio and can adopt various well-
organized architectures including spherical, rod, lamellar, vesicles structures, tubules,

hexagonally packed hollow hoops and many more.** *3¢-37

Block copolymers
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Figure 1.6. Variety of morphologies adopted by block copolymers in solution such as

spherical and cylindrical micelles and vesicles.

The formation of micelles by ABCs is determined by two main parameters:

(1) The respective block lengths N and Np of the two segments

(i)  The Flory-Huggins interaction parameter, which considers both, polymer-polymer

and polymer-solvent interactions.

The molecular weights of both, the core- and the corona-forming blocks influence strongly
the micellar morphology. For obtaining spherical micellar structures, the length and hence
the molecular weight of the corona-forming hydrophilic segment should be higher than that
of the core-forming hydrophobic block.* However, if the length of the hydrophilic block is

too high, copolymers exist in water as individual molecules (random coils).

Besides self-assembly in solution, ABCs have the ability to self-aggregate in the solid state
creating well-defined nanomorphologies such as lamellar, hexagonal packed cylinders and
bce-cubic structures. In this case, the basic parameters which determine the size (usually 10-

100 nm) and morphology of the nanodomains formed by an ABC in the solid state are:



Introduction Ph.D. Thesis

(1) The total degree of polymerization (DP), N, which equals to the sum of the DPs
of the two blocks

(i1) The molar fraction of each block i.e. fo = Na/N and fg = Ng/N

(iii))  The Flory-Huggins interaction parameter which in this case characterizes only

polymer-polymer interactions.

1.3.  Magneto-responsive polymer-based hybrid materials.

1.3.1. Magnetic Nanoparticles.

In the last years nanotechonology has become even more regarded due to the possibility of
synthesizing, characterizing and altering the properties of nanoparticles designed for
biomedical applications. Nanoparticles are of great scientific interest because of their
extremely small dimensions. A nanocrystalline material has grains in the order of 1 to 100
nm. It is well known that the average size of an atom is about 1-2 A and hence within a nm

there may be 3-5 atoms.”®

The properties of materials change as their size approaches the nanoscale and as the
percentage of atoms at the surface of a material becomes significant. For this reason the
physical, chemical and biological properties of nanoparticles are significantly changed or
completely differ from those of the corresponding bulk materials. For the design and
synthesis of nanoparticles / nanomaterials with specific properties their chemical and
structural characteristics have to be considered. Such characteristics include the chemical
composition, the nature of the interactions taking place between the particles, the surface
charge, the crystalline or amorphous phase, the size and the morphology. Due to their
nanoscale dimensions and the large surface-to-volume ratios, nanocrystalline materials are
exceptionally strong, hard, ductile at high temperatures, wear-resistant, erosion-resistant,

. . . . .. 39. 40
corrosion-resistant, chemically reactive and present low toxicity effects.”

Magnetic nanoparticles, for instance iron oxides such as magnetite and maghemite, have
shown potential applicability as MRI contrast agents, as vehicles in magnetic field-directed

drug delivery applications and as agents in hyperthermia treatment because of their special

41, 42

chemical, physical and magnetic properties. When these nanoparticles are placed in an
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external magnetic field, their magnetic moments align rapidly in the direction of the field and
the materials display a net magnetization. Depending on their magnetic properties the
removal of the magnetic field results in either loss of the net magnetization
(superparamagnetic properties) or remanent magnetization (e.g. ferri- or ferromagnetic

properties).

Magnetic resonance imaging (MRI) is a non-invasive clinical imaging modality that
produces high quality images of the inside of the body. It is widely used in diagnosis and
therapy of various human diseases. This technique measures the change in the signal emitted
from the hydrogen nuclei inside the body in the presence of an applied magnetic field. For
the MRI examinations contrast agents are employed to improve the contrast. MRI contrast
agents have the ability to enhance the image contrast between normal and diseased tissue and
also indicate the status of organ function or blood flow. Ferromagnetic and mainly
superparamagnetic materials are used as contrast agents because they show high
magnetization in the presence of a magnetic field. Such compounds are low molecular weight
based chelates of metal ions like Mn®", Gd** and iron oxide particles. Usually as bioimaging
probes in MRI, superparamagnetic iron oxide nanoparticles are used the so called SPIONs.

Examples of Market products include the Feridex”, the Endorem® and the Resovist®.*" ** %

Besides their above-mentioned application, magnetic nanoparticles have been used in several
areas such as in vivo targeting drug delivery,'®*® in vitro cell separation,*’ magnetic storage
and recording, tumor hyperthermia as a heating source,” radioactive therapies, tissue repair,
enzyme immobilization, protein purification, magnetic separation, magnetic ink printing,*
catalysis and as tags for biomolecular sensors.”® Another application of magnetic particles is
the isolation of environmentally hazardous materials like the metal ions from industrial water

51, 52
wastes.””

Due to their nanoscale dimensions and their large surface to volume ratios, magnetic
nanoparticles present large surface energies (>100 dyn/cm), resulting in strong surface
stresses. This, combined with the strong attractive magnetic dipole-dipole forces existing
between the particles, favor aggregation/sedimentation in magnetic dispersions so as to
reduce their large surface energy.” If the particles are too large, magnetic interactions are
dominated leading to particles” agglomeration. However, the particles must be larger than 1-2

nm so as to retain their magnetic properties.54’ >

10
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Iron oxide nanoparticles are considered to be one of the most popular categories of magnetic
materials.® Magnetite (Fe;O4) and maghemite (Fe,O3;) nanoparticles display strong
ferrimagnetic behavior and are more stable against oxidation compared to other magnetic
transition metal nanoparticles such as Co, Fe and Ni. Transition metals have high
magnetization but are sensitive to oxidation. This results in loss of the magnetic response due
to the formation of antiferromagnetic oxides. The iron oxides are intensively used in
biomedical applications due to their superior biocompatibility, non-toxicity and

biodegradability.

The magnetic properties of Fe;O4 and y-Fe,O3 depend on their size. For example magnetite
nanoparticles smaller than 30 nm show superparamagnetic behavior at room temperature. As
already mentioned, these nanoparticles are called SPIONs (Superparamagnetic Iron Oxide
Nanoparticles). SPIONs can be used in vivo applications as drug delivery systems and as
contrast agents in MRI, enhancing signal intensity. When the size of the iron oxide is larger
than 25-30 nm, it displays ferrimagnetic behavior and their use is limited mainly to in vitro

. . 57
magnetic separation procedures.

1.3.2. Stability of magnetite nanoparticles.

The technological and medical applications of magnetic nanoparticles require that the
particles are superparamagnetic with sizes smaller than 30 nm and with narrow size
distribution in order to present uniform chemical and physical properties. Furthermore, the
stability of magnetic nanoparticles in magnetic dispersions becomes very important because
of the agglomeration and fluctuation phenomena occurring in solution. The nanoparticle
surface can influence the material durability in biological environments and also
biocompatibility. Due to their small size and large surface, magnetic nanoparticles will tend
to aggregate to reduce their surface energy. Magnetic interactions and Van der Waals forces
generated between the nanoparticles from residual magnetic moments may cause the
observed clustering-aggregation. The magnetic coupling between adjacent particles alters the

magnetic properties of a material through magneto static interactions.”® >

Agglomeration of the magnetite particles is initiated from collisions between the particles
during nucleus formation. Growth of the agglomeration occurs via attraction forces taking

place between clusters and particles until equilibrium is reached. As already mentioned, the

11
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nanosize of these particles results in large surface energy which accelerates the aggregation

process in order to decrease the free energy (AG) of the system.

Magnetic particles must remain non-aggregated to prevent them from losing the specific
properties associated with their nanometer dimensions. One method to stabilize the
“ferrofluid” (fluid dispersions of small magnetic nanoparticles) is through electrostatic
stabilization that can be achieved by introducing charged layers on the nanoparticles
surfaces developing in this way repulsive forces between them. Moreover, steric stabilization
can be used by introducing polymeric materials that can bind onto the surface of the
nanoparticles. The presence of polymer chains, prevent the magnetic cores from coming
close to each other hence providing stabilization in solution. Coatings can improve colloidal
stability, oxidation resistance, the ability for functionalization, phagocyte resistance and
mechanical stability. In aqueous solutions of magnetic nanoparticles, electrostatic layers,”
bilayer surfactants’' and polymers have been used as stabilizers.®” ® ® ® These surface
coatings have been developed in order to prevent the aggregation, enhance compatibility of
the nanoparticles or improve their stability in suspension and provide chemical handles for
further conjugation.

Several natural polymers for instance polysaccharides such as dextran and starch, chitosan,
polypeptides, pullulan and BSA have been used as stabilizing agents for SPIONs because of
their strong interactions with the iron oxide surface, their biocompatibility and their
hydrophilic properties.’® Polysaccharide coatings though, present a structural weakness since
they may be dissolved in highly acidic environments. The silicon coatings are used to protect
the magnetic nanoparticles from lysomal enzymatic digestion and improve chemical
stability.®” Furthermore, oleic or mystiric acids were coated as double layers onto the surface
of magnetite nanoparticles preventing the aggregation of the particles due to the combination
of steric and electrostatic stabilization.”® Another alternative is the use of biocompatible
synthetic polymers which present some advantages over the natural polymers. Depending on
the polymerization method the chemical structure, molecular weight and molecular weight
distribution may be altered, surfaces can be tailor-engineered and functional groups may be
introduced.” The polymer interacts with the magnetic nanoparticles via its specific functional
groups to form a tightly bonded monomolecular layer around the particles. Particularly, the
iron oxide exhibits chemical affinity with polymers has -OH and -NH, groups via a
coordination reaction and also with those having -COO™ groups via the development of

Coulomb forces with the iron ions.

12



Introduction Ph.D. Thesis

1.3.3. Polymer-stabilized magnetite nanoparticles.

Polymer coatings can enhance the compatibility with organic ingredients and protect particle
surfaces from oxidation. Consequently encapsulation improves good dispersibility, chemical
stability and reduces toxicity.” Fig. 1.7 presents the structures of polymer nanomorphologies

in which magnetic nanoparticles are encapsulated.

(@) (b) (©) (d) (€)

Figure 1.7. Various structures of polymer-coated magnetic nanoparticles: (a) End-grafted
polymer coated, (b) Fully encapsulated in polymer coating, (c) Liposomes, (d) Polymeric

micelle and (e) Heterodimer coating.”’

Previous studies have suggested that certain macromolecules such as amphiphilic diblock
and triblock copolymers consisting of two or three different polymeric segments in which
hydrophilic and hydrophobic moieties are incorporated can be used as effective coatings. The
hydrophobic magnetite/maghemite nanoparticles in the absence of the block polymer
flocculate and eventually precipitate in aqueous media. However, in the presence of an
amphiphilic block copolymer the magnetite dispersions are stabilized, via the adsorption of
the hydrophobic block onto the hydrophobic surface of magnetite whereas the hydrophilic

block segments ensure stability of the whole aggregate in aqueous solution.

Block copolymers having functional groups such as carboxylic acids, phosphates, thiols and
sulfates can bind to magnetite surfaces by forming chemical bonds with the
iron metal.”"> 7> Moreover, small chain alcohols have been used; in that case chemical
bonding takes place between the metal and the OH groups. It has been also reported that iron
oxide nanoparticles (Fe;O4 and y-Fe,O3) of different sizes have been physically encapsulated
in the core of block copolymer micelles.”® Surfactants with head-to-tail structure having a
strongly binding head group may be able to bind more securely and densely onto the metal

surface.” As already mentioned, in addition to the synthetic polymers, there are some natural

13
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polymers which can decorate the surfaces of iron oxides particles and prevent the

agglomeration. Examples include polysaccharides such as dextran and chitosan.”

1.3.4. Block copolymer micelles as nanocarriers for magnetic nanoparticles.

Block copolymers are macromolecules with linear or radial arrangement of two or more
different blocks of varying monomer composition. In the last decades block copolymers have
attracted increasing attention owing to their unique solution and associative properties as a

result of their molecular structure.*®

The micellization of an amphiphilic block copolymer takes place in aqueous media when
one of the blocks is hydrophilic and the other one is hydrophobic, as shown in Fig. 1.8. As
mentioned in 1.2, in an aqueous environment block copolymers form a core-shell structure
(micelle) through the isolation of insoluble blocks into the core which is surrounded by a

hydrophilic shell composed of hydrophilic blocks.?’.

Hydrophilic

- block

Hydrophobic

block
7\

Figure 1.8. Micellization of amphiphilic diblock copolymers in aqueous solution and

magnetite nanoparticle incorporation inside the hydrophobic core.
The major driving force behind self-association is the decrease of the free energy of the

system, due to removal of the hydrophobic segments from the aqueous environment upon the

formation of the micellar core, stabilized with hydrophilic blocks exposed to water.”’

14
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The hydrophobic core has the ability to solubilize hydrophobic materials such as magnetic
nanoparticles while the hydrophilic corona serves as a stabilizing interface between the

hydrophobic core and the external medium.

One important parameter affecting the stabilization process is the block length. The length of
the stabilizing polymer chain must be sufficient to balance the magnetic attractions and the
Van der Waals attractive forces. When the polymer molecular weight is small (i.e. small
chain length), large aggregates are formed, whereas as the molecular weight increases, the
enhanced steric stabilization leads to individual dispersion of the particles preventing the
formation of aggregates (clusters).” This means that polymer self-assembly causes an
increase in the average interparticle spacing and a qualitative increase in the overall system
ordering. Upon encapsulation of the magnetic nanoparticles by a polymer chain, the effective

magnetic coupling is decreased as illustrated in Fig. 1.9.

(@) (b)

Figure 1.9. Representation of the interparticle magnetic field interactions. The effective

magnetic coupling ( image (a)) is decreased upon assembly with the polymer( image (b)).”’

With further increase in molecular weight, the polymer begins to bridge between the particles
and the clusters once again begin to form (bridging coagulation). According to the
Rosensweig’s modified Hamaker equation, the stabilizer sheaths must be greater than 1-2 nm
in a good solvent for the tail blocks to sterically stabilize a magnetite nanoparticle with a
diameter of 10 nm. A sufficient stabilizer chain creates a potential energy barrier (~ 25 k 7)
that is of an order of magnitude greater than the thermal energy associated with each

nanoparticle, hence particle coalescence is minimized.

15
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The average number of encapsulated nanoparticles per micelle could be controlled by
varying the relative starting concentrations of nanoparticles and polymer. By retaining
unchanged the polymer concentration and simultaneously increasing particle concentration,
the number of particles incorporated into each micelle is increased, affecting in this way the
diameter of the magneto-responsive micelle. A fixed concentration of magnetic nanoparticles
and a higher concentration of polymer coating may lead to the formation of finer oxide
particles with narrower size distribution. The solvent-polymer interaction plays a key role in

determining the particle size and structure of the magnetic nanoparticle-polymer composite.

Many researchers tried to fabricate polymer-based magnetoresponsive core-shell
nanostructures. The polymer shell may protect the magnetic core against degradation or
allow the formation of close-packed particle arrays with a fixed interparticle spacing. For
example polymers of methoxy poly (ethylene glycol) (MPEG),”® poly(ethylene glycol)
(PEG),” dodecylamine (DDA),” poly(methacrylic acid) (PMAA)* *' poly(oligo(ethylene
glycol) methacrylate-co-methacrylic acid P(OEGMA-co-MAA),* poly(styrene-b-acrylic
acid) (PS-b-PAA),* poly(acrylic acid)-b-poly(ethylene oxide) (PAA-b-PEO)* poly(acrylic
acid)-b-poly(acrylate methoxy poly(ethylene oxide) (PAA-b-PAMPEO),* poly(ethyl
methacrylate)-b-poly(2-hydroxyethyl methacylate) (PEMA-b-PHEMA)® poly(ethylene
glycol) methyl  ether-b-poly(e-caprolactone)  (mPEG-b-PCL),***"  poly(styrene-b-
tetracthylenepentamine) (PS-b-TEPA), (PS-g-TEPA), (PE-g-TEPA),*® poly(TMSMA-/-
PEGMA),¥ poly(styrene)-b-poly(butyl methacrylate) (PS-b-PBMA), a PEG comb-like
polymer constituted of poly(2-hydroxyethyl methacrylate)-co-hydroxy-poly(oxyethylene)
methacrylate (HEMA-co-HPOEM)™ and poly(vinyl pyrrolidone) (PVP) have been used as
stabilizers for magnetite Fe;O4 or maghemite Fe,O; nanoparticles. Moreover, thermo-
responsive polymers that present a lower critical solution temperature (LCST) have been
introduced as stabilizers for magnetite nanoparticles. An example of this category of
polymers is the poly (N-isopropylacrylamide) (PNIPAAm) which has a LCST around the
32 °C and can interact with Fe;O4 via the amide group. Below the LCST temperature the
polymer presents a hydrophilic character and above this temperature it becomes hydrophobic.
Wakamatsu et al. successfully synthesized poly(N-isopropylacrylamide)-co-poly(2-
carboxyisopropylacrylamide) (PNIPAAm-co-CIPAAm) copolymers and used them to

stabilize magnetite nanoparticles. °'
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The use of biocompatible polymers as stabilizers for magnetic nanoparticles improves
significantly the colloidal stability in physiological media and at the same time reduces
toxicity. For example magnetite nanoparticles coated with thin layers of poly(ethylene oxide)
may be sufficiently small to be eliminated through the human renal glomerular filtration
system.” Thus the size range may prove to be important for minimizing any toxicity
considerations in biomedical applications. According to Shourong Wan et al. the
poly(glycerol monoacrylate) (PGA) and poly(glycerol monomethylacrylate) (PGMA)
homopolymers and their diblock copolymers employed as magnetite coaters, formed very
stable aqueous dispersions. These polymers contain two hydroxyl groups which are
coordinated to the magnetite surface. °* Poly(ethylene glycol)-b-poly(glycerol monoacrylate)
(PEG-b-PGA) and (PEG-g-PGA) may also act as stabilizers for Fe;O4 particles in aqueous
media, upon strong chemisorption of the hydroxyl groups of the PGA onto the Fe atoms

found on the particles surfaces.”

PGMA can be easily converted into various functional groups such as amine and aldehyde.
Upon modification of the poly(glycerol monomethylacrylate) in the presence of
ethylenediamine (EDA) more hydrophilic PGMA particles consisting of -NH- and NH»-
amino groups were produced which were used as the metal binding groups. A stable Fe;O4
nanoparticle dispersion was also obtained in the presence of poly(ethyl methacrylate)-b-
poly(2-hydroxyethyl methacrylate) (PEMA-b-PHEMA) because of the inherent strong
interaction occurring between the magnetite particles and the carboxyl groups and not the
hydroxyl group of the PHEMA.*

Polymeric micelles constituted of methoxy poly(ethylene glycol)-b-oligo(aspartic acid)
(MPEG-b-Asp) chains were used as stabilizers for magnetite nanoparticles. The latter were
incorporated into the inner micellar core via the interactions of the oxygen atoms of the
oligo(aspartic acid) carboxylate groups with the iron oxide surface, while the MPEG block
was extended into water constituting the micellar corona.”

Finally, Qian Zhang et al synthesized block copolymer dispersants having either
poly(ethylene oxide), poly(ethylene oxide-co-propylene oxide), or poly(ethylene oxide-b-
propylene oxide) outer blocks and a polyurethane center block that contained pendent
carboxylate groups. The stability of magnetite particles in aqueous media was provided by

the interactions existing between the magnetite nanoparticles and the carboxylate groups.”
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1.3.5. Magnetic properties of polymer-coated Fe,Oy nanoparticles.

The magnetic properties of polymer coated iron oxides nanoparticles are influenced by
various parameters such as the particle size, the morphology, the surface coating as well as
the temperature. Regarding the former, it has been demonstrated that samples consisting of
larger particles showed higher magnetizations.”” Samples comprising of very small particles
proved to be superparamagnetic but their saturation magnetizations were lower compared to
those corresponding to larger particles which indicated ferro- or ferrimagnetic behavior and
higher magnetization. This result is probably attributed to the fact that the magnetic order of
the small particles has a single magnetic domain and it is easier to randomize, hence the

observed saturation magnetization is smaller.

Ningning Guan et al. successfully functionalized the surface of magnetite nanoparticles with
the poly(propylene glycol)-bis-(2-aminopropyl ether) copolymer resulting in a variety of
morphologies. They have reported small differences in saturation magnetization recorded at

room temperature for solid or hollow spherical particles and polyhedral-like particles. *°

Temperature is another parameter which plays a significant role to the magnetic behavior of a
sample. At room temperature (300 K) a sample might be superparamagnetic with high
magnetic susceptibility by the absence of a hysteresis loop, with almost immeasurable
coercivity (Hc) and remanence ratio (M; = o; / o) parameters.”® The superparamagnetic
characteristics at high temperatures indicate that the thermal energy (kg 7) is large enough to
overcome the low anisotropy energy barrier of a single particle. The magnetization reversal
and the production of rapid fluctuations can lead to a time-averaged magnetization of zero-
termed superparamagnetic relaxation whereas the net magnetization of the particle
assemblies in the absence of an external magnetic field is zero.”” *® At lower temperatures
(for example 5K) the sample may become ferri- or ferromagnetic because of the small
thermal energy (kg 7) and high anisotropy energy barrier so it does not improve the

1°7 %% % Hysteresis measurements reported by Y. Sahoo et al.

magnetization reversa
demonstrated that the coersivity and remanence ratio was much higher at 5K compared to
that recorded at room temperature and the magnetization vs applied magnetic field plots

exhibited hysteresis, as shown in Fig. 1.10. *°

18



Introduction

Ph.D. Thesis

a 150 T T b 1095 .
«o-0-c20 W p
100t ]l = | e
El 2 st
E S50r g b 195 it
2y ©  Mp e 0 w1
= j o 0
T 50 =
= 1000 mﬂﬂg' 1 = & at 100K
Qe —e— 1o te Feld
180l O3 &t 300K, no fisld | | o ne et
T T e 000 2000 2000 1000 o 1000 2000
Field{Gauss) Field{Gauss)
¢ 100 m
20.
=) 0- ~
E S50,
@ )t 1
w 400200 0 200 400,
L, 0
2 <
= st 5K
5o —a— | fo the fisld
—a— |t the field
-2000 -1000 0 1000 2000
Field(Gauss)

Figure 1.10. (a) Hysteresis loop of particles assembled with zero external magnetic field
measured at 300 K, (b) Hysteresis loop of oriented chains at 100 K and (c) at 5 K.*°

At low temperatures and in the presence of an external magnetic field the reorientation of the
moments of the individual particles along the applied field is favored. As the temperature
increases much more magnetic nanoparticles reorient their magnetization with the external
field and the total magnetization increases and reaches the maximum at the blocking
temperature Tz = 70 K as shown in Fig. 1.11. At this specific temperature a transition from
the ferromagnetic to superparamagnetic behavior occurs. Above the Tp, the magnetization
decreases following the Curie-Weiss law corresponding to the superparamagnetic behavior,

suggesting the absence of strong dipole-dipole interactions.'®
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Figure 1.11. Zero-field-cooling (ZFC) and field cooling (FC) curves of self-assembled

magnetite spherical aggregates measured with a field of 100 Oe.
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Yanglong et al. developed composite magnetite nanoparticles coated with 2-
caroxyterthiophene (TTP-COOH) via n-r interactions, resulting in spherical aggregates of a
hydrodynamic diameter ~ 100 nm. At 300 K the saturation magnetization of the assembled
magnetite nanoparticles was 83 emu/g at 30 KOe while that of the commercial magnetic
liquid was 123 emu/g (Fe) and that of the bulk Fe;O4, 92 emu/g. The decrease of the Ms is
affected by the presence of surfactants on the surface of the Fe;O, nanoparticles.'®
Moreover, the magnetic measurements studies of PGMA-NH, and MPEG-b-PGA-coated
magnetite nanoparticles indicated that the nanoparticles show superparamagnetic behavior.
Also in this case, Ms was found to be 16.3 emu/g and ~20 emu/g respectively which were
lower compared to the value corresponding to the bulk material.'*"- %>

Such phenomena, (i.e. reduction of magnetization upon coating) may be attributed among
others to the electron exchange between the coating and the surface atoms that could quench
the magnetic moment.”® Generally the lower saturation magnetization of nanoparticles
compared to bulk materials is due to other factors besides the presence of a coating onto their
surfaces. Some studies suggested that the magnetite molecules on the surface require
complete coordination and the spins are likewise disordered, therefore the large surface to
volume ratio may be a parameter that leads to a decrease in Ms. Furthermore, the incomplete
crystallization of magnetite nanoparticles which lead to undetectable amorphous impurities

may be another reason for lower magnetization values.

1.4. Polymeric micelles in drug delivery applications.

Natural and synthetic polymers, liposomes and polymeric micelles are being extensively
investigated as nanocarriers in drug delivery applications. Liposomes are artificial
phospholipid vesicles with sizes varying from 50 to 1000 nm. They can be loaded with a
variety of water-soluble drugs (into the aqueous compartment) and water-insoluble drugs
(into the hydrophobic compartment of the phospholipid layer). Binding of targeting moieties
onto the liposome surfaces may provide selective accumulation inside an affected organ or

tissue, causing an increase in the efficacy of the liposome-incorporated drug.'®
Polymeric micelles consisting of amphiphilic blocks (hydrophilic/hydrophobic) are

characterized by smaller size range -at about 5-100 nm- compared to liposomes and they can

adopt different morphologies. Their smaller sizes allow them to spontaneously penetrate into
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the interstitium in the body compartments via the so-called Enhanced Permeability and
Retention (EPR) effect. Moreover, the hydrophilic PEG block that is usually employed as the

exterior compartment of the micelles provides an improved blood circulation time and

biocompatibility.'* '
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Figure 1.12. Drug encapsulated into the core of a polymer micelle.

However, contrary to liposomes that have been shown to incorporate water-soluble drugs
into their aqueous interior, polymeric micelles can be carriers for hydrophobic and sparingly

soluble pharmaceuticals.'™

Compared to conventional surfactant micelles, polymer micelles present a superior
thermodynamic stability under physiological solutions due to their lower critical micellar

concentrations (CMC).'*

1.4.1. Stability of polymeric micelles used in drug delivery.

The size and surface properties of polymeric micelles are crucial parameters in achieving
modulated drug delivery with remarkable efficacy. For successful drug targeting the
achievement of a prolonged blood circulation of polymeric nanocarriers might be of primary
importance in cases where the polymeric carriers are delivered to the target tissue through the

bloodstream.

There are several obstacles to the long circulation of drug nanocarriers in the bloodstream
including the recognition and the non-specific uptake by reticuloendothelial systems (RES)

located in the liver, spleen and lung and also the glomerular excretion by the kidney.'** '’
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The elements of RES in the liver are regulated by the presence and balance between two
groups of blood components: opsonins that promote the phagocytosis and dysopsonins that
suppress the process. Opsonization is a process where plasma proteins can be adsorbed on
the particle’s surface leading to its recognition by the body’s major defense system, the
reticuloendothelial system (RES). The RES is consisted of a diffuse system of phagocytic
cells that are linked with the connective tissues in the liver, spleen and lymph nodes.
Macrophage cells in the liver and the spleen are important in removing the particles

identified by opsonization.

Micelles belong to the large family of the colloidal dispersed systems in which the particle
size vary from <1 nm for molecular dispersions to >0.5um for coarse dispersions. More

104
Due to

precisely, micelles are characterized by particle sizes in the range of 10-100 nm.
their sizes, polymeric micelles are large enough to avoid renal excretion (MW > 50 kDa) and
yet small enough (hydrodynamic radii < 200 nm) to bypass filtration by interendothelial cell

slits in the spleen.'®

Nanocarriers such as polymeric drug-loaded micelles achieving prolonged circulation times,
can accumulate in tumor tissues characterized by a ‘leaky’ endothelia cell layer via the EPR
effect. According to this, larger particles such as polymer micelles used as drug carriers are
only diffused through the “leaky” endothelial cell layers in solid tumors in contrast to low
molecular weight substances that are capable of permeating the cell layers of normal tissues
as well. This effect is also called “passive drug targeting”. In disease states such as tumors,
the permeability of blood vessels increases though the loss of junction integrity between
endothelial cells and loss of cell-cell and cell-matrix interactions, in contrast to the normal
endothelium of blood vessels which presents a physical barrier for extravasations of drug
delivery systems to the surrounding tissues. Micelles with hydrodynamic radii at about 50 nm
are capable of passing only through the pores between the “leaky” endothelial cell layers that
are generated by inflammation or unusual vasculogenesis in tumors and aided by impaired

lymphatic drainage they then accumulate in the interstitial fluid.'®''*'!!
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Figure 1.13. Enhance Permeability Retention (EPR) effect.'"”

The kinetic and thermodynamic stability of amphiphilic block copolymer micelles destined
to be used in biomedical applications are very important parameters. The Critical Micellar
Concentration (CMC), the Glass Transition Temperature (Tg) of the copolymer, the
hydrophilic-hydrophobic block ratio and the conjugated drug content are only a few of the

factors which can affect the stability of polymeric micelles used as drug delivery vehicles.**

Table 1.1. Parameters which control the stability of polymeric micelles.

Parameters Micelle stability
Low CMC — High Stability
High Tg - High Stability
Low hydrophilic-hydrophobic blocks ratio - High Stability
High conjugated drug content — High Stability

Critical Micellar Concentration is defined as the copolymer concentration below which only
single chains (unimers) exist in solution whereas above CMC usually both, micelles and
unimers are found in equilibrium. As shown in Table 1.1, the stabilization of the micelles is
improved in systems presenting lower CMC values. Amphiphilic block copolymers,
consisting of a highly hydrophobic block exhibit smaller CMC values in water than those
possessing a less hydrophobic block. Consequently, the nature and length of the polymer

chains constructing the micellar core have significant effect on the CMC.
The higher the Glass Transition Temperature (Tg) of the hydrophobic block is, the lower the

release rate of single polymer chains from the micelles will be. In addition, the physical or

chemical conjugation of a hydrophobic drug enhances the stability of the micelle because
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there is an increase in the hydrophobic interactions developed between the hydrophobic

chains and the drug within the core.

1.4.2. Hydrophilic and hydrophobic blocks in amphiphilic block copolymer micelles used

as drug delivery systems.

It is well known that the stability of polymeric micelles used as nano-vehicles for drug
delivery depends strongly on the nature and the length of the hydrophilic and the
hydrophobic blocks. The use of certain amphiphilic molecules as micellar building blocks,
introduce the property of micelle-extended blood half-life upon intravenous administration
and control the release rate of drugs from the polymeric micelles.

As already described in 1.2, the self-assembly of amphiphilic block copolymers in an
aqueous solution leads to a core-shell nanostructure. According to the literature, this kind of
micellar structures usually employ a poly(ethylene glycol) (PEG) or poly(ethylene oxide)
(PEO) segment as the outer shell-corona to protect the inner core (drug reservoir) from the
outer environment. The specific role of the hydrophilic PEG block in vivo is the steric
stabilization of the micelle preventing the recognition by the reticuloendothelial (RES). This
in turn leads to an increased blood circulation time, thus allowing drugs to be administrated
over a prolonged period of time. It has been demonstrated that the presence of PEO on the
micellar surface reduces the extent phagocytosis by mouse peritoneal macrophage cells in

. 113
VILro.

PEO is known to be non-toxic and presents high flexibility as well as high degree of
hydration. These properties make a PEG-containing micellar surface protein-resistant,
demonstrating minimized protein adsorption and cellular adhesion, probably through a steric
exclusion mechanism. Proteins adsorb on to the surface of a foreign material within a few
seconds of exposure to the blood especially if the surface is charged or hydrophobic. Protein
adsorption may cause damage or lysis of the vehicle and release of the drug. Hence in the
presence of a PEGylated micellar corona the contents of the hydrophobic core are effectively
protected against hydrolysis and enzymatic degradation. However, the strong hydrogen
bonding character of the PEG chains may provoke considerable interaction with biological
components possessing strong hydrogen-bonding functionalities affecting the stability of the
polymeric micelle. This mode of interaction might become important at the interface of

PEGylated micelles with target cells.** % 114113

24



Introduction Ph.D. Thesis

As previously mentioned, stabilizing moieties which are present on the exterior of polymeric
micelles such as PEG, generate steric repulsive forces which compete with the interparticle
Van der Waals attractive forces. Coagulation is prevented if the repulsive forces overwhelm
the attractive forces existing between the particles. The efficacy of protection of polymeric
micelles from destabilization depends on both, the surface density of the PEG blocks and the
thickness of the protective layer, which is controlled by the length of the PEG segment.

Inoue et al., reported on the preparation of polymeric micelles generated by an amphiphilic
copolymer consisting of a poly(acrylic acid) (PAAc) hydrophilic shell and a oligo(methyl
methacrylate) hydrophobic core. In contrast to the micelles where PEG is employed as a
neutral hydrophilic corona, the PAAc produced micelles having a negative charge on their
surface, at certain pH values.'” Charged systems may be most useful for delivery to mucosal
surfaces and may afford the development of effective oral and aerosol block copolymer
micellar formulations.>* Poly (N-Vinyl-2-pyrrolidone) (PVP), poly (vinyl alcohol) (PVA), or
poly(2-ethyl-2-oxazoline) (PEOz) may be also introduced as the hydrophilic blocks in
amphiphilic block copolymer micelles used as drug nanocarriers.''® ' ¥ Poly(N-
isopropylacrylamide) (PNIPAAm) 1is another hydrophilic polymer presenting a
thermoresponsive behavior. As previously mentioned, PNIPAAm has LCST i.e. it presents
hydrophilicity below a certain temperature whereas at higher temperatures it becomes
hydrophobic. Due to this inherent property, PNIPAAm has been extensively investigated as

S . . . 119
one of the compartments in polymeric micelles used as drug carriers.

In contrast to the universal use of poly (ethylene glycol) as the hydrophilic block in micellar
systems destined for use in the biomedical field, a variety of hydrophobic blocks has been
explored. Thus the uniqueness associated with the different copolymer systems largely

originates from the choice of the hydrophobic block.

Most amphiphilic copolymers employed for drug delivery purposes contain either polyester,

poly(amino acid) or poly (ether) derivatives as the hydrophobic component. Poly(lactic

123, 124, 125

acid),'?® 121 22 poly(e-caprolactone), poly(glycolic acid), poly(p-benzyl-L-

126, 127 129, 130, 131

poly(y-benzyl-L-glutamate),'** poly(D,L-lactide), poly(methacrylic

105

aspartate),

acid)"*? and oligo(methyl methacrylate)'® are all biocompatible polyesters. Poly(L-amino

133, 134

acids) (PAA) commonly used in drug delivery include poly(aspartic acid), poly(L-

lysine),”*> 3¢ poly(Histidine)"*’, poly(spermine)'** and Pluronic-PLGA (PEO-PPO-PEO-
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PLGA)". Polyethers constitute another class of hydrophobic polymers that can be employed

to prepare amphiphilic micelles such as poly(propylene oxide).'** '*!

1.4.3. Targeted polymeric drug-nanovehicles.

The specific targeting of drugs to their pathological site of action should increase the
therapeutic selectivity and effectiveness as well as reduce side effects. Sometimes the drug
travels freely through the body and acts on the desired target tissues but also causes
undesirable effects on the normal tissues. The problem of target specificity is affected by the
barriers that the body presents toward the successful delivery of the drug to the active site
such as enzymes, cells, membranes and organs. As previously mentioned, with the careful

design of polymer-based micellar drug-delivery systems all these obstacles may be avoided.

The success of drug loaded-micelles towards targeting lies on their capability to accumulate
in desired body compartments. There are several approaches to achieve specific
accumulation of the incorporated drug nanocarriers into pathological sites in the body. The
first one is based on the EPR effect where the drug-loaded micelles accumulate in areas with

. : 1 11
‘leaky’ vasculature such as tumors, the so-called “passive targeting”.'"” '

The second targeting mechanism is relied on the incidence that the pathological tissues and
organs are attended by a local increase of the temperature or a local change at the pH.
Therefore, the micelles which consist of thermo- or pH- responsive components can be

destructed, releasing the incorporated drug only at the pathogenic site.'** '**

Moreover, the selective drug delivery capability of polymeric micelles may be further
enhanced by attaching specific targeting ligands such as antibodies,'** transferrin, folate,'*”
15 or certain sugar moieties to the termini of the shell forming hydrophilic blocks. These
ligands can bind selectively onto the surface of many target cells (such as cancer cells) by
forming complexes with the corresponding receptor moieties which are present onto those

surfaces (“active” targeting). The targeting moiety has to be chemically bonded to an

activated water-exposed free end of a hydrophilic block to avoid the steric hindrances.'*
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1.4.4. Drug-loading in polymeric micelles.

The hydrophobic micellar core serves as a cargo to enhance solubility and stability of non-
water soluble drugs. The drug can be incorporated into the micelle by simple physical
entrapment based on hydrophobic interactions and via chemical attachment -covalent/ionic
bonding- with the hydrophobic block of the amphiphilic micelle. The loading efficiency and
capacity of block copolymer micelles can be influenced by the nature of the hydrophobic
core, the length of the core-forming block segment, the solute concentration and the drug-
drug and drug-solvent interactions.'*’ An increase in the hydrophobic/hydrophilic block

length ratio has been found to decrease the CMC, resulting in an increased loading capacity.

The loading efficiency of the drugs into the micellar core can be determined by using the
following equation:
Loading (%) =
[(the amount of drug in micelles) / (the amount of drug added initially)] * 100% (1.1)

1.4.5. Drug-loaded micellar nanocarriers.

The high toxicity of the “free” drugs travelling in the body and their non-specific
accumulation in certain pathological tissues/cells, created the necessity to entrap them into
micellar entities. Literature examples on polymeric micelles that have been investigated as
drug-vehicles and for which a high stability and low toxicity have been reported are

summarized in Table 1.2.

Table 1.2. Literature examples of block copolymers used in the preparation of drug-loaded

micelles.
Block copolymers Drugs- Ref.
loaded

PEG-b-P(Asp) (poly(aspartic acid) ADR 148
CPT 149
CDDP 150, 151

PEG-b-PBLA (poly(B-benzyl L-aspartate) CPT 132
DOX 153
Idomethacine | '*°

PEG-b-PHPMAmMDL (poly(N-(2-hydroxypropyl) methacrylamide | Taxol 134

lactate)

PEG-b-PLLA (poly(L-lactic acid) ADR 17

PEG-b-PolyHis ADR 17155
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PIPAAm-b-PBMA (poly(N-isopropylacrylamide-b-butylmethacrylate) ADR '
PHEMA-b-AAm (poly(2-hydroxyethyl-methacrylate)-b-acrylamide Diclofenac 136
PEG-b-P(Glu) (poly(glutamic acid)) CDDP 17
MePEG-b-PCL (methoxyPEG-b-poly(caprolactone)) Idomethacine | '*
oMMA-b-PAAc (oligo (methyl methacrylate)-b-poly (acrylic acid)) DOX 105
PEO-PPO-PEO (pluronics)-triblock copolymer DOX 158
CDDP
MPEG-b-PVL (methoxy poly(ethylene glycol)-b-poly (valerolactone) CPT 139
Poly (N, N-diethylamide-co-acrylamide)-b-poly (y-benzyl L-glutamate) Taxol 160
MethoxyPEG-b-PLA-methacryloyl acid Taxol %
PLLA-b-PEGmal-TAT (poly (L-lactic acid -b- poly(ethylene glycol) | DOX 162
maleimide ether-TAT[FITC-Gly-Cys-Cys-(Gly)s-Tyr-Gly-Arg-
(Lys),-(Arg) -Gln-(Arg);] peptide
PCBS-b-PEG (poly (L-cystine bisamide-g-sulfadiazine) DOX [
-b-poly (ethylene glycol)
PLL-b-PEG-b-PLL poly(L-leucine)-b-poly (ethylene glycol) Taxol o3
-b-poly (L-leucine)
PAA-b-(PEG-b-PPO-h-PEG)-b-PAA DOX o4

Doxorubicin (trade name Adriamycin) is an antracyclin drug which is commonly used in

the treatment of cancer. This drug has the ability to interact with the DNA by intercalation of

cancer tumor cells and therefore it has been widely used in chemotherapy.'®

CHs

Figure 1.14. Structural formula of doxorubicin (DOX)."”’

Doxorubicin has been physically and chemically entrapped into the core of a polymeric
micelle consisting of PEG-b-PBLA diblock copolymers. '>* Micelles with both chemically-
bound and physically-entrapped DOX seem to become more stable resulting in longer
circulation time in blood before their disintegration. In this example, it has been
demonstrated that the chemically conjugated DOX did not play a role in the expression of
anticancer activity, whereas the physically entrapped DOX expressed anticancer activity.
Moreover, the DOX-loaded micelles showed a considerably higher antitumor activity against

mouse C26 tumor compared to free DOX.
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Camptothecin (CPT) is a potent cytotoxic quinoline alkaloid which inhibits the enzyme
DNA topoisomerase I (topo I). CPT showed remarkable anticancer activity in preliminary
clinical trials but also low solubility and adverse drug reaction. CPT was successfully
incorporated into polymeric micelles formed by poly(ethylene glycol)-b-poly(aspartic acid)
(PEG-b-P(Asp)) block copolymers. The solubility and stability of the CPT were improved

152

via physical entrapment into the micellar core. °~ The stability of CPT- incorporated micelles

in vivo strongly depended on the hydrophobic block (i.e. the amount of benzyl ester moieties

on the hydrophobic chain), the length of the PEG block and the drug content.'** 12

Cisplatin or cis-diaminedichloroplatinum(Il), (CDDP) is a platinum-based chemotherapy
drug used to treat various types of cancers, including sarcomas, some carcinomas,
lymphomas and germ cell tumors. The anticancer drug of cisplatin was bound to the aspartic
residues of the PEG-b-P(Asp) block copolymer via a ligand substitution (anion CI’) reaction.
The polymer-metal complexes containing Pt(Il) formed a stable micellar structure at room

: . 150,151
temperature in aqueous media.

166 paclitaxel is now

Paclitaxel (taxol) is a mitotic inhibitor used in cancer chemotherapy.
used in clinical practice and exhibits strong cytotoxic activity against a variety of cancer
types, especially lung, ovarian, breast cancer, head and neck cancer, and advanced forms of
Kaposi's sarcoma. The PTX has been successfully incorporated in the micellar core of the
amphiphilic poly(N-(2-hydroxypropyl) methacrylamide lactate)-b-poly(ethylene glycol
(PEG-b-PHPMAmDL) block copolymers via hydrophobic interactions.">* 70% of PTX was
released from the PTX-loaded micelles within 20 h at 37 °C and at pH 7.4. Moreover, the
PTX-loaded pHPMAmMDL-H-PEG micelles showed comparable in vitro cytotoxicity against

B16F10 cells compared to the Taxol standard formulation containing Cremophor EL.
1.4.6. Drug-release studies in drug-loaded polymeric micelles.

Recently the use of polymeric nanocarrier systems with activated mechanisms for drug
release as a new strategy for cancer treatment has attracted much attention. Since the
ordinary delivery of drugs to target sites of cells/tissues induces undesired side-effects and
non-specific accumulation, novel systems have utilized triggered release to provide a high-

dose at drug action sites and minimize the toxicity effects on normal cells.
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Parameters influencing the Release Kinetics

The release of drugs from block copolymer micelles depends on many factors such as the
micellar stability, the rate of diffusion of the drug from the micelles and the rate of
biodegradation of the copolymer. The rate of drug release from the amphiphilic block

copolymer micelle is affected by the following:**

(a) The presence of strong interactions between the drug and the hydrophobic core will
increases the loading and at the same time will decrease the release rate of the drug
from the micelles.

(b) If the drug localizes at the interface between the micellar core and the corona, the
release rate would be faster. In contrast, if the drug lies into the core the release rate
will decrease.

(c) The diffusion process of a drug entrapped inside a hydrophobic core characterized by
a high glass transition temperature (Tg) will be slower.

(d) The longer the core-forming block is, the larger the core and the slower the release of

the drug from the micelle will be.

For improving the drug therapeutic effects at the target cells and also reducing the toxicity on
physiological tissues, the rate of release from the micelle must be decreased during the
circulation of the drug-loaded micelle in the bloodstream. Therefore, all the above statements
should be taken into consideration for the design of ultimate polymeric micelles as drug-

nanocarriers.

Furthermore, such problems may be overcome by novel-infiltrating polymeric drug-carrier
micelles that are sensitive to intracellular environmental changes such as pH and
temperature. In particular, an intracellular environment-sensitive polymeric micelle can
stably preserve drugs under physiological conditions (pH 7.4) and selectively release the
loaded drug by sensing the intracellular pH decreases in the acidic tumour -endocytic-

compartments such as endosomes (pH 5-6) and lysosomes (pH 4-5). 4% 146-1¢7

1.4.7. pH-triggered drug delivery systems.

A decrease in pH results in structural changes and destabilization of polymeric drug-loaded

micelles because of the presence of ionizable groups within the polymer structures.
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Moreover, by reducing the intracellular pH the cleavage of pH-labile chemical bonds existing
between the drug and the constituent polymers is provoked, leading to drug release at
specific sites.'*” Many pathological processes present a decrease in pH. For example in
contrast to the normal blood having a pH of 7.4, extracellular pH. in tumorous tissues were
determined to be around 6.8-7.0. The acidity of tumour cells is primarily attributed to the
tumor’s histology and volume and more precisely to the high accumulation of lactic acid at
the non-physiological tissues which is produced during glycolysis in tumour cells under
either aerobic or anaerobic conditions compared to normal cells. Intracellular compartments
such as endosomes and lysosomes exhibit even lower pH; levels of around 4-6.'%: 142 168. 169,
70 The acidic environment gives benefit to cancer cells and promotes the invasiveness by
destroying the extracellular matrix of the surrounding normal tissues giving them in this way
a competitive advantage over normal cells for growth.'”! Kataoka et al. utilized the block
copolymer PEG-b-PBLA to prepare a pH-sensitive drug nanocarrier system. The anticancer
drug Doxorubicin (or Adriamysin) was physically loaded into the micelles of the amphiphilic
molecules by dialysis or by an oil-in-water (o/w) emulsion method. The physical entrapment
of the drug was accomplished via n-m stacking interactions developed between the benzyl
residues of the PBLA hydrophobic core and DOX.'”® The release of DOX from the
polymeric micelles proceeded in two stages: An initial rapid release, followed by a long
lasting release of the drug, as observed in Fig. 1.15. As the pH decreased from 7.4 to 5.0, the
release rate was accelerated, presumably due to a protonation of the NH, group on DOX

structure.

Cumulative ADR Release (%)

1] 10 20 30 a0 50
Time (hr)
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(a) (b)

Figure 1.15. Release behavior of DOX from (a) PEG-b-PBLA micelles at pHs 5.0 and 7.4"°
and (b) Poly(His)-b-PEG/PLLA-b-PEG mixed micelles at various pHS.137
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The amount of doxorubicin released from the micelles at pH 5.0 was significantly higher
than the amount released at pH 7.4.">° In contrast, the release rate of Indomethacin -
anticancer drug- from the PEG-b-PBLA micelles, was slower at low pH and faster at higher
pH. This is attributed to the ionization of the drug and the enhanced solubility at higher pH

171
values.!’

Poly(His)-b-PEG (or Poly(His)-b-PEG-folate) and PLLA-b-PEG (or PLLA-b-PEG-folate)
were used to prepare novel pH-sensitive polymeric mixed micelles. The mixed micelles
showed accelerated Adriamycin (or DOX) release as the pH decreased from 7.4 to 5.0.
Enhancement of the pH above the pKb ~ 6.5 of the poly(His) block, led to deprotonation of
the imidazole group of poly(His) which became hydrophobic. At a pH lower than the pKb of
poly(His), protonation of Poly(His) occured and the copolymer became more hydrophilic.
This resulted to the destabilization of the micelles and a higher release rate of the drug from

the micellar core.

The acidic pH inside the tumour cells and more specific in endosomes and lysosomes is
attributed to the high metabolic rate of tumor cells which leads to the production of excess
lactic acid and hydrolysis of Adenosine-5'-triphosphate (ATP) under hypoxic conditions.
This difference in pH between the tumor and normal cells has been utilized to create “smart”
cytosolic anticancer drug delivery systems.''” Such drug-nanocarrier systems consist of a pH-
labile chemical bond existing between the micellar hydrophobic core and the drug, which
responds to endosomal/lysosome acidic pH. The cleavable bonds that link the polymer and

the drug together may be hydrazone,'** ' 172

acetal, sulfonamide pendal groups and N-
ethoxy-benzymidazole. The cleavage of such chemical bonds by acidic pH can accelerate
antitumor drug release from the nanovehicles. Kataoka et al. reported the preparation of a
drug-nanocarrier polymeric micelle of poly(ethylene glycol)-b-poly(aspartate hydrazone

adriamycin) or Poly(Asp-Hyd-ADR)-PEG-folate."** ¢’
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Figure 1.16. Preparation of multifunctional polymeric micelles with tumour selectivity for
active drug targeting and pH-sensitivity for intracellular site-specific transport. Folate group
with high-tumour affinity due to overexpression of its receptors was conjugated onto the

surface of the micelle.'*

The anticancer drug ADR was conjugated to the hydrophobic core of the micelle through
hydrazone linkers which are quite stable under physiological conditions (pH 7.4), but
hydrolyze at around pH 5-6. The higher release rate of ADR from the block copolymer
micelle at pH 5-6 is caused by the catalytic-protonation of the hydrazone linker (Fig.1.28),
leading to the cleavage of the polymer-drug bond.

In vivo studies showed that those micelles were stable during blood circulation and had
minimal toxicity effects because of the reduced release of the anticancer drug under
physiological conditions. Furthermore, the successful access of the polymeric nanovehicle
into the tumour cell was accomplished though the folate receptor, via an endocytosis

mechanism. 4% 1¢7

Chytil’s group developed a novel drug-polymer delivery system for specific-targeting of the
antitumor drug Doxorubicin. They have synthesized a water-soluble copolymer
based on N-(2-hydroxypropyl)methylacrylamide (HPMA) on which the DOX was covalently
attached to the polymer backbone via a hydrolytically degradable hydrazone bond. The
release rate of the drug was very fast because of the low pH into the endosomes and
lysosomes (pH 5-6) and probably due to the presence of the carboxyl groups of the
copolymer which may also cause a local decrease in pH at the vicinity of the hydrazone
bond. Experiments in mice having EL4 T cell lymphoma showed superior anti-tumor activity

to the conjugates in contrast to the free drug.'”
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1.4.8. Temperature-triggered drug delivery systems.

Hyperthermia (also called thermotherapy) is a type of cancer treatment in which the body
tissue is exposed to high temperatures. A hyperthermic condition usually up to 42°C damages
and kills cancer cells with minimal injury to normal tissues. Hyperthermia is usually
combined with other methods of cancer therapy, such as radiation therapy and chemotherapy.
Hyperthermia may render cancer cells more sensitive to radiation or harm other cancer cells
that radiation cannot damage. In addition, local hyperthermia can also enhance the effects of
certain anticancer drugs without causing a biological damage to normal cells.'”

The combination of a local hyperthermia condition with thermo-responsive polymers at the
solid tumour could be a potential cancer treatment. Some block copolymers consisting of a
hydrophobic and a thermo-sensinitive hydrophilic segment, upon heating in water undergo

conformational charges.

One of the most known temperature-sensitive polymers is poly(N-isopropylacrylamide)
(PNIPAAm). As already mentioned, this polymer is hydrophobic and hence insoluble in
water above the LCST, whereas it becomes hydrophilic and soluble below the LCST. This
can be explained by the formation of hydrogen bonding between the amino groups of
PNIPAAm and water molecules and the hydration of the N-isopropyl groups along the
polymer chain making the polymer hydrophilic below the LCST. In contrast, above the
LCST PNIPAAm becomes dehydrated resulting in increased hydrophobic interactions
between the N-isopropyl groups.'*

Several hydrophobic polymers were used to form the micellar core in PNIPAAm copolymers
such as the poly(N-butyl methacrylate) (PBMA),'* the polystyrene (PS), the poly(D, L-
lactide-co-glycolide) (PLGA) and the poly(N-(2-hydroxypropyl) methacrylamide lactate)
(pHPMAmDL)."* The resulting polymeric micelles showed different temperature-
responsitivity depending on the structure of the copolymers. Micelles prepared from
PNIPAAm-b-PBMA block copolymers exhibited temperature-depended drug (ADR) release.
Below 37°C, the drug release was suppressed and only the 10% of the initial drug was
released while above 37°C the release rate was accelerated, (up to 90% of adriamycin was

released) as shown in Fig. 1.29.'*
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Figure 1.17. Drug release (Adriamycin) from the thermo-sensitive PNIPAAm-b-PBMA block

143
copolymers.

Structural deformation of PNIPAAm-b-PBMA micelles upon heating probably causes the
accelerated drug release. The polymeric micelle of PNIPAAm-b-PBMA consists of the outer
PNIPAAm shell which provides stabilization and thermoresponsiveness and the hydrophobic
inner core of PBMA, containing the drug. Above the LCST, the thermoresponsive shell
collapses and becomes hydrophobic hence interacting actively with biocomponents such as
cells and proteins, while below the LCST the hydrated flexible PNIPAAm chains do not
present this ability. As shown in Fig. 1.18, above the LCST temperature the micellar corona
becomes hydrophobic, resulting in the development of intermicellar attractive forces that lead

to aggregation and drug release acceleration.

polymeric micelle-drug @ drug release accelaration

PO
®

S -

adsorption enhance to celles

below LCST above LCST

Figure 1.18. Increasing the temperature above the LCST enhances the release rate of the

drug from the polymeric micelles.""
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2. Characterization Methods.

2.1. Microscopy techniques.
2.1.1. Atomic Force Microscope (AFM).

Atomic Force Microscope (AFM) or Scanning Force Microscope (SFM) belongs to the
“family” of the Scanning Probe Microscopes (SPMs). Atomic Force Microscope developed
in 1986 is a useful tool for imaging and characterization of a variety of surfaces at the

nanoscale.!” 173

This powerful tool it enables the detection of a wide range of insulating
surfaces including ceramic materials, composite glasses, synthetic and biological
membranes, polymers but also metals and semiconductors. AFM finds applications in
electronics, telecommunications, biological, chemical, automotive, aerospace and energy

. . 176
industries.

Operating principles in AFM.
AFM consists of a cantilever that is made of silicon (Si) or silicon nitride (Si3Ny) at the

micro-scale with a sharp tip (probe) attached at the end of it, which is used to scan the

surface of a specimen
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Figure 2.1. Schematic diagram of the Atomic Force Microscope.
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The sample is placed at the top of a piezoelectric driver system which can be moved in the
three dimensions x, y and z thus enabling the presentation of 3D images of a sample
surface. When the tip approaches to the surface of a material, forces are raised between the
tip and the surface. The detector does not measure these forces directly. There is a
photodiode that measures the reflections of the laser beam which incidence at the top of the
cantilever. These reflections correspond to the deflections of the cantilever due to the tip-
sample interactions and consequently the morphology of the surface. The forces between
the tip and the sample may be Van der Waals, mechanical contact, electrostatic or magnetic

177, 178
forces.

Depending on the interaction of the tip and the surface of the sample, the AFM can be

classified as repulsive or contact mode and attractive or non-contact mode.

Modes of operation in AFM.

Contact and non-contact mode.

The contact mode is the foremost mode of operation used in AFM. The tip scans the surface
sample in a very close distance, hence the force developed between the tip and the sample is
repulsive in the order of 10 N. In the non-contact mode, the tip is far enough from the
surface sample, i.e. there is no contact between the tip and the sample. Thus the forces

among the tip and the surface of the sample are quite low at about 10" N. The cantilevers

. - 1 1
in non-contact mode can oscillate.!”” 178
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&
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Figure 2.2. Repulsive and attractive forces acting between the sample and the tip in the
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Tapping mode.

Tapping mode is the most common AFM mode and the one used in the present work. With
it, high resolution topographic imaging of “problematic” sample surfaces can be achieved,
surfaces which can be easily damaged and are held weakly to their substrate or are difficult
to visualize with other AFM techniques. Additionally, by tapping mode problems associated
with friction, adhesion or electrostatic forces are overcome. In this last AFM mode, the tip
is alternately placed in contact with a surface and then is lifted off the surface to avoid
dragging it across. The piezo-motion causes the oscillation of the cantilever usually with
amplitude greater than 20 nm when the tip is not touching the surface. The oscillating tip is
then moved slowly towards the surface and begins to tap it lightly. When the cantilever
touches the surface, its oscillation amplitude is reduced due to the loss in energy. It is this
reduction that is used for measuring the characteristics of a surface. This mode is preferred

for the measurement of soft and fragile materials.'”™ '*

2.1.2. Transmission Electron Microscope (TEM).

The physicists discovered that electrons possess a wavelike character. Louis de Broglie
being inspired by the Einstein’s photon description of electromagnetic radiation proposed

that the wavelength of the electrons is given by the following equation:

A=h/p=h/(mv) (.1)

Where A = wavelength, h = planck constant, m = mass and v = speed of the electrons. If
the wavelength of the electron is similar to the atomic dimensions, then it can be
diffracted from the regular array of atoms at the surface of a crystalline material.
Transmission electron microscope was the first electron microscope developed and
extensively used for the characterization of a sample at a very fine scale. The electron
microscope uses a beam of highly energetic electrons instead of photons of visible light

. . . 181
used in light microscopes.

TEM is an important tool in materials science since
information about the morphology, structure and composition of a specimen can be
obtained. More specifically, it gives details in relation to the size, shape and arrangement

of the particles in the sample. Furthermore, it enables the investigation of the crystal
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structure including the arrangement of the atoms in an object as well as the quantification

of the different compounds comprising the specimen.'®" '*?

Operating principles of TEM.

A beam of monochromatic electrons is produced by an electron gun. This electron beam is
focused to a small and thin coherent beam by electromagnetic lenses. Continuously, the
beam is restricted by the condenser aperture leaving out high angle electrons. Then the
focused electron beam strikes the sample which is on a concrete base namely grid holder
and parts of the beam are transmitted. The transmitted radiation is transformed by the
objective lens into an image. After the objective lens, optional objective and selected area
metal apertures are placed inside the column where they can restrain the beam by blocking
out the high angle diffracted electrons and examine the periodic diffraction of electrons by
ordered arrangements of atoms in the sample. The beam passes down the column through
the projector lenses, being enlarged all the way. Eventually, the beam strikes the phosphor
image screen and light is generated allowing the user to observe the image. The darker
areas of the image represent those areas of the sample through which fewer electrons were
transmitted and the lighter areas of the image represent those areas of the sample through

which more electrons were transmitted.'®’
TEM can image and analyze successfully a wide range of solid materials, such as metals,
ceramics, minerals, polymers as well as other organic and biological materials. Hence this

microscopy technique is extensively used in materials science and technology.

2.2. Thermal analysis methods.

2.2.1. Differential scanning calorimetry (DSC).

Several methods of thermal measurement analysis of polymers exist nowadays. Thermal
analysis techniques include among others the traditional calorimetric and differential
thermal analysis, the thermogravimetric analysis, the thermomechanical analysis and the

electrical thermal analysis.
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Differential scanning calorimetry (DSC) is a thermoanalytical technique which measures
the temperatures and heat flows associated with transitions in materials as a function of time
and temperature in a controlled atmosphere. DSC can be used to measure a number of
characteristic properties of a sample. This technique is employed to study the physical and
chemical changes involving phase transitions upon changing the temperature, such as the
melting and boiling points, glass transitions, endothermic or exothermic processes, or
changes in heat capacity. Furthermore, it provides information on the crystallization time
and temperature, the heat of fusion, the oxidative or thermal stability, any chemical
reactions taking place upon heating and the purity of a sample. The DSC method uses a
reference material which is heated simultaneously with the sample during the experiment by
individual electric heaters. The difference in the amount of heat required to increase the
temperature of a sample and a reference material are measured as a function of

181,182, 184
temperature.” > 7

Differential Scanning Calorimetry is a technique that is widely used for examining the
thermal transitions of a polymeric material such as the melting temperature (Tm) and the
glass transition temperature (Tg). In this experiment it is important to keep the heating rate
the same for the two pans. During an exothermic process, the polymer sample needs to take
more heat to increase its temperature at the same rate as the reference. This change in
absorption of heat by the sample can be monitored electrically promoting a sensitive

TR 181, 182, 184
measure of transition in polymers.”” > °*

As seen in the heat flow vs temperature diagram presented in Fig. 2.3, a glass transition of a
polymer (amorphous solid) occurs as the temperature is increased. These transitions appear
as a step in the baseline of the DSC signal. Upon further increasing the temperature, a semi-
crystalline polymer presents the so-called melting temperature Tm (fig. 2.3). At this point,
crystalline areas existing within the polymer are destroyed and the sample melts. The DSC
method may give information related to the percentage of the crystalline and amorphous

content in the sample.
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Figure 2.3. Features of DSC signals.

2.2.2. Thermal gravimetric analysis (TGA).

Thermogravimetric Analysis (TGA) is a simple thermal analytical technique that measures
the weight loss of a sample as a function of temperature. TGA is commonly used to verify
polymer degradation temperatures, residual solvent levels, absorbed moisture content and

the amount of fillers in composite materials.

A sample of the material is placed into an alumina cup, which is attached to a sensitive
microbalance assembly located outside the furnace chamber. Then the sample holder is
placed into the high temperature furnace and heated by following a predetermined thermal
cycle at a controlled heating rate. The weight loss of the sample is determined by the
difference between the initial and the final weight. The TGA curve presents at the Y-axis

the change percentage of the sample and at the X-axis the temperature.'*' '*

2.3. Spectroscopy techniques.

2.3.1. Nuclear Magnetic Resonance Spectroscopy (NMR).

Nuclear Magnetic Resonance spectroscopy commonly known as NMR spectroscopy is one
of the most useful techniques for determining the structure of organic compounds. The
NMR method is based on the magnetic properties of the nuclei and not of the electrons. The

nucleus consisting of protons and neutrons is charged positively and has the ability to spin
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around its axes. By spinning around itself, a magnetic nucleus generates a

: 1 1
magnetic field.'® 1%

In the absence of an external magnetic field, the spins of a magnetic nucleus are randomly
orientated. When a nucleus like 'H and "*C with J = %, is located between two strong
magnets, it will adopt two possible orientations (+ 2 and — 2 presenting different energies).
The magnetic moment of the lower energy + 2 state is aligned to the direction of the
external field, whereas that of the higher energy — '% spin state is opposed to the external
field. The nucleus prefers to occupy the lower energy level. It is possible to excite the
nucleus into the higher energy level with electromagnetic radiation. The frequency of the
radiation needed is determined by the difference in energy (AE) between the energy
levels.'® 1%

AE=yhB/2n  (2.2)
y=wL 2.3)

v is the gyromagnetic ratio, p is the magnetic dipole moment, L the angular momentum, h is

the Planck’s constant and B is the strength of the magnetic field.

When the populations of the higher and the lower state become equal, then there will be no
further absorption of radiation and the spin system is saturated. After saturation, it is
possible for the nuclei to return to the lower state through the relaxation processes. There
are two major relaxation processes, the spin-lattice (longitudinal) and the spin-spin

. 1
(transverse) relaxation.'®’

The local chemical environment influences the energy absorption of a nucleus. It is not
possible for all the protons in a molecule to resonate at the same frequencies. Hence, the
magnetic field at the nucleus is not equal to the applied magnetic field. The difference
between the applied magnetic field and the field at the nucleus is termed nuclear shielding
or chemical shift. The chemical shift (3) is reported as a relative measure from some
reference resonance frequency such as the TMS (tetramethylsilane). More specific this
difference between the frequency of the signal and the frequency of the reference is divided

by the frequency of the reference signal to give the chemical shift.'®
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2.3.2. X-ray diffraction spectroscopy (XRD).

X-ray diffraction (XRD) spectroscopy is one of the most useful techniques for the analysis
of semi-crystalline polymers in the solid state. XRD is a versatile, non-destructive method
that gives important information on the crystallographic structure, chemical composition
and physical properties of a material. Such experiments provide information on the degree
of crystallinity of a polymer, the extent of orientation of crystallites in a polymer and the

way in which chains are organized at the solid state. > '*!

Polymer may constitute of both crystalline and amorphous regions as seen in Fig. 2.4. The
crystalline region corresponds to the part of the polymer in which the chains are arranged in
a regular manner. Among these ordered regions, polymer chains found in random
conformation exist, the so-called amorphous regions. The degree of crystallinity of a

polymer can be determined by XRD analysis.

|~ Crystalline region &

——Amorphous Region

Figure 2.4. Crystalline and amorphous regions in a semicrystalline polymer.

Operating principles in XRD.

The X-Ray diffraction technique belongs to the family of the X-Ray scattering methods.
The XRD method uses X-Rays of a specific wavelength and thus energy. There are a
number of XRD methods that can be used to characterize a material. For instance the single-
crystal X-Ray diffraction is a technique employed to solve the complete structure of
crystalline materials. The powder XRD is a method that characterizes the crystallographic
structure, the grain size and preferred orientation in polycrystalline or powdered solid
samples. Powder diffraction is mainly used to identify unknown materials by comparing

diffraction data against a database maintained by the International Centre for Diffraction
Data, 81 182. 188
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When the X-Rays hit a 3D crystal lattice, the diffraction beam is geometrically equal to the

reflection beam. The diffraction rays which are in phase satisfy the Braggs law: '** '

2dpsinO=nA 2.4)

n is an integer determined by the order given, A is the X-Ray wavelength, dpy is the distance

between the parallel planes of the lattice and © is the incident angle.

From the X-Ray spectrum and the Scherrer equation (2.4) the crystallite size can be
calculated:'®’

th= K. & / fwhm. cos @  (2.5)

t is the thickness of the crystallite, K is a constant that depends on the crystallite shape
(0.89), 4 is the X-Ray wavelength, fwhm is the full width at half max or integral breadth
and Og is the Bragg angle.

2.3.3. Ultraviolet-visible spectroscopy (UV-vis).

UV-vis is a spectrophotometric technique that uses photons from the ultraviolet (UV) and
the visible (vis) region of the electromagnetic spectrum to cause electron transitions inside a
molecule. The electromagnetic spectrum ranges from very short wavelengths such as the
gamma and the X-Rays to very long wavelengths including microwaves and radio waves.
UV radiation has wavelengths of 200-400 nm and vis light has wavelengths of 400-800 nm.
The energy carried by a photon of a given wavelength of light is given by the follow
0

. 1
equation:'’

AE=hv  (2.6)

Where h is the Planck’s constant, and v is the frequency (v =c/L).

Different molecules absorb radiation at different wavelengths. A UV-vis spectrum may
present a number of absorption bands corresponding to structural groups within the
molecule. Absorbance of UV-vis light is directly proportional to the path / and the

concentration ¢ of the molecule, according to the Lambert-Beer Law:'"
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A=gscl (@27

Where A is the absorbance, / is the length path of the radiation, c is the concentration of the
molecule and ¢ is the constant of proportionality called the absorptivity or extinction

coefficient.

The absorption of UV or visible radiation causes the excitation of the outer shell (valence)
electrons. There are three types of electron transition: (a) transitions involving n, ¢ and n
electrons, (b) transitions involving charge-transfer electrons and (c) transitions involving d
and f electrons. In a molecule where atoms are bonded to each other by covalent bonds,
their atomic orbitals such as the s, px, py and p, are mixed together and construct new
molecular orbitals like the o and 7 bonding, the n non-bonding and the anti-bonding ¢ and
n orbitals. The shared electron pairs of covalently bonded atoms occupy the new molecular

orbitals (MO).

Fig. 2.5 presents the various types of electronic excitation. Usually the electron transitions
taking place between n —  and m — © orbitals correspond to wavelength in the UV-vis
radiation range (200 to 800 nm). Electrons are excited from the highest occupied molecular
orbital (HOMO-bonding) to the lowest unoccupied molecular orbital (LUMO). When a
molecule is exposed to light, it absorbs the energy that is requested for a specific electron
transition. An optical spectrometer records the wavelengths at which absorption occurs and
also the degree of absorption at each wavelength. The resulting spectrum is presented as a
graph of absorbance (A) vs wavelength (A). The absorbance of a sample is proportional to
the number of absorbing molecules in the light beam. Due to this, it is necessary to correct
the absorbance value if the spectra of different compounds are to be compared. The
corrected absorption value is called absorptivity ¢ (equation 2.7). € is very useful when
comparing the spectra of different compounds and determining the relative strength of light

absorbing functions (chromophores).'*
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Figure 2.5. Diagram of ground and excitation electron states in a molecule.

Bonding (w, 6), non-bonding (n) and anti-bonding (r*, a*) molecular orbitals.

The UV-vis spectrophotometer measures the intensity of light passing through a sample (/).
The ratio 1/ 1, is called the transmittance, where the (/,) is the intensity of the light beam

before it passes through the sample. Eventually the absorbance may be expressed as:'*°

A =-log[(l/15)] 2.8)

2.4. Scattering methods.

2.4.1. Dynamic light scattering (DLYS).

Dynamic light scattering (DLS) also known as photon correlation spectroscopy is one of the
most popular techniques used to determine the hydrodynamic radii and polydispersity of
colloidal systems. When light passes through a dilute solution of suspended particles it is
scattered in all directions relative to the incident beam. The major portion of the scattered
light has almost the same A as that of the incident radiation. The intensity of the scattered
light le is detected at angle 6 to the incident beam direction and at distance » from the
centre of the system. According to the semi-classical light scattering theory, when light hits
a material the electric field of the light induces an oscillating polarization of electrons in the
molecules. Therefore the molecules provide a secondary source of light and subsequently
scatter light. The frequency shifts, the angular distribution, the polarization and the intensity
of the scattered light depend on the size, shape and molecular interactions in the scattering

material.'?! 192
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DLS measures the time dependence of the light scattered from a very small region in the
solution. The intensity of the scattered light varies because of the different diffusion rates of
the molecules. This method has the ability to measure the diffusion coefficient of the
particles and thus to describe the particles motion. If the light source is a laser, then a
monochromatic and coherent beam interacts with the sample particles that undergo a
Brownian motion (as they can move freely in the solvent and collide randomly with solvent
molecules). This causes a Doppler shift, changing the wavelength of the incoming light. The
change of the wavelength of the light is related to the size of the particles. The scattered
light generated from each particle may be added or deducted, depending on the relative
phase and the amplitude of the moving particles. A faster particle movement causes faster
signal changes. The above process is dynamic and therefore the scattering is called
Dynamic Light Scattering. In DLS the output from the photomultiplier tube is the

unormalised intensity autocorrelation function, G,(t) which is given as:
G2(t)=A+[Bg:(1)]’ (2.9)

A is a constant background intensity to which the correlation function decays after a

suitably long delay time t, and B is a constant close to unity.

If the polymer system is monodisperse and only concentration relaxation processes exist,

then:
21(t) = exp(-Tt) (2.10)

I'=Dq’ (2.11)

I is the relaxation time of the diffusive process of the polymer, D is the translational

diffusion coefficient, and q is the scattering vector. The latter is expressed as:

4/msin(6/2)
LR

o

2.12)

n is the refractive index of the pure solvent, 0 the scattering angle and A, the laser’s

wavelength.
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In polymer solutions, D is concentration dependent as shown in equation 2.13.
D, correspond to the diffusion coefficient value at infinite dilution and c is the polymer
concentration. kp is a term in which thermodynamic as well as frictional parameters of a

polymer in a specific solvent are included.
D=D, (1 +kp.¢) (2.13)

The relation between the diffusion and particle size is based on theoretical relationships for
the Brownian motion of spherical particles, originally derived by Einstein. As seen in
equation 2.14 (Stokes-Einstein equation) the Ry which is the hydrodynamic radius of a

spherical particle and is inversely proportional to the diffusion coefficient, D.'**
Ry=kT/6anD (2.149)

T is the temperature, 1 corresponds to the solvent viscosity, k is the Boltzmann’s constant

and D is the diffusion coefficient.

DLS is capable of distinguishing whether a block copolymer in solution exists as a unimer
or whether it self-aggregates into micellar or vesicular morphologies. The advantage of
using DLS lies on its capability to analyze samples containing broad distributions of species

of widely differing molecular masses.

2.5. Chromatography methods.

2.5.1. Size exclusion chromatography (SEC).

Size exclusion chromatography (SEC) or Gel Permeation Chromatography (GPC) is a
chromatographic method that is extensively used in the characterization of polymers and
biological molecules such as proteins. More precisely, it has the ability to separate
macromolecules according to their size and consequently their molecular weight. There are
many synthetic routes for the preparation of polymers hence the development of such a
technique which is capable of distinguishing polymers based on their size as well as

separating the desired product from a mixture was essential.'*> 1*
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SEC uses porous particles to separate molecules of different sizes, located inside a
chromatographic column. More precisely, the column usually consists of a hollow tube,
tightly packed with extremely small porous polymer beads (usually polystyrene)
constituting the stationary phase. The mobile phase consisting of a solvent containing a
broad molecular weight distribution of polymer chains, oligomers and may be unreacted
monomer, is allowed to flow through the stationary phase. This results in the separation of
particles based on their hydrodynamic volume. The smaller molecules may enter the pores
of the column and therefore present a delay in their elution through the column. Larger

molecules are unable to penetrate the pores and hence they are eluted faster.”
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Figure 2.6. Schematic diagram of SEC illustrating the penetration of particles through the

column and the separation according to hydrodynamic size differences.

Subsequently, the eluent passes through a detector. Usually two kind of detectors are
employed: the differential refractometer (DRI) and the ultraviolet spectrophotometer
(UV-vis). A differential refractometer measures the difference in the refractive index
between the eluted solution and the pure solvent. This difference is proportional to the
concentration of the polymer chains. The UV detector is usually set to a particular
wavelength (e.g to the aromatic absorption region of a polymer with phenyl rings) and the

absorbance is monitored as a function of the elution time.

GPC is a comparative method for determining molecular weights (MWs) of polymers.
As in the case of other relative characterization methods, SEC requires calibration, which is
carried out by using well-defined polymer samples, the molecular weights of which have

been already determined by absolute methods such as osmometry and light scattering.
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These samples are known as polymer “standards”. In a SEC calibration curve, the logarithm
of the molecular weight [log(M)] is plotted against the elution volume Ve, for a number of

polymer “standards”.

From the calibration curve and the obtained chromatogram, the molecular weight of
different fractions of the polymer can be calculated. More precisely, the number- and
weight-average molecular weights (M,, M,, respectively) can be obtained among others

(equations 2.15 and 2.16) as well as the polydispersity index (PDI = M,,/M,;). M/M, takes

values from 1— oo.

_ Zci
Y — (2.15)

" e IM,

M =—— (2.16)

The molecular weight characteristics of more complex polymer structures, such as block
copolymers, cannot be easily determined by SEC. To obtain absolute molecular weights,
corrections with respect to the one block-specific detector response must be made, and on-
line molar-mass-sensitive detectors are required, such as differential viscosity and multi-
angle laser light scattering, which are expensive and require special knowledge for data

evaluation.'®?

2.6. Magnetization analysis.

Magnetism - Preface

Magnetization is a phenomenon that describes the behavior of a material in the presence of
an applied magnetic field. The wide range of magnetic properties induced by the interaction
taking place between a magnetic material and an external magnetic field are of high interest
in the areas of biomedicine and nanotechnology. A variety of steels and iron oxides are

some well-known magnetic materials.
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Matter is composed of atoms, and atoms are constituted of protons, neutrons and electrons.
The protons and the neutrons are located in the atom's nucleus and the electrons are in
constant motion around the nucleus. Electrons have a negative electrical charge and produce
a magnetic field as they move through space. A magnetic field is produced whenever an
electrical charge is in motion. The strength of this field is called the magnetic moment. The
magnetic moment of a magnetic material shows its tendency to align with the magnetic
field. When a material is placed into an external magnetic field then its magnetic properties
will be affected. This effect is known as Faraday's Law of Magnetic Induction. The change
of the magnetic forces of matter depends on many factors such as the atomic and molecular
structure of the material and the net magnetic field associated with the atoms. The atomic
magnetic moments have three origins. These are the electron orbital motion, the change in
orbital motion caused by an external magnetic field and the spin of the electrons. Usually in
most atoms the electrons are in pair of opposite direction, thus canceling out the magnetic
moment field to each other. Some other atoms, in which the electrons are unpaired, retain

their magnetic moments and interact with the applied magnetic field.

B=pH (2.17)

Equation (2.17) describes the intensity of the induced magnetic field B of a material. p is
the magnetic permeability and H indicates the intensity of the applied magnetic field.
Another important parameter in magnetism is the related magnetic permeability p,. which
corresponds to the ratio of p towards p, (magnetic permeability in vacuo 1.257¥10° H/m),

(eq. 2.18).

Be=p/p,  (2.18)
M=y..H (2.19)

In eq. 2.19, M is the magnetization of a material per unit volume, y, is the magnetic
susceptibility and H is the intensity of the external magnetic field. Materials can be
classified into four categories according to their magnetization behavior: diamagnetic,
ferromagnetic, antiferromagnetic and paramagnetic. The magnetic behavior of a material is
strongly size-dependent. More precisely, at a particular temperature the magnetic properties

of a material can be changed by tuning its size.
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Diamagnetism is a weak form of magnetism (magnetic susceptibility are negative (-10° to -
107). It appears only in the presence of an applied magnetic field and it is not permanently
retained after the external field is removed. This phenomenon is caused only by the orbital
motion of the electrons under the influence of an applied field. Transition metals like

copper, silver and gold are diamagnetic.

Paramagnetic materials also show weak magnetization having small positive magnetic
permeability and magnetic susceptibility in the order of 10° to 10, These materials have
unpaired electrons that in the absence of the magnetic field are randomly oriented. These
electrons in the presence of an external field are aligned parallel to the applied magnetic
field. This type of materials have no coercivity nor remanence indicating that after the
external field is removed the internal magnetic dipoles randomize again and no extra energy
is required to demagnetize the material. Hence the material does not remain magnetized.
Examples of paramagnetic materials include magnesium, molybdenum, lithium and

tantalum.

Ferromagnetism is a magnetization phenomenon exhibiting strong magnetization.
Ferromagnetic materials are characterized by a large and positive susceptibility in the
presence of an external magnetic field. They possess unpaired electrons and therefore their
atoms show a net magnetic moment. Their strong magnetic properties are attributed to the
presence of magnetic domains. In these domains, large numbers of atom's moments (10'* to
10"%) are aligned parallel so that the magnetic force within the domain is strong even in the
absence of an applied magnetic field. There are three main parameters that describe the
strength and magnetization of the material. The first one is the maximum magnetization of a
material that can be achieved, known as the saturation magnetization M. This is due to the
parallel orientation of all the magnetic dipoles to the direction of the applied magnetic field.
The second one is the remanent magnetization Mpg, which indicates the residual
magnetization at zero applied field. The final parameter is the coercive field Hc, presenting
the external field of opposite sign that is required to reduce the magnetization back to zero.
Moreover, this parameter shows the minimum energy that is needed for the reversal of the
magnetization of the material and it is strictly related to the magnetic anisotropy constant,
Ky, that determines the energy to be overcome in order to invert the direction of the
magnetic dipoles of the material. K, depends on the shape and the morphology of the

particles. All the above mentioned parameters result in the presence of a hysteresis loop for
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these materials. Therefore, when the field is switched off the magnetization of the material

still remains. Iron, nickel, and cobalt are examples of ferromagnetic materials.'*> '
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Figure 2.7. Magnetic moments of paramagnetic, ferromagnetic, ferrimagnetic and

antiferromagnetic materials.

Besides the ferromagnetic materials, there is a different magnetization state at which the
magnetic dipoles or interacting spins of a material are aligned antiparallel in the lattice
hence showing a net zero magnetism namely as antiferromagnetism. The iron oxide
particles such as the magnetite and the maghemite also present hysteresis but they belong to
a different magnetization category, the so-called ferrimagnetics. In this class of materials
the magnetic moments of the atoms found at different sublattices are opposed, but since

those are unequal, a net magnetization value remains.

The decrease of the size of the magnetic particles renders them even more suitable agents in
diagnostic and therapeutic applications compared to their bulk counterparts. In the order of
tens of nanometers (< 30 nm), ferri- or ferromagnetic materials become single domain
because the formation of domain walls is not energetically favorable and therefore these
materials are shifted towards the, so-called superparamagnetic behavior. In this state, the
coercivity parameter becomes zero and above the blocking temperature (Tg), the thermal
energy is sufficient for the moment to freely rotate resulting in a loss of net magnetization in
the absence of an external field (remanent magnetization is zero). Due to this a

superparamagnetic material does not present a hysteresis loop. Furthermore the coupling
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interactions within these single domains result in much higher magnetic susceptibilities

. . 1
compared to paramagnetic materials."”’
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Figure 2.8. (@) Magnetization (M) versus applied magnetic field strength (H) plots for

ferromagnetic and superparamagnetic materials. (b) Change of coercivity (Hc) of magnetic

. 197
particles with size.

The hysteresis loop appears only in ferro- or ferrimagnetic materials. According to their
magnetization characteristics, these compounds can be classified as soft and hard magnetic
materials. Soft magnets have high magnetization permeability and low coercivity Hc
indicating that they can be easily magnetized and demagnetized without any losses of
energy hysteresis. Hard magnets in contrast to the soft magnets present high coercivity He

but low magnetic permeability, providing thus losses of high energies.

Temperature is another parameter that plays a crucial role on the magnetic behavior of a
material. As already known, the magnetic dipoles have the tendency to fluctuate randomly
and with the raise of the temperature this phenomenon increases, therefore the moments
cannot align to each other. This results to the reduction of the saturation magnetization Ms.
It was found that at a certain temperature the so-called Curie temperature Te, a
ferromagnetic material becomes paramagnetic. Neel temperature Ty corresponds to the

transition temperature of an antiferromagnetic or ferrimagnetic behavior to paramagnetic.
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Figure 2.9. Temperature-dependence of the magnetic properties of materials exhibiting

different magnetic behavior.

Magnetic nanoparticles in solution undergo three types of loss processes, in the presence of
alternating magnetic field: hysteresis losses, Néel relaxation and Brownian relaxation. In the
Brownian relaxation the entire particle can be rotated (external rotation) whereas Néel
relaxation is attributed to internal diffusion of the particles magnetic moments. In
nanoparticles characterized by core diameter < 20 nm (single domain particles)
magnetization relaxation is only governed by a combination of the Brownian and Néel

relaxation mechanisms. The contribution from hysteresis losses is negligible.
8 =3nVu/KkT (2.20)
™~ =1, exp (AE/KkT) (2.21)
1/t=1/1+1/1n (2.22)

In eq. 2.20, 1 is defined as the Brownian’s relaxation time where Vy is the hydrodynamic
volume of the particle, k is the Boltzmann constant, T is the temperature and n is the
dynamic viscosity of the carrier liquid. The Néel relaxation time is defined by eq. 2.21
where AE is the energy barrier over which the magnetization must reverse and 7, ~ 107 s.
This energy is usually is determined by the product of the anisotropy K and the magnetic
volume V: AE= KV. The combined effect can be expressed as seen in eq. 2.22.

Superparamagnetic materials exhibit relaxation times faster than 100 s.
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2.6.1. Vibrating Sample Magnetometry (VSM).

Vibrating sample magnetometry (VSM) is a powerful method that is generally used to
measure the magnetic properties of materials. It provides information on the magnetic
properties of a sample. More precisely, the VSM technique allows for the performance of
various types of experiments such as the measurement of the virgin curve, the hysteresis
loop, the DC demagnetization, the AC Remanence etc. Vibrating sample magnetometer
operates on Faraday’s Law of induction, which states that by changing the magnetic flux, an

electric field is produced and this can be measured by two-detection coils.'*®

Initially, the sample is exposed to a constant magnetic field which can magnetize the
magnetic material by aligning its magnetic domains with the field. The magnetic dipole
moment of the sample will create a magnetic field around it. As the sample vibrates and is
moving up and down, this magnetic field changes relative to time and can be sensed by a set
of pick-up coils. As already known, the magnetic field produced causes an electric field in
the pick-up coils according to Faraday’s Law. This current will be proportional to the
magnetization of the material. The higher the magnetization is, the greater the induced
current will be. VSM has a transimpedance and a lock-in amplifier which improves the
induction current. The instrument is connected to a computer and the software provides data
on the change of the magnetization of a sample relative to the strength of the applied

magnetic field.

VSM measurements.

The Virgin curve presented in Fig. 2.10 illustrates the magnetization of a sample as a
function of the applied field. This experiment occurs by measuring the magnetic moment
related to a field that is slowly increased from 0 to a certain maximum field."”

The Hysteresis Loop measurement is the most common magnetic experiment.
The parameters extracted from this experiment are used to characterize the magnetic
properties of a material such as the saturation magnetization Ms, the remanence Mr and the
coercivity He. By applying an external magnetic field starting from a maximum value
(positive or negative) the magnetometer measures the magnetization of the material at each
point (Fig. 2.23 (a))."”” The presence of a hysteresis loop is typical for ferromagnetic and

ferrimagnetic materials whereas superparamagnetic materials exhibit no hysteresis.
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Figure 2.10. Virgin Curve: Magnetization (B) of the material related to the applied
magnetic field (H).

2.6.2. Physical Property Measurement System (PPMS).

The Quantum Design Physical Property Measurement System (PPMS) has the capability to
perform a variety of experiments. This system can be used to obtain information on the heat
capacity, the thermal conductivity, the electrical properties and the magnetic behavior of a
sample.The PPMS magnetometer has the ability to determine the magnetization and the
magnetic susceptibility of a sample through the detection of the magnetic moment of the
material. The superconductivity is an important parameter for the PPMS magnetometer,
resulting to the production of a very stable and large magnetic field. The advantage of using
a superconducting magnet is that, large amount of electrical current can pass through it

without any loss of the energy in the form of heat.*”’

The principle of a PPMS experiment is similar to VSM. The sample is located in a chamber
at the centre of the magnet and it is surrounded by two detection coils. The sample has the
ability to move through the coils and consequently the magnetic moment of the material

induces an electric current in the detection coils.
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3. Experimental Section.

3.1. Methods.

For the characterization of the chemical structure of all the compounds prepared in the present
study an Avance Brucker 300 MHz spectrometer was used equipped with an Ultrashield
magnet. 'H NMR spectra were obtained in CDCl; with tetramethylsilane (TMS) used as an

internal standard.

The molecular weights (MWs) and molecular weight distributions (MWDs) of the polymers
were determined by size exclusion chromatography (SEC) using equipment supplied by
Polymer Standards Service (PSS). All measurements were carried out at room temperature
using Styragel HR 3 and Styragel HR 4 columns. A calibration curve was performed using

poly (methyl methacrylate) (PMMA) standards.

Differential scanning calorimetry (DSC) was used to measure the glass transition temperatures
Tes of the homopolymers and diblock copolymers using the Q100 TA Instrument with a
heating rate of 10 °C min™'. Each sample was scanned twice between —100 °C and +150 °C.

The second run (heat) was used for data analysis.

Thermal gravimetric analysis (TGA) measurements were performed on a Q 500 TA

Instrument under a nitrogen flow at a heating rate of 10 °C min ' between 25 and 600 °C.

Dynamic light scattering (DLS) measurements were carried out using a 90Plus Brookhaven
DLS spectrometer equipped with a 30 mW laser operating at 633 nm. DLS experiments were
performed at a 90° scattering angle. Solution concentrations maintained at 4 g L™'. The high
quality of the scattering curves was ensured by repeating the measurements several times. All
polymer solutions were filtered through cellulose acetate microfilters (pore size: 0.45 pm)

prior to the measurements.
Atomic force microscopy (AFM) measurements were performed on a Multimode-AFM

(Veeco-Instruments). The tips used were of the type NC (NANOWORLD). The resonant

frequency was approximately 285 KHz and the force constant around 42 N/m. Dilute sample
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solutions were spin-coated on a mica surface to be visualized by AFM. All measurements

were carried out with tapping mode.

Transmittion electron microscopy (TEM) were performed on a 1010 JEOL microscope

(200kV).

A Lambda 10 UV-vis spectrophotometer from Perkin-Elmer was used for the turbidimetry
measurements. A Jasco V-630 UV-vis spectrophotometer was used to carry out the drug

release kinetic measurements.

Fourier transform infrared spectroscopy Jasco 460 (FT-IR) was used to characterize the

materials using powder samples pressed into KBr pellets.

X-ray diffraction spectroscopy measurements were performed on an XRD, Rigaku (30 kV, 25
mA with A = 1.5405 A (Cu)) instrument in the range of 5 to 90° at a rate of 0.5°/min.

Magnetization curves were recorded using either a Cryogenics VSM or a vibrating sample
magnetometer (VSM) (VSM Model 880 ADE Technologies, USA). Due to the low magnetic
moment of the highly diluted samples, the data analysis took into account also the diamagnetic
moment of the cylindrical sample holder of plexiglas. Magnetization curves corresponding to
the magnetoactive polymer conetworks were recorded using the Physical Property

Measurement System, PPMS 6000 at 5K and 300K.

3.2. Reagents.

Benzene (Fluka, > 99.5%) and ethyl acetate (Scharlau) used as the polymerization solvents,
were stored over CaH, (Merck, 99.9%) and distilled under reduced pressure immediately prior
to the polymerization reactions. Methanol (Labscan, 99%), n- Hexane (LabScan, 99%), HCI
(Merck, 37% solution), NH4OH (Scharlau, 25 % (v/v) H,0O), chloroform (Scharlau), diethyl
ether (LabScan, 99.5%), acetate buffer solution, with pH 4.6 (Fluka analytical), citric
acid/sodium hydroxide buffer solution with pH 6.0, Dulbecco’s phosphate buffer solution
DPBS, pH 7.2 (Sigma) and deuterated chloroform CDCl; (Merck) were used as received.
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The following inorganic compounds were used without further purification: Sulfur (Aldrich,
powder ~ 100 mesh), silica gel (Aldrich, 60 A, 70-230 mesh), CaH,, NaOH pellets (Scharlau)
and anhydrous MgSO, (Scharlau). 2-(acetoacetoxy)ethyl methacrylate (AEMA) (Aldrich,
95%) and Poly(ethylene glycol) methyl ether methacrylate (PEGMA) also abbreviated as
HEGMA (Hexa(ethylene glycol) methyl ether methacrylate) (Aldrich) were passed through a
basic alumina column prior to the polymerizations and used without further purification.
2-diethylamino ethyl methacrylate (DEAEMA) (Aldrich, 95%) was stored over CaH, and
distilled under reduced pressure immediately prior to the polymerization reaction. Ethylene
glycol dimethacrylate (EGDMA) cross-linker (Merck) was used without further purification.
Benzyl chloride (Aldrich, 99%), carbon tetrachloride (Riedel de Haén, > 99.8%), -
methylstyrene (Aldrich, 99%) and sodium methoxide (Aldrich, 30% solution in methanol)
were used as received by the manufacturer. Iron chloride (III) hexahydrate (Sigma-Aldrich,
97%) and iron chloride (II) tetrahydrate (Sigma-Aldrich, 99%) were used for the preparation
of non-coated magnetic particles, whereas iron sulfate (II) heptahydrate (Sigma-Aldrich >
99.0%), and iron chloride (III) hexahydrate (Sigma-Aldrich, 97%) were used for the
fabrication of the oleic acid-coated magnetite nanoparticles. The latter were fabricated at the
Center for Fundamental and Advanced Technical Research, Romanian Academy, Timisoara

branch, Romania by following an experimental procedure developed by Bica et al.*!

The anticancer drug doxorubicin hydrochloride DOX.HCI (Sigma Life sciences) was used as
received. The PC3 (grade IV, androgen unresponsive metastatic prostate cancer) and
RAW264.7 (murine macrophage) cell lines were a generous gift from Professor Andreas
Evdokiou, Adelaide University, Australia. The tissue culture reagents Dulbecco’s modified
Eagle’s medium (DMEM), fetal bovine serum (FBS), antibiotic/antimycotic, 0.25% trypsin,
0.4% trypan blue, and phosphate-buffered saline (PBS) were obtained from GIBCO,
Invitrogen. Resovist® (Schering, AG) was a kind contribution of Dr. loannis Seimenis,
Medical Diagnostic Center “Ayios Therissos”, Nicosia, Cyprus. The biological assays were
carried out in collaboration with Dr. A. Odysseos, Dr. L. Loizou and Dr. Y. Christou, EPOS-
Iasis R&D, Biomedical Tissue Engineering/Nanobiotechnology Lab.
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3.3. Synthesis.

3.3.1. Synthesis of cumyl dithiobenzoate, CDTB (Chain Transfer Agent, CTA).

CDTB was synthesized in two steps, following a procedure reported by Rizzardo et al.***
Briefly, the first step involved the preparation of dithiobenzoic acid via the reaction of sulfur,
sodium methoxide and benzyl chloride in methanol at 60 °C for 18 hours. Subsequently,
dithiobenzoic acid was left to react with a-methylstyrene in carbon tetrachloride at 70 °C for
18 hours to obtain CDTB in 19.3 % yield after purification by column chromatography (silica
gel), using n-hexane as an eluent.

'"H NMR (300 MHz, CDCls): § (ppm) = 7.87 (a, 2H), 7.58-7.22 (b, 8H), 2.01 (c, CHs).

3.3.2. Synthesis of PEGMA, homopolymers.

The polymerization procedure followed for the preparation of a PEGMA, homopolymer is
described as follows: CDTB was dried under high vacuum for approximately 30 min prior to
use. In a round-bottom flask (100 mL) maintained under a dry nitrogen atmosphere, CDTB
(48.0 mg, 0.176 mmol) and AIBN (8.9 mg, 0.054 mmol) were dissolved in freshly distilled
benzene (45 mL). PEGMA (10 mL, 35 mmol) was transferred into the flask with the aid of a
syringe. The resulting solution was degassed by three freeze-evacuate-thaw cycles, placed
under a dry nitrogen atmosphere and heated at 65 °C for 20 hours. The polymerization was
terminated by cooling the reaction down to room temperature. The produced homopolymer
(7.21 g, 69% polymerization yield, pink color) was retrieved by precipitation in n-hexane and
was left to dry in vacuo for 24 hours.

'H NMR (300 MHz, CDCl;): & (ppm) =4.06 (c, 2H, br), 3.64 (d, 2H, br), 3.35 (e, 3H, s), 2.00-
1.73 (a, 2H, m, br), 1.22-0.85 (b, 3H, m, br) (Fig. 3.1).
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Table 3.1. Molar quantities of the monomer, the initiator and the CTA used for the

preparation of PEGMA, homopolymers.

HomoPolymers @ Sample code PEGMA CDTB AIBN

(mmol) (mmol) (mmol)
PEGMAy; PPR10 35.00 0.17 0.054
PEGMA PPR17 33.33 0.33 0.100
PEGMA PPRI18 33.33 0.11 0.034
PEGMA PPR26 26.67 0.67 0.210
PEGMA:3; PPR30 16.67 0.11 0.034
PEGMA; 2 PPR37 33.33 0.13 0.041

* Experimental polymer molecular weight as determined by SEC, using PMMA calibration standards.

3.3.3. Synthesis of AEMA, homopolymers.

The polymerization procedure followed for the preparation of an AEMAy homopolymer
is described as follows: CDTB was dried under high vacuum for approximately 30 min prior
to use. In a round-bottom flask (100 mL) maintained under a dry nitrogen atmosphere, CDTB
(275 mg, 1.00 mmol) and AIBN (49 mg, 0.030 mmol) were dissolved in freshly distilled
benzene (45 mL). AEMA (3.8 mL, 20.04 mmol) was transferred into the flask with the aid of
a syringe. The resulting solution was then degassed by three freeze-evacuate-thaw cycles,
placed under a dry nitrogen atmosphere and heated at 65 °C for 20 hours. The polymerization
was terminated by cooling the reaction down to room temperature. The produced
homopolymer (7.21 g, 69% polymerization yield, pink color) was retrieved by precipitation in
n-hexane and was left to dry in vacuo for 24 hours.

'H NMR (300 MHz, CDCL): & (ppm) = 4.16 (f, 2H, br), 4.34 (g 2H, br),
3.56 (h, 2H, s), 2.28 (i, 3H, s), 2.14-1.81 (a, 2H, m, br), 1.23-0.83 (b, 3H, m, br) (Fig. 2.1).

Table 3.2. Molar quantities of the monomer, the initiator and the CTA used for the

preparation of AEMA, homopolymers.

Homopolymers ? Sample code AEMA CDTB AIBN
(mmol) (mmol) (mmol)
AEMA PPR11 20.04 1.00 0.030
AEMA:g PPR40 28.00 0.70 0.22

* Experimental polymer molecular weight as determined by SEC, using PMMA calibration standards.
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3.3.4. Synthesis of DEAEMA, homopolymers.

The polymerization procedure for the synthesis of DEAEMA is described as follows: CDTB
was dried under high vacuum for approximately 30 min prior to use. In a round-bottom flask
(100 mL) maintained under a dry nitrogen atmosphere, CDTB (148 mg, 0.54 mmol) and
AIBN (27.4 mg, 0.167 mmol) were dissolved in freshly distilled ethyl acetate (18 mL).
DEAEMA (5.4 mL, 26.98 mmol) was transferred into the flask with the aid of a syringe. The
resulting solution was then degassed by three freeze-evacuate-thaw cycles, placed under a dry
nitrogen atmosphere and heated at 65 °C for 20 hours. The polymerization was terminated by
cooling the reaction down to room temperature. The produced homopolymer was retrieved
upon extraction with water (40 mL x 2). Subsequently, the organic phase was isolated and the
solvent was removed under reduced pressure to yield an orange-colored solid, (1.56 g, 30%
polymerization yield) that was left to dry in vacuo for 24 hours.

'H NMR (300 MHz, CDCls): & (ppm) = 4.07 (£, 2H, br), 2.78 (g, 2H, s), 2.64 (h, 4H, s), 2.16-
1.79 (a 2H, m), 1.24-0.84 (i 3H, b 3H, m, br) (Fig. 3.1).

3.3.5. Synthesis of PEGMA-b-AEMA,, diblock copolymers.

Chain-growth of the obtained PEGMA, homopolymers was accomplished via the addition of
the second monomer AEMA. The synthetic methodology followed for the preparation of a
PEGMA,-b-AEMA, diblock copolymer is exemplarily described as follows: The macro-chain
transfer agent (macro-CTA), PEGMAy;, (M,>F¢ = 29200 g.mol”, 2.00 g, 0.068 mmol) was
placed in a round-bottom flask (50 mL) and dissolved in freshly distilled ethyl acetate (12 mL)
under a dry nitrogen atmosphere. AIBN (0.0035 g, 0.021 mmol) dissolved in ethyl acetate and
AEMA (0.673 g, 3.14 mmol) were then transferred into the flask via a syringe. The reaction
mixture was degassed by three freeze-evacuate-thaw cycles and placed under nitrogen
atmosphere at 65 °C for 20 hours. The polymerization was terminated by cooling the reaction
down to room temperature. The produced diblock copolymer (2.46 g, 69% polymerization
yield, pink color) was retrieved by precipitation in n-hexane and was left to dry in vacuo for
24 hours.

'H NMR (300 MHz, CDCl3): & (ppm) = 4.36 (g 2H, br), 4.10 (f, 2H, br), 3.64 ( h, 2H, br, d,
2H, br), 3.36 (e, 3H, s), 2.25 (i, 3H, br), 2.25-1.78 (a, a’ 2H, m, br), 1.22-0.85 (b, b’ 3H, m, br)
(Fig. 3.1).
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Table 3.3. Molar quantities of the monomer, the initiator and the macroCTA used for the
preparation of the block copolymers PEGMA,-b-AEMA, and AEMA,-b-PEGMA,.

Diblock PolyPEGMA PolyAEMA AIBN PEGMA AEMA Yield
Copolymers °/ (mmol) (mmol) (mmol) (mmol) (mmol) %
Sample Codes

PEGMAg;-b-AEMA4 0.068 - 0.021 - 1.56 41
PPR12

PEGMAg;-b-AEMAs 0.068 - 0.021 - 3.14 69
PPR13

PEGMAg-b-AEMA 0.031 - 0.0098 - 1.85 97
PPR16

PEGMA,-b-AEMA;6 0.094 - 0.029 - 6.58 13
PPR19

AEMAz5-b- PEGMA g, - 0.063 0.019 19.70 - 74
PPR14

PEGMA5-b-AEMA4 0.077 - 0.024 - 1.55 n.d
PPR20

PEGMA;o-b-AEMAss 0.094 - 0.029 - 6.58 48
PPR21

PEGMAs-b-AEMA 0.019 - 0.060 - 0.93 23
PPR23

PEGMA3,-b-AEMA,; 0.035 - 0.019 - 1.90 n.d
PPR31

PEGMA,1-b-AEMA, 0.055 - 0.017 - 2.20 15
PPR38

AEMAgs-b- PEGMAg;6 - 0.060 0.019 19.38 - 82
PPR42

? Experimental polymer molecular weight as determined by SEC and 'H NMR. The degree of polymerization for

the 1% block was determined by SEC; this combined with the information obtained by 'H NMR let to the

determination of the DP for the 2™ block. n.d: not determined.
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3.3.6. Synthesis of HEGMA,-b-DEAEMA, diblock copolymers.

Chain-growth of the obtained HEGMA, homopolymers was accomplished via the addition of
the second monomer DEAEMA. An example of the synthetic methodology followed for the
preparation of a PEGMA,-b-DEAEMA, diblock copolymer is described as follows: The
macro-chain transfer agent (macro-CTA), PEGMA s, (MnSEC = 38668 g.mol'l, 1.70 g, 0.044
mmol) was placed in a round-bottom flask (50 mL) and dissolved in freshly distilled ethyl
acetate (9 mL) under a dry nitrogen atmosphere. AIBN (0.0022 g, 0.014 mmol) dissolved in
ethyl acetate and DEAEMA (0.41 g, 2.19 mmol) were then transferred into the flask via a
syringe. The reaction mixture was degassed by three freeze-evacuate-thaw cycles and placed
under nitrogen atmosphere at 65 °C for 20 hours. The polymerization was terminated by
cooling the reaction down to room temperature. The produced diblock copolymer (1.76 g,
15% polymerization yield, pale orange color) was retrieved by precipitation in n-hexane and
was left to dry in vacuo for 24 hours.

'H NMR (300 MHz, CDCl3): & (ppm) = 4.07 (f, 2H, br), 3.64 (d, 2H, br), 3.36 (e, 3H, br),
2.71 (g, 2H, br), 2.60 (h, 4H, br), 2.16-1.79 (a, a’ 2H, m, br), 1.24-0.84 (i ,3H, b, b’ 3H, m, br)
(Fig. 3.1).

Table 3.4. Molar quantities of the monomer, the initiator and the macroCTA used for the
preparation of the block copolymers PEGMA,-b-DEAEMA, and DEAEMA.-b-PEGMA,,

Diblock Copolymers?  Poly Poly AIBN PEGMA DEAEMA
Sample codes PEGMA DEAEMA (mmol) (mmol) (mmol)
(mmol) (mmol)

PEGMAs-b-DEAEMA;, 0.044 - 0.014 - 2.19
PPR28

PEGMA,:-b-DEAEMA 5 0.027 - 0.0085 - 2.20
PPR39

DEAEMA;-b-PEGMA;4, - 0.14 0.045 28.80 -
PPR41

* Experimental polymer molecular weight as determined by SEC and 'H NMR. The degree of polymerization for

the 1% block was determined by SEC; this combined with the information obtained by 'H NMR let to the
determination of the DP for the 2™ block.
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Homopolymers-Chemical structures

PEGMA, AEMA, DEAEMAy

Diblock copolymers-Chemical structures
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Figure 3.1. Structures of homopolymers and block copolymers synthesized by RAFT

controlled radical polymerization.

3.3.7. Synthesis of HEGMA-co-AEMA/EGDMA random co-networks.

The polymerizations were carried out in a 50 mL round-bottom flask, fitted with a rubber
septum. The monomers HEGMA (2.10 g, 7 mmol) and AEMA (1.5 g, 7 mmol) as well as the
cross-linker EGDMA (1.6 mL) (1.68 g, 17.5 mmol) were transferred via a syringe to the flask
and either EA or THF (10 mL) was subsequently added followed by the addition of the
initiator, AIBN (0.023 g, 0.14 mmol) dissolved in the solvent (2 mL). The reaction was carried
out at 65 °C for 24 h. After the product was cooled down to room temperature the gel was
removed from the flask and placed in a glass container where ethyl acetate or tetrahydrofuran
(100ml) was added. It was left there for 1 week to remove the sol fraction (extractables) and

filtered. The filtrate was placed under reduced pressure to remove the solvent in order to
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determine the percentage of the extractables (non-reacted reagents). This was calculated as the
ratio of the dried mass of the extractables divided by the theoretical mass of all components in

the network (i.e. polymer plus crosslinker).

Table 3.5. Molar quantities of the monomers HEGMA and AEMA, the initiator AIBN and the
cross-linker EGDMA that were used for the preparation of the HEGMA-co-AEMA/EGDMA

random co-networks.

Sample Solvent® PEGMA AEMA EGDMA AIBN

code (mmol) (mmol) (mmol) (mmol)
Nolron  Gell Ethyl 7.0 7.0 8.5 0.14
Oxide Acetate
No Iron Gel 2 THF 7.0 7.0 8.5 0.14

Oxide
*EA.: ethyl acetate, THF: tetrahydrofuran.

3.4. Synthesis of Magneto-responsive Polymeric Materials.

3.4.1. Synthesis of stabilized in agueous media iron oxide nanoparticles, in the presence of
the PEGMA-b-AEMA, diblock copolymers.

The polymer-stabilized magnetic nanoparticles were produced via a conventional chemical
reaction method that was carried out at room temperature, involving chemical co-precipitation
of Fe(Ill) and Fe(II) cations in a 2:1 molar ratio under weak basic conditions (NH4OH) in the
presence of the PEGMA-b-AEMA, copolymers.

Prior to the reaction, the water and ammonium hydroxide solutions were carefully
deoxygenated by purging with ultra-high-purity N, for at least 30 min. The reaction was
carried out under continuous nitrogen flow. In a typical procedure, the diblock copolymer
PEGMAy;-b-AEMA35 (M,, =38500 g mol™! 200 mg, 0.182 mmol of AEMA units) was placed
in a round-bottom flask (25 mL) and dissolved in degassed water (4 mL). Aqueous solutions
of FeCl5.6H,O (49.2 mg, 0.182 mmol) and FeCl,.4H,O (18 mg, 0.091 mmol) which were
prepared separately in water (2 mL each) were syringed into the copolymer solution under an
inert nitrogen atmosphere. The resulting orange-colored solution was left to stir for 15 min
before adding the NH4OH solution. Finally, NH4sOH (25% v/v in H,0O) (0.24 mL) was added
under strong stirring conditions and inert atmosphere. The solution immediately turned from

orange to dark brown transparent, indicating the formation of stabilized iron oxide
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nanoparticles. The solution mixture was allowed to stir for 30 min under nitrogen atmosphere
at room temperature. Finally, the mixture was dialyzed (dialysis tubing benzoylated with
AVG. flat width 32mm) against water to remove any remained side-products or free

copolymer.

The polymer-coated iron oxide nanoparticles were also prepared in an aqueous solution of
sodium chloride (NaCl, 0.1M). Prior to the reaction, the NaCl and NH4OH solutions were
carefully deoxygenated by purging with ultra-high-purity N, for at least 30 min. The reaction
was carried out under continuous nitrogen flow. In a typical procedure, the diblock copolymer
AEMA;6-b-PEGMA; 17 (M, =72800 g mol'l, 200 mg, 0.099 mmol of AEMA units) was placed
in a round-bottom flask (25 mL) and dissolved in degassed NaCl solution (4 mL). Aqueous
solutions of FeCl;.6H,0 (107 mg, 0.395 mmol) and FeCl,.4H,0 (39.3 mg, 0.198 mmol) which
were prepared separately in water (2 mL each) were syringed into the copolymer solution
under an inert nitrogen atmosphere. The resulting orange-colored solution was left to stir for
15 min before adding the NH4OH solution. Finally, NH4OH (25% v/v in H,O) (0.25 mL) was
added under strong stirring conditions and inert atmosphere. The solution immediately turned
from orange to dark brown transparent, indicating the formation of stabilized iron oxide
nanoparticles. The solution mixture was allowed to stir for 30 min under nitrogen atmosphere

at room temperature.

Table 3.6. Molar quantities of the PEGMA.-b-AEMA, diblock copolymers, the iron salts
FeCl;.6H;O/FeCl,.4H,O and the NH,OH used to prepare polymer-coated magnetic

nanoparticles in aqueous media.

Diblock copolymers- PPR19 FeCls;.6H,0 FeCl,.4H,0 NH,OH
Iron oxide (mmol) (mmol) (mmol) (mL)
PEGMAo-b-AEMA ¢/ 0.131 0.131 0.065 0.16
FeOy
0.131 0.262 0.131 0.16
0.131 0.393 0.196 0.24
PPR12 FeCl;.6H,0 FeCl,.4H,0 NH,OH
(mmol) (mmol) (mmol) (mL)
PEGMAg-b-AEMA 5/ 0.109 0.109 0.054 0.07
Fe.Oy
0.109 0.218 0.109 0.13
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PPR14 FeCl;.6H,0 FeCl,.4H,0 NH,OH
(mmol) (mmol) (mmol) (mL)
PEGMAg,-b-AEMA¢/ 0.113 0.113 0.057 0.19
Fe.Oy
0.075 0.150 0.075 0.28
0.075 0.225 0.112 0.28
PPR13 FeCl;.6H,0 FeCl,.4H,0 NH,OH
(mmol) (mmol) (mmol) (mL)
PEGMAg-b-AEMA;s/ 0.0191 0.191 0.096 0.24
Fe,O,
PPR16 FeCl;.6H,0 FeCl,.4H,0 NH,OH
(mmol) (mmol) (mmol) (mL)
PEGMAg-b-AEMA 4/ 0.236 0.236 0.118 0.074
Fe.Oy
PPR23 FeC|3.6H20 FEC|2.4H20 NH4OH
(mmol) (mmol) (mmol) (mL)
PEGMAs-b-AEMA 4/ 0.041 0.041 0.021 0.027
Fe.Oy
PPR31 FeCI3.6H20 FeC|2.4H20 NH,OH
(mmol) (mmol) (mmol) (mL)
PEGMA75-b-AEMA 5/ 0.084 0.084 0.042 0.054
Fe.O,
PPR33 FeCl;.6H,0 FeCl,.4H,0 NH,OH
(mmol) (mmol) (mmol) (mL)
AEMAzs-b-PEGMA,17/ 0.099 0.198 0.099 0.12

Fe,O,

Table 3.7. Molar quantities of the PEGMA.-b-AEMA, diblock copolymers, the iron salts
FeCl;.6H;O/FeCl,.4H,O and the NH,OH used to prepare polymer-coated magnetic
nanoparticles in the presence of NaCl (0.1 M).

Diblock copolymers- PPR19 FeCls;.6H,0 FeCl,.4H,0 NH,OH
iron oxide (mmol) (mmol) (mmol) (mL)
PEGMA7o-b-AEMA 4/ 0.065 0.065 0.033 0.04
FeOy
0.131 0.393 0.196 0.24
0.131 0.524 0.262 0.96
PPR33 FEC|36H20 FeC|24Hzo NH4OH
(mmol) (mmol) (mmol) (mL)
AEMAzs-b-PEGMA,17/ 0.099 0.395 0.198 0.25
Fe,Oy
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3.4.2. Synthesis of single-wall carbon nanotubes decorated with iron oxide nanoparticles,

stabilized in aqueous media in the presence of the PEGMA-b-AEMA, diblock copolymers.

The water and ammonium hydroxide solutions were carefully deoxygenated by purging with
ultra-high-purity N, for at least 30 min. CNT-COOH (0.8 mg) was placed in a round-bottom
flask (25 mL) and dissolved in degassed water (5 mL). This was followed by ultrasonication
for ~ 1h to assist dissolution. Subsequently, the dark grey colored solution was filtered twice
to remove any undissolved impurities. 2.5 mL of degassed water were then added into the
SWCNTs solution, followed by the addition of an aqueous solution (6 mL) of the diblock
copolymer PEGMA 3-b-AEMA4, (102 mg, 0.088 mmol) under inert conditions (N3).
The mixture was then stirred at room temperature for 1h and was then placed for 30 min in an
ultrasonic bath. Aqueous solutions of FeCl;.6H,O (9.1 mg, 0.034 mmol) and FeCl,.4H,0 (3.4
mg, 0.017 mmol) which were prepared separately in water (0.5 mL each) were syringed into
the solution under an inert nitrogen atmosphere. The resulting solution was left to stir for 1h at
room temperature in the sonicator for another hour, before adding the NH4OH solution.
Finally, NH4OH (25% v/v in H,O) (20 pL) was added under strong stirring conditions and
inert atmosphere. The solution mixture was allowed to stir for 30 min under nitrogen
atmosphere at room temperature. Finally, the mixture was dialyzed (dialysis tubing
benzoylated with AVG. flat width 32mm) against water to remove any remained side-products

or free copolymer.

3.4.3. Synthesis of iron oxide-containing composite co-networks.

The synthetic procedure followed for the fabrication of composite PEGMA-co-
AEMA/EGDMA co-networks containing iron oxide particles was similar to that reported in
3.3.7. At first, the monomers HEGMA (2.10 g, 7 mmol), AEMA (1.5 g, 7 mmol) and the iron
oxide particles (0.105 g, 0.448 mmol) that were in-house synthesized by chemical co-
precipitation of FeCl;.6H,O and FeCl,.4H,0 salts under weak basic conditions were placed in
a round-bottom flask. The mixture was then placed in a sonicator for 1 h to ensure a
homogeneous dispersion. Subsequently ethyl acetate (12 mL), the cross-linker EGDMA (1.6
mL) (1.68 g, 17.5 mmol) and AIBN (0.023 g, 0.14 mmol) were added in the flask. The
reaction was carried out at 65 °C. Gelation was reached after 24 h. The prepared composite co-

network (black color) was taken out of the polymerization flask and was left to equilibrate in
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ethyl acetate (100 mL) for 1 week. Subsequently, the solvent was removed by filtration and
evaporated off under reduced pressure. The recovered extractables were dried under vacuum
for 3 days at room temperature and their mass was determined gravimetrically. Table 3.8
presents the quantities of the chemical reagents that used to prepare the co-networks (solvent,
monomers, cross-linker, initiator, Fe,O, magnetic particles) and the corresponding sol fraction

percentages.(Series C).

3.4.4. Synthesis of OA.Fe304-containing nanocomposite co-networks.

Oleic acid-coated magnetite nanoparticles

The oleic acid-coated magnetite nanoparticles (OA.FesO4) were prepared at the Center for
Fundamental and Advanced Technical Research, Romanian Academy, Timisoara branch,
Romania by following an experimental procedure developed by Bica et al.** Briefly,
magnetite nanoparticles, Fe;O4, were obtained by the co-precipitation in aqueous solution of
Fe’" and Fe*" ions (salts FeSO4.7H,0; FeCl;.4H,0) in the presence of NH,OH, at 80-82 °C.
The temperature of 80°C set for the co-precipitation reaction is essential to obtain magnetite
and not other iron oxides; the same temperature range is also favourable for the
chemisorption of oleic acid on the surface of magnetite nanoparticles. Additionally, the
significant excess amount of NH4OH ensures the formation of magnetite over other iron
oxides. Subsequently, oleic acid was added in a significant excess (about 30 vol %) to the
system right after the co-precipitation had started, which resulted in the chemisorption of the
acid on the magnetite surface. This was followed by a washing process with distilled water
with magnetic decantation and filtration to remove aggregated (non-dispersed) particles.
Then, flocculation (acetone) was used to extract magnetite particles coated with a single
surfactant layer from the solution of residual salts and free surfactant. The dried powder was
redispersed in light hydrocarbon. This flocculation/re-dispersion procedure was performed
several times to ensure that the presence of free surfactant in the final solution was

negligible.

71



Experimental Section Ph.D. Thesis

A typical procedure followed for the preparation of OA.Fe;O4-containing nanocomposite co-
networks in ethyl acetate (EA) is described as follows: At first, the monomers HEGMA (2.10
g, 7 mmol), AEMA (1.5 g, 7 mmol) and the OA.Fe;04 (0.105 g) were placed into a 50 mL
round-bottom flask. Subsequently, sonication was applied for 1 h to assist homogeneous
mixing. EA (12 mL), EGDMA (1.68 g, 17.5 mmol) and AIBN (0.023 g, 0.14 mmol) were then
transferred into the reaction flask with the aid of a syringe. The reaction mixture (dispersion)
was placed in an oil bath at 65 °C. Gelation was reached within 24 h. The prepared composite
co-network was taken out of the polymerization flask and was left to equilibrate in ethyl
acetate (100 mL) for 1 week to remove the sol fraction (extractables). Subsequently, the
solvent was recovered by filtration and evaporated off under reduced pressure. The recovered
extractables were dried under vacuum at room temperature for 24 h and their mass was

determined gravimetrically.

The above-mentioned procedure was also followed for the synthesis of OA.Fe;O4-containing
nanocomposite co-networks in THF with the only difference that in this solvent dissolution of
the OA.Fe;0O4 was accomplished at a molecular level. Hence polymerization in THF was
carried out in solution and not in dispersion. Furthermore, the gelation process was slower in
THF — gelation was reached within 48 h. In Table 3.8 the quantities of the chemical reagents
used to prepare the co-networks (solvent, monomers, cross-linker, initiator, OA.Fe;O4
magnetic nanoparticles) are summarized, together with the corresponding sol fraction

percentages.

3.4.5 Determination of the Degree of Swelling.

The washed co-networks were cut into small pieces and their EA (series A and C) or THF
(series B)-swollen mass was determined gravimetrically before placing all samples in a
vacuum oven for drying for 24 h at room temperature. The dry co-network mass was then
determined, followed by the transfer of the co-networks in neutral water. The samples were
left to equilibrate in aqueous solutions for 2 weeks and the water swollen co-network masses
were measured. It is noteworthy to mention that leakage of the magnetic content from the
water-swollen co-network was not observed for long time periods (longer than 3 months). The
DSs were calculated as the ratio of the swollen co-network mass divided by the dry co-

network mass.
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Table 3.8. Molar quantities of the monomers HEGMA and AEMA, the initiator AIBN, the cross-linker EGDMA, OA. Fe3O4 and FexO, that were

used for the preparation of magneto-responsive co-networks.

Solvent/ PEGMA AEMA EGDMA AIBN OA.Fe30,4 Sol %
14 mL (mmol)  (mmol)  (mmol) (mmol) (gr) fraction OA.FeOy
(%)
Series A |
No Gel 1 EA 7.00 7.00 8.50 0.14 - 1.56 -
OA.Fe;0,4
With Gel 1a EA 7.00 7.00 8.50 0.14 0.424 3.23 7.0
OA.Fe30;4 Gel Ib EA 7.00 7.00 8.50 0.14 0.639 4.14 11.0
Gel 1c EA 7.00 7.00 8.50 0.14 1.591 5.57 23.0
Series B \
No Gel 2 THF 7.00 7.00 8.50 0.14 - 8.79 -
OA.Fe;0,4
With Gel2a  THF 7.00 7.00 8.50 0.14 0.424 11.06 7.0
OA.FesO;4 Gel 2b THF 7.00 7.00 8.50 0.14 0.639 15.87 11.0
Gel2¢  THF 7.00 7.00 8.50 0.14 1.591 18.19 23.0
Series C
FexOy (gr) % Fe,Oy
No Gel 1 EA 7.00 7.00 8.50 0.14 - 1.56 -
FexOy
Gel 3a EA 7.00 7.00 8.50 0.14 0.212 16.6 4.0
with Gel 3b EA 7.00 7.00 8.50 0.14 0.424 35.8 7.0
FexOy Gel 3¢ EA 7.00 7.00 8.50 0.14 0.639 22.3 11.0
Gel 3d EA 7.00 7.00 8.50 0.14 1.591 n.a 23.0
Gel 3e EA 7.00 7.00 8.50 0.14 0.106 n.a 2.0
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3.4.6. Deswelling Measurements.

The deswelling kinetics of Gel 1¢ (nanocomposite co-network containing 23% wt. OA.Fe;04)
was measured gravimetrically at ~ 60 °C. After allowing the sample to equilibrate for 2 weeks
in distilled water at 25 °C, the swollen gel was transferred into water at 60 °C and its weight
was recorded at different time intervals. The water content at each time interval was
determined as W¢/W,, where W; corresponds to the weight of the co-network at a designated

time during deswelling and W, to the weight of the co-network measured initially at 25 °C.

3.5. Synthesis of Polymeric Drug Delivery Carriers.

3.5.1. Preparation of DOX-loaded HEGMA,-b-DEAEMA, micelles.

The anti-cancer drug doxorubicin (DOX) was loaded into the PEGMA,-b-DEAEMA, diblock
copolymer micelles using the oil/water emulsion method.*”® DOX.HCI (1 mg, 0.00172 mmol)
was dissolved in 0.20 mL chloroform in the presence of 3 mol. equiv of triethylamine and
placed in the ultrasonic bath. This solution was added dropwise to a stirred solution containing
PEGMA ,5-b-DEAEMA34 (3.4 mg, 0.0000756 mmol) in 7 mL of DPBS. The resulting
emulsion was stirred overnight in dark at room temperature allowing the chloroform to
evaporate. Insoluble free DOX was removed by centrifugation at 2000 g for 10 min. Soluble
free DOX was removed from the micelles by ultrafiltration in DPBS (3 mL) using a dialysis
tube Slid-A-Lyzer with a molecular cutoff of 10 000 g/mol. This process was carried out for 3
days and the DPBS solution was repeatably changed. DOX loading was quantified by
measuring the UV-vis spectrum of the micellar solution, at 490 nm (characteristic absorption
wavelength of DOX). The concentration of the DOX loaded into the polymer micelles was
determined from the absorption vs concentration calibration curve constructed by measuring
the absorbance of DOX.HCI solutions of known concentrations (0.143, 0114, 0.086, 0.057,
0.029 g.L") prepared in DPBS.

3.5.2. Determination of DOX Release Kinetics at different pHs.

The solution of DOX-loaded micelles prepared as described in 3.5.1 was placed in a dialysis

cassette (Slid-A-Lyzer with a molecular cutoff of 10 000 g/mol). Kinetic drug release
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measurements were carried out upon immersing the cassette containing the drug-loaded
micellar solution into an acetate buffer solution (pH = 4.6) or a citric acid buffer solution
(pH = 6.0). The solution was removed periodically from the dialysis cassette and after

measuring its absorbance at ~ 490-500 nm, it was returned back.

3.6. Biological assays.

Cell viability assays and assessment of in vitro biocompatibility of the PEGMA,-b-

AEMA, stabilized magnetic nanoparticles.

The capability of the magneto-responsive hybrid micelles consisting of iron oxide
nanoparticles and PEGMA,9,-b-AEMA;¢ diblock copolymers to maintain cell viability in
cultures was investigated in PC-3 cells. Cells were seeded in flat-bottom 96-well plates (5 X
103/200 uL/well) and allowed to adhere to the plate over 18 h. The cells were then exposed to
either the indicated concentrations of hybrid micelles M1 and M2, corresponding to the
[AEMAJ/[Fe’'] molar ratio of 1:1 and 1:2, respectively, or Resovist (Schering AG) for 72 h.
Following 72 h of incubation, cell viability was determined by the MTT [3-(4,5-
dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium bromide] assay. This assay is based on the
ability of active dehydrogenases in viable cells to reduce MTT from a yellow water-soluble
dye to a dark blue insoluble formazan derivative. 50 MTT was dissolved in phosphate-
buffered saline (PBS) at a concentration of 5 mg/mL and added to the wells at the final
concentration of 0.50 mg/mL. After 1 h, the medium was removed and the formazan crystals
were dissolved in 150 uLL DMSO. Optical density was assessed using a microplate reader at
570 nm. The experiment was repeated twice with triplicate wells and results were given as
means for triplicate measurements (SD). Comparison of the effect of the different micelles on
absorbance at the appropriate wavelength was made by analysis of variance (ANOVA).

Posthoc comparisons were made with paired student’s ¢-test for 95% confidence.
In vitro uptake of hybrid micelles by macrophages.
To assess the potential of magneto-responsive micelles to evade nonspecific macrophage

uptake, RAW264.7 murine macrophages were incubated with the micelles followed by
Prussian Blue staining, a specific stain for Fe. The uptake of the M1 and M2 hybrid micelles

75



Experimental Section Ph.D. Thesis

was compared to that of Resovist. Briefly, RAW264.7 cells were grown on sterile glass
coverslips placed in six-well plates for 2 days to reach a confluency of 70%. They were then
incubated with either the hybrid micelles or Resovist at a concentration equivalent of 0.15 mg
Fe/mL, in complete DMEM. Incubation was performed for 2 h in a humidified incubator at 37
°C and 5% CO,. Control samples consisted of macrophages incubated in the absence of any
agent (double-distilled H,O). Subsequently, the cells were washed three times with PBS and
fixed by incubation with 4% formaldehyde in PBS at room temperature for 15 min. Following
three washes with PBS, the cells were stained with Prussian Blue Stain (2:1 mixture of 2%
potassium ferrocyanide(Il) trihydrate and 2% HCI) for 30 min in a humidified incubator at 37
°C and 5% CO,. The coverslips were washed thoroughly with PBS and loaded onto

microscope slides to assess.

Cell viability assays and assessment of in vitro antiproliferative and pro-apoptotic
efficacy of DOX loaded PEGMA,-b-DEAEMA, micelles.

The capability of the DOX-loaded PEGMA,-b-DEAEMA, micelle to maintain cell viability in
cultures was investigated in human breast cancer cells (MDAMB231). Cells were seeded in
flat-bottom 96-well plates (5 X 103/200 uL/well) and allowed to adhere to the plate over 18 h.
The cells were then exposed to the PEGMA,-b-DEAEMA,/DOX micelles in various
concentrations (0.001-0.1 g/L) corresponding to the block copolymer molar mass, against the
unloaded PEGMA-b-DEAEMA, the DPBS and the “free” DOX. Following 72 h of
incubation, cell viability was determined by the MTT [3-(4,5-dimethylthiazol-2-yl)- 2,5-
diphenyltetrazolium bromide] assay. 50 MTT was dissolved in phosphate-buffered saline
(PBS) at a concentration of 5 mg/mL and added to the wells at the final concentration of 0.50
mg/mL. After 1 h, the medium was removed and the formazan crystals were dissolved in 150
1L DMSO. Optical density was assessed using a microplate reader at 570 nm. The experiment
was repeated twice with triplicate wells and results are given as means for triplicate
measurements (SD). Comparison of the effect of the different micelles on absorbance at the
appropriate wavelength was made by analysis of variance (ANOVA). Posthoc comparisons

were made with paired student’s #-test for 95% confidence.
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4. Results and Discussion.

4.1. Magneto-responsive polymeric materials.

4.1.1. Magneto-responsive polymer-based micelles.

4.1.1.1. Synthesis and molecular characterization of the PEGMA-b-AEMA,,.

The amphiphilic PEGMA,-b-AEMA, diblock copolymers were obtained via RAFT
polymerization.”®* The synthetic procedure followed for the preparation of the diblock
copolymers is schematically presented in Fig. 4.1. The PEGMA,-b-AEMA, diblock
copolymer is a novel type of polymer having on the one hand, a block segment consisting of
B-ketoester functionalities (AEMA) capable of binding onto inorganic surfaces and on the
other hand, a second block constituted of PEG side chains, providing a hydrophilic and
thermoresponsive character to the block copolymer. The PEGMA,-b-AEMA, block
copolymers were synthesized by RAFT in a two-step procedure. Primarily, PEGMA,
homopolymers were prepared in benzene and subsequently used as the macro-CTAs for the
polymerization of AEMA in ethyl acetate, to prepare well-defined PEGMA-b-AEMA,
diblock copolymers. CDTB was used as the CTA and AIBN served as the radical source as

illustrated in the figure below.

0 o o
CTA, benzene 0 AEMA, ethyl acetate
—_ s e
AIBN, 65 °C, 20 hr 2 AIBN, 65 °C, 20 hr 2 2
O - n=6
/ > /O /O n=6 O
(0]

2,2'-azobis(isobutylnitrile)
(AIBN)

Figure 4.1. Synthetic scheme followed for the preparation of the PEGMA,-b-AEMA, diblock
copolymers by RAFT.
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The polymerization of AEMA was carried out in ethyl acetate due to the insolubility of the
AEMA, homopolymer in benzene.”” The first attempts to synthesize well-defined PEGMA
homopolymers by the RAFT were not successful, leading to either cross-linked polymeric
materials or linear chains characterized by broad molecular weight distributions.
Optimization of the polymerization experimental conditions (monomer purification process,

monomer concentration) led to well-defined PEGMA,-b-AEMA, diblock copolymers.

Table 4.1 shows the experimental chemical structures, the molecular weights (MW),
polydispersity indices (PDI) and polymerization yields for the PEGMAy and AEMA
homopolymers and the corresponding PEGMA,-b-AEMA, diblock copolymers prepared in
this study.

According to the data presented in Table 4.1, the homopolymers and diblock copolymers
show low PDIs (between 1.17-1.32). By comparing the experimental M, determined by SEC
with the theoretical values (by taking into account the polymerization yields), it can be
observed that the former are systematically lower. This is probably due to differences in the
hydrodynamic volume of the PEGMA and AEMA units compared with that of PMMA
calibration standards used in SEC. The same observation (i.e., lower experimental MWs
compared to the theoretical values) has been reported by Lutz and co-workers for a block
copolymer system containing oligo(ethylene glycol) methacrylate and zert-butyl methacrylate

functionalities.
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Table 4.1. Characteristics of the Polymers based on PEGMA and AEMA obtained by RAFT
(Polymerization Yields, Molecular Weights and polydispersities).

Sample Theor” SEC* Conversion

Homopolymers® Code MW (g/ mol) Mn PDI %
PolyPEGMA, PPR10 41200 29100 1.18 69
PolyPEGMA PPR17 21300 21300 1.25 71
PolyPEGMA 53 PPRI18 56700 38700 1.25 63
PolyPEGMA,, PPR26 5520 8700 1.24 46
PolyPEGMA |, PPR37 62400 36300 1.21 59
PolyPEGMA 3, PPR30 25200 22700 1.22 56
PolyAEMA 34 PPRI11 3855 8000 1.24 90
PolyAEMA 33 PPR40 7000 8100 1.26 81

Diblock Copolymers*

PEGMA;-b-AEMA 5 PPRI12 31200 36500 1.26 41
PEGMA;-b-AEMA 35 PPR13 35700 38500 1.27 69
PEGMAy;-b-AEMA 4 PPR16 41600 40600 1.37 97
PEGMA 4-b-AEMA ;4 PPR19 21800 28400 1.27 13
AEMA ;5-b- PEGMA,y, PPR14 77900 49500 1.24 74
PEGMA |5-b-AEMA o PPR20 n.d 52300 1.30 n.d
PEGMA7y-b-AEMA 54 PPR21 28400 36300 1.31 48
PEGMAs;-b-AEMA PPR23 19600 31100 1.25 23
PEGMA,y-b-AEMA 4 PPR27 9500 12900 1.25 23
AEMA;6-b-PEGMA,;; PPR33 54300 35100 1.28 49
PEGMA 3,-b-AEMA,, PPR31 n.d 13300 1.48 n.d
PEGMA ;;-b-AEMA 44 PPR38 37600 42000 1.31 15
AEMA ;33-b-PEGMA 344 PPR42 85600 58900 1.42 82

“ Determined by SEC and 'H NMR. ° [(g monomer)/(mol RAFT agent)] x (polymerization yield) + MW of CTA (for
homopolymers) and [(g monomer)/(mol CTA agent)] x (polymerization yield) + Mn of macro-CTA (for diblock
copolymers), © SEC calibrated with PMMA standards; Mn: number average molecular weight; PDI: polydispersity index;
PEGMA: poly(ethylene glycol) methyl ether methacrylate, AEMA: 2-(acetoacetoxy) ethyl methacrylate, n.d.: not
determined.

The SEC chromatograms of the PEGMAy; homopolymer and the corresponding PEGMA ;-
b-AEMA;;s diblock copolymer are exemplarily illustrated in Fig. 4.2. The molecular weight
distribution (MWD) of the PEGMAy;-b-AEMA 35 diblock copolymer is shifted toward higher
MWs compared to that of the PEGMAy; homopolymer, demonstrating the block efficiency
from homopolymer to block copolymer. However, the high MW shoulder presented in the
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chromatogram of the diblock copolymer indicates partial recombination of the polymer

chains.
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Figure 4.2. SEC traces of the PEGMAg; homopolymer and the corresponding PEGMAg;-b-
AEMAjs diblock copolymer.

The chemical structure of the block copolymers was confirmed by 'H NMR spectroscopy.
Fig. 4.3 shows the '"H NMR spectrum of the PEGMAy7-b-AEMA s block copolymer. The

peak assignments are shown in the spectrum. The molar ratios of the two blocks were

calculated by using the relative intensities between the -CHj; signal corresponding to the

AEMA (h) and the PEGMA (d) units, appearing at 2.27 and 3.39 ppm, respectively.

CDCl;.

, S

. c.g

6 5 4

chemical shift (ppm)

Figure 4.3. '"H NMR spectrum of the PEGMAq,-b-AEMA;s diblock copolymer recorded in
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Thermal Properties.

The glass transition temperatures (Tgs) of the PEGMA, homopolymers and the PEGMA-b-
AEMA, block copolymers were determined by Differential Scanning Calorimetry (DSC).
The Tg of the PEGMA; homopolymer was determined to be — 62 °C, which is close to those

. . 207, 208, 209, 210, 211
reported in literature.

The Tg of an AEMA homopolymer was determined to
be around 1 °C which is in close approximation with previously reported values.””> Block
copolymers such as the PEGMAy;-b-AEMA 6 exhibited two Tgs at ~ —54.5 °C and ~ —1.5
°C, corresponding to the PEGMA, block and for the AEMA, blocks, respectively. These
results suggested that the PEGMA,-b-AEMA, diblock copolymers exhibit microphase
separation in the bulk. No further investigation was carried out in order to obtain information

on whether the two blocks are totally incompatible, therefore totally immiscible.

Tg' =-62°C
Tg"'=-54.5°C
Tg’=-15°C
Tg'= 1.3°C

Heat Flow (mW)

Temperature (OC)

Figure 4.4. DSC thermograms of the PEGMAg; homopolymer (solid line), the PEGMAg;-b-
AEMA 46 diblock copolymer (dashed line) and that of an AEMA homopolymer (dotted line).

Thermoresponsive behaviour of the PEGMA,-b-AEMA, diblock copolymers.
Polymers having an oligo(ethylene glycol) segment in their chain show a LCST (Lower

Critical Solution Temperature) in aqueous media.”'> ?'* #'* The phase transition of the

AEMA;6-b-PEGMA,9, diblock copolymer in water upon increasing temperature was
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measured by turbidimetry. The plot of transmittance as a function of temperature is shown in

Fig. 4.5.

120
100 AH*&J‘.—.—.A.*.».—JQ

80 - \
60 - \

40 A \

Transmittance (%)

20 - \

50 52 54 56 58 60 62 64 66
Temperature (OC)
Figure 4.5. Plot of transmittance as a function of temperature measured for an aqueous

solution of AEMA35-b-PEGMA 9, diblock copolymer (concentration 4 g L™).

According to the above transmittance vs temperature plot, at ~ 60 °C a phase transition
occurs, i.e. the hydrophilic PEG side-chains become hydrophobic. This result is in the range
of previously reported findings.”'” ?'° Lutz and Hoth first reported that by randomly
copolymerizing PEG,MAs with different PEG side-chain lengths, it is possible to adjust the
(LCST) and hence the thermoresponsive behaviour of these materials.*'? Future experiments
may involve the incorporation of an oligo (ethylene glycol) methyl ether methacrylate
possessing a lower number of PEG side chains within the poly(PEGsMA) hydrophilic block
segment, aiming to decrease the LCST down to 42-45 °C. Polymers presenting a
thermoresponsive character within this temperature range may be potentially used in

hyperthermia treatment or as remote-triggered drug delivery systems when combined with

magnetic nanoparticles.*'°
Self-assembly behavior of the PEGMA,-b-AEMA, diblock copolymers in aqueous media.

Due to their amphiphilic nature, the PEGMA-b-AEMA, diblock copolymers were expected
to generate organized morphologies in the nanoscale upon self-organization. More precisely,
the presence of the hydrophilic PEGMA block and the water-insoluble AEMA block, resulted
to the formation of micellar nanomorphologies in aqueous solutions. The hydrodynamic

diameters (Dy) of these macromolecular aggregates were determined by Dynamic Light
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Scattering (DLS). Table 4.2 summarizes the experimental and theoretical (contour length)
Dus values for the PEGMA,-b-AEMA,, block copolymer micelles formed in water. As seen
in the table, the experimental values (ranging between 11-70 nm) were systematically lower
compared to the theoretical ones, calculated assuming a spherical morphology for the
micelles and fully extended chains (0.252 nm per monomer repeating unit), as expected. The
experimental data presented in Table 4.2 suggest that, by varying the block lengths of the two
segments within the block copolymer, it is possible to obtain PEGMA-b-AEMA,, micelles of
tunable diameters. This is very important in cases where such materials are considered to be
used in biomedical applications in combination with SPIONs (Superparamagnetic Iron Oxide
Nanoparticles), since the latter characterized by an average diameter below 30 nm exhibit
typically a longer half-life time in blood than larger nanoparticles. *°> 2 Furthermore, the

sizes of intravenously applied SPIONs range between 20 -150 nm (including coating).*'” *'®

Table 4.2. Hydrodynamic diameters obtained by DLS for a series of PEGMA,-b-AEMA,

block copolymer micelles formed in water.

Sample DP PEGMA? DP AEMA® Dy exper. Dy theor.
code (nm) (nm)
PPR12 97 18 24 58
PPR13 97 35 41 66
PPR14 292 36 70 165
PPR16 97 46 45 72
PPR19 70 16 11 43

“determined by SEC and "H NMR, PEGMA = poly(ethylene glycol) ethyl ether methacrylate, AEMA 2-(acetoacetoxy)
ethyl methacrylate

Numerous reports appear in the literature where NMR spectroscopy was used to study
micellization phenomena in cationic, anionic and amphiphilic systems. For example, Heald
and co-workershave combined liquid-state "H NMR together with solid-state °C NMR to
obtain information on the structure of nanoparticles formed by a series of poly(lactic acid)-
b-poly(ethylene oxide) block copolymers.”'® Furthermore, Pan et al. have reported among
others, the synthesis of poly(styrene)-b-poly(p-nitrophenyl methacrylate) (PS-b-PNPM) and
studied their micellization behavior in selective solvents using NMR.*** They showed that
micelles consisting of a PS corona and a PNPM core were formed in chloroform, whereas in

DMSO “reverse” micellar structures were observed.
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'H NMR spectroscopy was one of the techniques used in the present work, to study the
micellization of the PEGMA,-b-AEMA, diblock copolymers in water. As seen in the 'H
NMR spectrum of the PEGMAg7-b-AEMA g diblock copolymer recorded in DO (Fig. 4.6),
the proton signals of the AEMA, block almost disappear. This indicates the formation of
micelles, with the PEGMA, chains being located on the outside and the AEMA, on the inside

of the micellar aggregates.

¢g

aa’

chemical shift (ppm)

Figure 4.6. "H NMR spectrum of the PEGMAg;-b-AEMA s diblock copolymer recorded in
CDCl; (black) and in D0 (grey).

4.1.1.2. Preparation and characterization of stabilized, PEGMAy-b-AEMA, - coated

magnetic nanoparticles in aqueous media.

As previously mentioned, magnetic nanoparticles such as the magnetite (FesOs) or
maghemite (Fe,Os) require the presence of polymers or other surfactants in order to avoid
agglomeration and therefore precipitation in aqueous media. Iron oxide nanoparticles have
been synthesized via the widely used chemical co-precipitation method, **! in the presence of
the PEGMA,-b-AEMA, diblock copolymers leading to the formation of magneto-responsive
hybrid micelles.
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The co-precipitation method is one of the most widely used chemical methods enabling the
preparation of magnetic nanoparticles. A mixture of aqueous solutions of Fe’" and Fe’* (in a
1:2 molar ratio) was left to react with a base (in this work NH4OH) as shown in the following

. . 222223
chemical reaction:

Fe**(aq) + Fe'* (aq) + SOH — Fe;04(s)+ 4H,0 (4.1)

This synthetic methodology for preparing magnetite nanoparticles occurs under inert gas
atmosphere (N;) in order to protect the magnetite nanoparticles from being oxidized further
into maghemite. Furthermore, the size of the particles produced under these conditions is

smaller compared to those prepared in the presence of oxygen. ***

According to Tourinho et al., the use of ammonium hydroxide (NH4OH) instead of sodium

hydroxide favours the reduction in particle size.”**

Another parameter that significantly
affects the size of the magnetic nanoparticles produced during the chemical co-precipitation
process is temperature. Vekas and co-workers have demonstrated that upon performing the
chemical co-precipitation reaction at higher temperatures (~ 80 °C), the formation of Fe;04

1, 22
over Fe,O5 was favoured.”" 22°

By simply mixing the ferric hexahydrate and ferrous tetrahydrate chloride salts with a
PEGMA,-b-AEMA, micellar solution in water, at room temperature and under an inert
atmosphere followed by the addition of NH4OH, the solution turned from white transparent

into dark brown, indicating the formation of magnetic nanoparticles.

Although AEMA has been incorporated in polymers capable of binding onto inorganic

226, 227, 228, 229
matter,” 7, 228,

to the best of our knowledge there are only two examples where the
AEMA units are used to stabilize magnetic nanoparticles in water leading to the formation of
hybrid microgels.”*® Hence, for the first time well-defined diblock copolymers possessing /-
ketoester functionalities have been employed to prepare hybrid micelles used as
nanocontainers for the encapsulation and stabilization of magnetic nanoparticles in aqueous

. 204
media.”
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(a) (b) (c)

Figure 4.7. Preparation steps towards the generation of polymer-coated magnetic iron oxide
nanoparticles stabilized in aqueous media: (a) micelle formation of PEGMA,-b-AEMA,
diblock copolymers in water (b) addition of the Fe’"/Fe’™ mixture in the micellar solution.
Complexation of the iron salts with the p-ketoester ligating units found inside the micellar
core. (c¢) Transformation of the iron salt “precursors” into iron oxide nanoparticles inside

the micellar core upon addition of ammonium hydroxide aqueous solution.

The ratio of 1:1 of AEMA/FeCls -6H,0 (and 1:0.5 of AEMA/ FeCl,.4H,0 respectively) was
selected initially as a starting point, aiming to detect the critical concentration of the
precursor salts, above which the system was not stable and precipitated upon transformation

of the salts into iron oxide nanoparticles.

Noteworthy, highly stable hybrid micelles were obtained, even when the concentration of the
precursor salts was doubled or tripled. However, the maximum quantity of the salts that can
be encapsulated in the core of the polymeric micelles without leading to coagulation and
precipitation phenomena upon transformation into iron oxide was not determined.

The polymer-coated iron oxide nanoparticles were also prepared in an aqueous solution of
0.1 M NaCl. A stable hybrid micellar solution was obtained even at high molar ratio of
AEMA/FeCl; -6H,0 (1:4). Even though this was a first indication of the effectiveness of the
diblock copolymers to stabilize magnetic nanoparticles under physiological conditions,
systematic coagulation kinetics measurements were carried out in the research group of Prof.
E. Tombacz, University of Szeged, Hungary, demonstrating the salt tolerance of these
systems. In Fig. 4.8 the average particle size of the PEGMA-b-AEMA,/Fe,O, micellar
systems determined by DLS against the time is plotted. As it is showed the size of these

micellar systems (5 mg/L and 50mg/L according to Fe,Oy nanoparticles) remained constant
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with low PDI indices by increasing the amount of the NaCl salt. No coagulation observed

even at very high salt concentrations.
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Figure 4.8. Coagulation kinetics measurements by DLS performed on the PEGMA.-b-

AEMA,/Fe.O, micellar systems (at concentrations of (a) 5 mg/L and (b) 50 mg/L magnetite)

in the presence of various NaCl concentrations, demonstrating the salt tolerance of these

systems.

The iron oxide-containing micelles were visualized by Atomic Force Microscopy (AFM). In

Fig. 4.9, AFM micrographs of spherical block copolymer micelles loaded with iron oxide

nanoparticles in water are presented. The presence of collapsed spherical micelles loaded

with iron oxide nanoparticles of ~ 8 nm in diameter is more evident in the phase image. Any

aggregates observed might be attributed to the low Tg of the poly (ethylene oxide) side chain
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distributed all along the hydrophilic segment, which might allow the partial interpenetration

231
of the corona.?
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Figure 4.9. AFM images of the block copolymer micelles formed in water, loaded with iron
oxide nanoparticles: (a) Height Image, (b) Amplitude Image, (c) Phase Image.

The nanoparticle size depends on the type of the stabilizer used as coating. It is expected that
the amphiphilic PEGMA,-b-AEMA,, controls the growth of the magnetic nanoparticles
during the co-precipitation synthesis. The molecular weight and thus the lengths of the two
block segments within the copolymer affect the particles size and morphology. The spherical
morphology adopted by the block copolymers in aqueous solution seems to lead to the

formation of spherical iron oxide nanoparticles as observed in the phase image.”'®

The UV-vis spectra of the PEGMAy7;-b-AEMA 5 in water before and after the incorporation
of the magnetic nanoparticles are presented in Fig. 4.10. As shown in the spectra, an
absorption signal appears between 300 and 450 nm indicating the generation of iron oxide
nanoparticles inside the micellar core. Similar observations were also reported by Jian and
co-workers for polystyrene-functionalized magnetite nanocomposites and attributed to the

embedded iron oxide nanoparticles.**
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Figure 4.10. UV-vis spectra of the unloaded (black, solid line) and loaded with iron oxide
nanoparticles (grey, dashed line) PEGMAg7-b-AEMA ;s micelles.

X-ray diffraction spectroscopy (XRD) was employed to determine the nanocrystalline phase
adopted by the iron oxide nanoparticles embedded inside the polymer matrix. The powder
X-ray diffraction pattern of the polymer-nanomagnetite hybrids (purified sample) consisting
of iron oxide nanoparticles and the PEGMAy7-b-AEMA 46 block copolymer is shown in Fig.
4.11c. The diffraction pattern displays six broad peaks appearing at 26 30, 35.1, 42.5, 52.5,

56.6, and 61.9 . This result agrees with the findings of other groups, indicating the presence
of F E‘,3O4.233

Furthermore, as shown in Table 4.3, the d-spacing values of the hybrid polymer/iron oxide

materials were close to standard JCPDS Fe;04 data [JCPDS card number 19-629].
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Figure 4.11. X-Ray Diffraction patterns of the iron oxide nanoparticles coated with the
PEGMA39>-b-AEMA3s/ Fe,O, hybrid system. (a) unpurified sample (b) XRD spectrum of

NH,CI. (c) after purification by dialysis against water.

However, the XRD analysis of the crude material (Fig. 4.11a) revealed the presence of a
crystalline by-product produced during the magnetite formation. The by-product that was
proved to be ammonium chloride (NH4Cl) (as seen in Fig. 4.11b) was successfully removed

by dialysis against water.
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Table 4.3. Diffraction angles and d-spacing values corresponding to the signals observed in
the XRD diffraction pattern of the PEGMAqg;-b-AEMA 4¢/iron oxide composite material.

Peak  Diffraction Angle d experimental data d standard JCPDS data

(20) A) Fe;04 (A)
1 30.0 2.976 2.967
2 35.1 2.554 2.532
3 42.5 2.125 2.099
4 52.5 1.742 1.715
5 56.6 1.625 1.616
6 61.9 1.498 1.485

TGA measurements were also performed to determine the decomposition temperatures of the
block copolymers in the absence and presence of iron oxide nanoparticles. The PEGMAy¢-b-
AEMA 6 block copolymer and the corresponding polymer/Fe;O4 hybrid system is illustrated
in Fig. 4.12. The latter was isolated upon solvent (water) removal under reduced pressure
from the corresponding stabilized, polymer-coated nanoparticle solution. As shown in the
figure, the PEGMAy7-b-AEMA46 block copolymer started losing weight at ~ 200 °C and
decomposed, losing all of its weight at 400 °C. By comparing the thermal stability of the
composite with that of the pure polymer it can be clearly seen that the former starts
decomposing at slightly higher temperatures compared to the pristine block copolymer and at
around 400 °C approximately 40% of its mass is still maintained. Similar observations were
observed by Li et al. who have reported on the increase in the thermal stability of a
composite material consisting of polyaniline and ferrite particles,”* attributed to interactions
developed between the polymer chains and the ferrite particles. Furthermore, Lee et al. have
verified that magnetic hybrid materials based on sulfonated polyaniline and magnetite
particles were thermally more stable compared to the pure polymer.>*> Moreover, Fessi et al.
showed that the magnetite nanoparticles coated with poly(lactide) PLLA, provided higher

thermal stability to the polymer system compared to the pure polymer. **°
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Figure 4.12. TGA thermograms of the PEGMAg;-b-AEMAs block copolymer and the
corresponding hybrid material PEGMAg;-b-AEMA 4.

The magnetic behavior of these hybrid systems was investigated by Vibrating Sample
Magnetometry (VSM). The magnetic measurement studies that were carried out in the
research group of Prof. L. Vekas, Romania, indicated that the nanoparticles are
superparamagnetic, demonstrated by the symmetrical sigmoidal shape of the magnetization
curves exhibiting no hysteresis (absence of remanence ratio and coercivity). This feature, that
is, the disappearance of magnetic interaction between the particles after the magnetic field
has been removed, is extremely important for their applicability in magnetic resonance
imaging.”’ Furthermore, an increase in magnetic loading causes a significant increase in the
saturation magnetization (Ms) as shown in Fig. 4.13. The Ms of the PEGMA7¢p-b-AEMA -
coated magnetic nanoparticles was determined to be 3.5, 180, and 300 (A/m) for the 1:1, 2:1
and 3:1 [Fe’"]/[AEMA] molar ratio, respectively. These values were calculated based on the
total mass of the micellar hybrids and not on the mass of the magnetic content (iron oxide)
incorporated within the micelles. Unfortunately, the magnetization curve for the 1:1 molar
ratio is only informative because, in this case the magnetization values are at the limit of
sensitivity of the instrumentation used for these magnetic investigations. The magnetization
values are reduced due to very low volume concentration of magnetite nanoparticles, well
below 0.1%. Kaiser et al. have successfully stabilized magnetite nanoparticles by using
carboxylated polystyrene.”*® The reported Ms values ranged from 300 to 1000 (A/m) and

increased upon increasing the magnetic content. Another group reported the preparation of
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stabilized magnetite nanoparticles by using poly(2-methoxyethyl methacrylate) (PMEMA)
that is capable of covalently anchoring onto the inorganic surfaces. However, very low Ms

values were reported for these systems of about 0.1-2 x 10™ (A/m).>*’
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Figure 4.13. Magnetization curves of the PEGMA7p-b-AEMA s—coated iron oxide
nanoparticles corresponding to different magnetic loading (1:1, 1:2 and 1:3 corresponds to

[AEMA]/[Fe’"] molar ratio).

4.1.1.3. Biological assays of PEGMAy-b-AEMA/Fe,O,.
In Vitro Biocompatibility.

The potential toxicity of the novel micelles and their effect on PC3 cell viability in culture
was assessed against (a) double distilled H,O and (b) Resovist” following incubation with
various concentrations of the micelles (20-100 ug Fe/mL) over 72 h (Fig. 4.14). This work
was carried out in collaboration with Dr. A. Odysseos and Dr. L. Loizou, EPOS-Iasis Itd.
Analysis of variance (ANOVA) across the treated groups revealed no statistically significant
variances (Fv = 0.98, Pv >0.05), Further comparison of M1 or M2 with H,O by paired
Student’s #-test failed to yield any statistically significant differences in cell viability (Pv =
0.22 and 0.26, respectively), providing substantial evidence that these systems are
biocompatible in cell cultures and thus safe for further studies. Similar in vitro
biocompatibility data have been provided by Lee and coworkers for a comparable poly-

PEGMAbased SPION which has been safely applied in preclinical studies.**
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Figure 4.14. The MTT colorimetric assay was used to assess the biocompatibility of the
hybrid micelles. PC3 cancer cells were exposed for 72 hours to varying concentrations of
the micelles ranging from 20 to 100 ug Fe /ml. Resovist® and untreated cells (H;0) served
as controls. Untreated cells (HO, indicated by a dotted line) served as controls at each Fe
concentration. Untreated cells (0 ug Fe/ml) were considered to have 100% viability and the
results were normalized accordingly. Results are given as the means of six values resulting
from triplicate measurements of two representative experiments, +SD. Variability of the

error bars principally corresponds to the experimental uncertainty in each measurement.
In Vitro Macrophage Uptake.

Lowering the uptake of SPIONs by RES, such as macrophages, for the magnetic
nanoparticles to circulate long enough and be accumulated into the tumor by the enhanced
permeability and retention (EPR) effect remains a key consideration for the in vivo use of
SPIONs in cancer imaging. To assess this property in vitro, cell uptake experiments were
conducted using the RAW?264.7 macrophage cell line. The uptake of both M1 and M2 was
compared to that of the clinically approved dextran-based agent Resovist®, which is of
comparable size and has well-established uptake by macrophages.”*' The incorporation of
M1, M2, and Resovist” into the cells was determined by Prussian Blue staining, following a
2 h incubation with the macrophages (Fig. 4.15). Interestingly, most of the cells retained a

blue staining as a result of high uptake in the samples treated with Resovist (Fig. 4.15A),
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whereas both M1 and M2 showed significantly lower uptake (Figure 4.15B,C). These data
strongly suggest that the coating layer (AEMA3¢-b-PEGMA,,) in these systems minimizes

pronouncedly the recognition and phagocytosis of the hybrid micelles by macrophages.

Figure 4.15. In vitro uptake of hybrid micelles by macrophages determined by Prussian Blue
staining after incubation for 2 hours with the indicated agent at a concentration equivalent of
0.15mg Fe/mL in complete media: (4) Resovist® , (B) hybrid micelle M1, (C) hybrid micelle
M2, (D) untreated control. The presence of Prussian Blue precipitate arising from the

formation of potassium ferrous ferricyanide reveals the accumulation of the Fe-based agent

into the cells.
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4.1.2 Magneto-responsive polymer/SWCNT nanocomposites.

4.1.2.1 Preface.

Carbon nanotubes (CNTs) have attracted great attention over the past decade due to their
potential use in nanotechnology and biomedicine. CNTs, first discovered by Iijima*** in
1991, are molecular-scale tubes of graphite constructed by rolling up a thin graphene sheet.*®
Due to their enthralling nanoscale dimensions and high aspect ratios (i.e. high length-to-
diameter ratios), CNTs present excellent properties rendering them potentially useful in many
applications such as in nanotechnology, electronics, optics, mechanics, biomedicine and
other fields of material science.”” *** They exhibit extraordinary strength and unique
electrical properties and are efficient thermal conductors. Carbon nanotubes can be classified
into two major categories: single-wall carbon nanotubes (SWNTs) and multi-wall carbon
nanotubes (MWNTs). SWCNTs comprised of only one graphene sheet layer, whereas
MWCNTs are constituted of nested graphene cylinders which are co-axially arranged around

38
a central hollow core.

Due to their internal hollow space, CNTs can be utilized as containers for small compounds.
Moreover, their unique nanostructure and particularly their convex surface make them useful
for transferring ions and supporting guest compounds on their exterior. Small organic
compounds, surfactants, macromolecules, metal ions and oxides are some of the materials
that can be encapsulated in or attached onto the surfaces of CNTs via covalent bonding or
physical adsorption. Recently, it has been demonstrated that CNTs can act as ideal carriers of

- - - - - - - 245, 246, 247, 248
inorganic magnetic nanoparticles, such as the iron oxide nanoparticles (Fe;O4 = = = 7™

249, 250 03 251, 252

or y-Fe, ). Due to their physical and chemical properties, these nanoparticles
have attracted great interest, especially in the biomedical field, as contrast agents in MRI or
as magnetically-triggered drug delivery systems. CNTs combined with iron oxides may find
potential applications in biology and biomedicine. Even though there are some publications
on magneto-responsive CNTs, it is still difficult to control the location and the amount of
magnetic nanoparticles that are loaded on CNTs. Furthermore, an additional obstacle is the
stabilization of such hybrid nanosystems in aqueous media in order to be able to find

applicability in the biomedical field.
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Figure 4.16. Functionalization of SWCNTs. (4) defect functionalization, (B)
functionalization with surfactants in sidewall by covalent bonds, (C) non-covalent exohedral
functionalization, (D) functionalization with polymers by non-covalent bonds and (E)

encapsulation of compounds inside the tube.””

The latter, i.e. the difficulty for preparing stable solutions of these materials is mainly
attributed to the strong tendency of CNTs for aggregation due to the intrinsic Van der Waals
attractive forces, combined with the high aspect ratio of nanotubes, leading to coagulation
phenomena. Particularly in SWCNTs characterized by an attractive force of ~0.5 eV per

254
nanometer of nanotube-to-nanotube contact

, such phenomena are more pronounced,
resulting in the production of ropes and bundles. To overcome such problems, covalent and

non-covalent functionalization of CNTs with polymers has been carried out.

Examples of covalent functionalization include among others click-chemistry

233. 236 and surface modification with carboxylic groups®’ that are further

functionalization
subjected to chemical modification in order to introduce polymerizable functional sites used
in the growth of grafted polymer chains.®® Moreover, hydroxyl, carboxyl or amide
functionalities can be bound onto the surfaces of CNTs via esterification or amidation
reactions. Non-covalent functionalization is more advantageous in regards to its non-

destructive nature, since it does not affect the graphene structure of the nanotube. The latter

involves the physical adsorption of the stabilizing agents onto the nanotube surfaces.”’
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As previously mentioned, ferrofluids based on CNTs decorated with iron oxides may find
potential applications in biology and biomedicine. Lately, several groups have used polymers
as well as other organic compounds as coatings to stabilize the surface of magnetite

nanoparticles decorating the CNTs, 20" 201 262

Zhang et al. have synthesized composite CNTs
containing Fe;O4 nanoparticles onto their surfaces, stabilized by carboxylated polyaniline
(PANI) chains.’® Georgakillas et. al. have prepared magneto-responsive SWCNTs upon
coating the surface of the nanotubes with a carboxylic derivative of pyrene.*** The physical
adsorption of this stabilizing agent was accomplished via n-r stacking interactions developed
between the CNT and the pyrene moiety. The Fe;O4 nanoparticles were attached onto the
nanotubes through the carboxylate group of the pyrene derivative. Another example of a
small organic compound used as stabilizer in magneto-responsive CNTs is 1-methyl-2-

: 265, 266
pyrrolidone

that was successfully introduced to stabilize the iron oxide nanoparticles
onto the surface of MWCNT-COOH. Gao et al. synthesized magnetic CNTs employing an
electrostatic interaction mechanism. Poly[(2-diethylamino)ethyl methacrylate] (PDEAEMA)
was covalently grafted onto the surfaces of the MWOCNTs.?*’ The tertiary amino
functionalities were then quaternized with methyl iodide (CHs3l) resulting in cationic
polyelectrolyte-grafted MWCNTs. Magnetic nanotubes were afforded via electrostatic self-
assembling between the cationic groups of the quaternized polymer chains and the iron oxide
nanoparticles. Finally, in the work reported by Wang et al. polymer/MWCNTs/Fe;04
composites were prepared in which the pristine MWCNTs (non-oxidized) were
functionalized with poly(ethyleneimine) (PEI) based on non-covalent bond interactions.”®®

Moreover, polymer/MWCNT/Fe;O4 composites have been prepared by using Polypyrole
(PPy) homopolymer as the stabilizing agent.*’

This work aimed towards the synthesis and characterization of novel, magneto-responsive
nanocomposites consisting of SWCNT decorated with iron oxide nanoparticles (FecOy) and
PEGMA,-b-AEMA, diblock copolymers, acting as stabilizers of these hybrid nanomaterials

in aqueous media.*®’
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4.1.2.2 Synthesis.

The synthetic route followed for the preparation of the SWCNT (carboxylated)/PEGMA 3,-
b-AEMA4/Fe,Oy nanohybrids is illustrated in Fig. 4.17. The preparation process was
achieved in three steps. At first, SWCNTs (-COOH functionalized) were mixed with the
PEGMA 3;-b-AEMA,;, diblock copolymer in deoxygenated water. The carboxylate groups
which are present onto the SWCNTSs surfaces introduce negative charges on the nanotube
surfaces thus promoting interactions with the Fe(Il) and Fe(IIl) ions. The second step
involved the addition of aqueous solutions of FeCl;.6H,O and FeCl,.4H,O into the
SWCNT/polymer mixture. Finally, NH4OH aqueous solution was added under strong stirring
conditions and inert atmosphere. The resulting systems remained stable in solution for over 2
months when kept in the fridge. However, it is noteworthy to mention that the molar ratio
between the AEMA groups of the polymer and the iron salts plays a significant role in the
stabilization of the system in aqueous media. By using a [2.5]:[1]:[0.5] [AEMA]:[Fe*]:[Fe*"]
molar ratio stable solutions were obtained whereas a [1]:[1]:[0.5] molar ratio led to

destabilization and precipitation.

PEGMA,-b-AEMA, FeCls/FeCl,
H,O / N, N>

v
v

NH,OH / N,

v

Figure 4.17.  Synthetic = methodology  followed  for  the  preparation  of
SWCNT/Fe,O,/PEGMA 3,-b-AEMA 4>, magnetic nanohybrids stabilized in aqueous media.
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In a control experiment where the above-mentioned synthetic route was carried out under
exactly the same experimental conditions maintaining the [AEMA]:[Fe’"]:[Fe*"] molar ratios
to [2.5]:[1]:[0.5] with the only difference being the absence of the diblock copolymer, non-
stable dispersions (Fig. 4.18a) were obtained. This result clearly demonstrated that the
presence of the PEGMA-b-AEMA, was crucial for the stabilization of these hybrid

materials in aqueous solution.

(@) (b)
Figure 4.18. (a) Unstable solution of SWCNT/Fe,O, system in the absence of the diblock
copolymer, (b) Stable ageuous solution of the SWCNT/Fe,O,/PEGMA 3,-b-AEMA 4>

The sequence of addition of the reactants was also found to affect the success of the whole
process. Even though examples appear in the literature where the CNT/Fe;O4 composites are
prepared first, followed by the addition of the polymer stabilizer, ** in our case, when this
route was followed (i.e. a: preparation of a SWCNT:Fe’":Fe*" mixture b: addition of the base
and c: introduction of the PEGMA 3,-b-AEMA.4; diblock copolymer), non-stable dispersions

were obtained.

Another important parameter that could hinder the successful synthesis of these materials is
the presence of impurities produced during the fabrication process of CNTs. The first
unsuccessful attempts for the preparation of these systems were carried out by using
unmodified MWCNTs (i.e. having no —COOH functionalities onto their surfaces) of low
purity (~ 50% w/w). Hence, it might be concluded that, besides the use of the PEGMA,-b-
AEMA, diblock copolymers as stabilizing agents, the introduction of CNTs of higher purity
having additional functionalities capable of binding onto the iron ions might have been

essential for the successful synthesis and stabilization of these systems in aqueous solutions.
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4.1.2.3. Characterization of SWCNT/Fe,O,/PEGMA-b-AEMA, nanohybrids.

The resulting dark brown solutions of the SWCNT/Fe.O,/PEGMA 3,-b-AEMA4> hybrid
materials were characterized by Transmision Electron Microscopy (TEM). These
measurements were carried out in the research groups of Dr. Rodica Turcu, Romania and

Prof. B. Nelson, Switzerland. As illustrated in Fig. 4.19, the surfaces of the nanotubes are

decorated with spherical iron oxide nanoparticles.

Figure 4.19. TEM images of SWCNT's decorated with iron oxide nanoparticles and stabilized
in aqueous solution in the presence of the PEGMA,-b-AEMA, diblock copolymers.
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The decomposition temperatures of the SWCNT/Fe.O,/PEGMA,-b-AEMA, nanocomposites
were determined by TGA. Fig. 4.20 depicts the TGA curves of (a) the carboxylated
SWCNTs, (b) the PEGMA75-b-AEMA»; and (c) the SWCNT/Fe,Oy /PEGMA 13,-b-AEMA 4,
composite. A weight loss of ~ 20% observed in the case of the carboxylated SWCNTs is
probably due to the decomposition of the —-COOH organic moieties. As seen in the Fig., the
pristine block copolymer begins to loose weight at ~ 300 °C and decomposes completely at
400 °C. The SWCNT/F ex0,/PEGMA ;3,-b-AEMA 4, composite begins to decompose at slightly
higher temperatures retaining 20% of its weight at T > 400 °C. By comparing the TGA
curves of the carboxylated SWCNTs and the SWCNT/Fe,O,/PEGMA.-b-AEMA,, significant
differences can be observed. These differences may be attributed to the very small quantity
of SWCNTs present in the composite system (less than 1% wt.) Similar observations were
reported by C.Y. Hong and co-workers who showed that the decomposition of the poly(St-
alt-MAh)-g-PEO/MWCNT composite began at 200 °C whereas at 450 °C, 80% of its weight

was lost, owing to the decomposition of the copolymer.*”’
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Figure 4.20. TGA traces of (a) SWCNT-COOH (grey-line), (b) SWCNT/Fe.O,/PEGMA7s-b-
AEMA ; (brown-line) and (c) PEGMA ;3-b-AEMA 4; block copolymer (black-line).

Powder XRD spectroscopy was employed to characterize these systems. The X-ray
diffraction pattern of the obtained composite material is illustrated in Fig. 4.21.
The diffraction peaks appearing at 20 = 28.44 and at 40.66° which are close to literature
values are closely associated with graphite’s basal plane (002) and pyramidal plane (101)
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respectively.”’! The signal appearing at about 20 < 20 corresponds to amorphous polymeric

material.

The nanocrystalline phase adopted by the magnetic nanoparticles incorporated into the
composites could not be determined by XRD since in the diffraction pattern the signals
reflected to magnetic nanoparticles were too broadened and thus non-detectable. The
presence of a thin layer of amorphous polymeric material onto the surface of the iron oxide
nanoparticles decorating the SWCNT surfaces (as schematically presented in Fig. 4.20),
combined with the low magnetic content within the composite may be the reasons for the
very low intensity of the signals corresponding to the magnetic nanoparticles. Similar
observations were reported by Wu and co-workers who have prepared a magnetic

nanocomposite consisting of MWCNT decorated with Fe;O4 and stabilized by a layer of

polypyrole.?”?
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Figure 4.21. XRD pattern of the SWCNT/Fe.O,/PEGMA 13,-b-AEMA 4> nanocomposite.

The SWCNT/Fe,O,/PEGMA 3,-b-AEMA4, composite was also characterized by FTIR
spectroscopy. Fig. 4.22 presents the FTIR spectra of both, the carboxylated SWCNTSs and
the composite. In spectrum (a), the signals appearing in the range between 1639-1740 cm’™
and at 1267 cm™ correspond to the C=0 and C-O vibration frequencies of the ~-COOH
26 In spectrum (b), the vibration bands appearing at 1736 cm™ and

1655 cm™ correspond to the C=0 bond that is present in the PEGMA 13,-b-AEMA,, diblock

groups respectively.

copolymer. *”* The strong signal appearing at 1104 cm™ displayed the vibration frequency
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of the C-O bond that is present in the ester group of the polymer, a result which is in
agreement with previously reported data. *”> Moreover, FTIR signals appearing between
3000-2800 cm™ assigned to the non-symmetrical and symmetrical stretching of the -CH,-
groups are also observed in the spectrum. Finally, the broad band appearing at ~ 513 cm™ in
spectrum (b) is due to the vibration frequency of the Fe-O bond,”® thus indicating the

existence of iron oxide particles within the composite.
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Figure 4.22. FTIR spectra of (a) carboxylated SWCNT and (b) SWCNT/Fe.O,/PEGMA 35-b-
AEMA 4, composite.
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The magnetic properties of the SWCNT/Fe,O,/PEGMA 3,-b-AEMA4, nanocomposites
have been investigated by vibrating sample magnetometer (VSM). These measurements
were carried out in the research group of Dr. Rodica Turcu, Romania. A typical M= f (B)
magnetization curve (where M is magnetization and B is the strength of the applied
magnetic field) recorded at room temperature (300 K) is presented in Fig. 4.23. As seen in
the graph, no pronounced hysteresis loop exists, thus demonstrating that both the remanence
(Mr) and the coercivity (Hc) ratio of the composites are zero. This phenomenon indicates a
superparamagnetic behavior. The Ms of the SWCNT/Fe,O,/PEGMA 3,-b-AEMA4,
nanocomposite is 2.60 emu/g. This value is significantly higher compared to other similar
systems appearing in literature. For example the Ms value for a nanocomposite consisting of
multi wall carbon nanotubes (MWCNTs), polypyrrole and magnetite, which presented a

- . 272
ferromagnetic behavior.

Moreover, Jiangtao Feng et. al. who have synthesized
magnetoactive MWCNTs having poly (L-lactic acid) (PLLA) covalently attached onto its
surface, have reported a very low Ms value for this composite (at about ~ 0.08 emu/g) and
superparamagnetic behaviour.”’* It is noteworthy to mention at this point that the above
mentioned value (Ms = 2.6 emu/g) was calculated based on the total mass of the
SWCNT/Fe,Oy/PEGMA 3,-b-AEMA,; and not on the mass of the magnetic content (iron

oxide).

| M. = 2.60 emu/g -
S
2 ”

M (emu/g)
?

Figure 4.23. Magnetization curve of the SWCNT/FexO,/PEGMA 3:-b-AEMAy;
nanocomposite recorded at 300 K, demonstrating the superparamagnetic behavior of this

system.
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4.1.3. Synthesis and Characterization of Magneto-responsive Polymer Co-networks.

4.1.3.1. Preface.

Polymer networks are three-dimensional structures comprising of polymer chains which are
interconnected via chemical cross-links or physical interactions, namely covalent and
physical networks, respectively. Amphiphilic polymer networks, consist of both,
hydrophilic as well as hydrophobic units. Due to their amphiphilic character, these systems
have the ability to absorb or retain large amount of liquids such as organic and aqueous

solvents and adsorb hydrophilic as well and hydrophobic solutes.?”

Water
swollen'hydrophilic
polymer phase

hydrophobic polymer
phase

Non-solvating water molecules

Figure 4.24. Amphiphilic polymer network consisting of hydrophilic and hydrophobic

units.

During the last years “smart” materials have attracted great attention because of their ability

276,277,278 _yy 278 1: 1. 277,279 . 280
22 pH, T light,” 77 magnetic

to respond to external stimuli such as temperature,
and electric field **' undergoing conformational changes.”®* Magneto-responsive polymers
belong to this broad category of “intelligent” composite materials. Among others, magnetic
polymer networks, a new class of soft composite materials, exhibit great interest since they
could be potentially used in magnetic drug delivery, cell sorting, catalysis, as sensors and

actuators and in bioseparation processes,2*>: 254 283, 286, 287, 288

Magnetic gels which are frequently termed as “ferrogels” are a new class of materials

comprised of swollen polymer networks in which magnetic particles are embedded. Their
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properties are influenced by the presence of an external magnetic field. The magnetoelastic

. . 2
properties of these materials can be used to construct sensors and actuators.”

This study deals with the synthesis and characterization of novel composite amphiphilic
random co-networks consisting of (a) oleic acid-coated iron oxide nanoparticles (OA.Fe;0y4)
or non-coated iron oxides (nano)particles (Fe Oy), (b) hydrophilic, thermoresponsive and
biocompatible (hexa(ethylene glycol) methyl ether methacrylate (HEGMA) units and (c)
hydrophobic 2-(acetoacetoxy)ethyl methacrylate (AEMA) units bearing f-ketoester metal-

chelating functionalities.*”

HEGMA, belonging to the family of the non-linear poly(ethylene glycol) analogues, was the
hydrophilic unit of choice, due to its biocompatibility and thermoresponsive properties.*’’
The thermoresponsive behavior of polymers possessing oligo(ethylene glycol) segments as
side chains has been already reported in the literature.””* As previously mentioned, PEGMA,
having a side-PEG chain of intermediate length (2 ethylene oxide units (EO) < 10, in this
study 6 EO units) presents a LCST in aqueous media, meaning that it may turn from
hydrophilic into hydrophobic as temperature rises above a certain value.””' Moreover, related
to other thermoresponsive materials such as N-isopropylacrylamide, PEGMAXx presents sharp

and reversible phase transitions.”" > PEG-containing hydrogels have been employed among

others in enzyme immobilization,”* drug delivery *° and regenerative medicine.”°

AEMA was chosen to be the second monomeric unit within the co-networks, due to its well-
known ability to act as strong bidentate ligand and bind effectively onto the inorganic iron
oxide surfaces providing an improved stabilization. We have already demonstrated the ability
of well-defined diblock copolymers possessing S-ketoester functionalities to act as effective

stabilizers for iron oxide nanoparticles in aqueous solutions.”**

Free-radical polymerization was employed for the synthesis of the HEGMA-co-
AEMA/EGDMA hydrogels in the absence and presence of (i) preformed oleic acid-coated
magnetite nanoparticles (OA.Fe;O4) or (ii) iron oxide (nano)particles (FecOy). The latter
were in-house synthesized by following the conventional chemical co-precipitation method.
Oleic acid, C;gH340; is an unsaturated carboxylic acid with a double bond kink in the middle
of its tale. The kink plays a crucial role in the organization of the surfactant on the surface of

magnetic particles and hence provides steric repulsion between the magnetite
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nanoparticles.””” This is confirmed by the fact that the saturated stearic acid (SA) of the same
tail length, C;3H340,, but without this kink, is a poor stabilizer. OA is considered to be one of
the best organic molecules for stabilizing magnetite nanoparticles in organic solvent via
chemisorption of its polar head on the surface of magnetic particles, while the hydrophobic

. . . . : . 1, 298, 299
tails dissolve in the dispersion medium.”" ***

4.1.3.2. Synthesis.

The preparation of the polymer random co-networks in the absence and presence of the
magnetic (nano)particles (coated and non-coated) was accomplished via free radical
polymerization by using EGDMA as the cross-linker and AIBN as the radical initiator. Fig.
4.25 presents the chemical structures and names of monomers, crosslinker and initiator used

in the fabrication of the HEGMA-co-AEMA/EGDMA random conetworks.

O

~ 0
0.

/6

®)

(e}

hexa(ethylene glycol) methyl ether methacrylate 2-(acetoacetoxy) ethyl methacrylate
(HEGMA) (AEMA)

=L N

CN CN o)

2,2"-azobis(isobutylnitrile) ethylene glycol dimethacrylate
(AIBN) (EGDMA)

Figure 4.25. Chemical structures and names of the main reagents used for the co-network

synthesis.

108



Results and Discussion Ph.D. Thesis

The first two series of the magneto-responsive polymer co-networks (Series A and B) were
synthesized in the presence of preformed oleic acid-coated magnetite nanoparticles, whereas

in the 3" series (Series C), Fe,Oy nanoparticles (non-coated) have been incorporated into the

networks during the polymerization process.
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Figure 4.26. Schematic presentation of the synthetic methodology followed for the
fabrication of (a) random HEGMA-co-AEMA/EGDMA co-networks, (b) HEGMA-co-
AEMA/EGDMA co-networks with embedded OA.Fe;O4 nanoparticles and (c) HEGMA-co-
AEMA/EGDMA co-networks with embedded Fe,O, (nano)particles.
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Fig. 4.26 displays schematically the synthetic methodology followed for the preparation of
the (composite) co-networks. The incorporation of the OA.Fe;O4 magnetic nanoparticles into
the HEGMA-co-AEMA/EGDMA random co-networks has been accomplished in 2 steps: (i)
fabrication of OA.Fe;04 following the chemical co-precipitation method and (i1) free radical
cross-linking copolymerization of mixtures containing different amounts of the OA.Fe;Oy,

the two monomers, the initiator, the cross-linker and the solvent.

TEM was used to visualize the OA.Fe;O4 magnetite nanoparticles. Exemplarily, a TEM
image is presented in Figure 4.27, showing many individual and some superimposed
OA. Fe;04 nanoparticles. From the related histogram it can be clearly seen that most of the

particles are characterized by very small diameters, at around 4-5 nm.
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Figure 4.27. TEM images and related size histogram corresponding to the OA.Fe;0y

nanoparticles prepared in this study.

As already mentioned, three series of composite co-networks were prepared, in which the
organic content (HEGMA, AEMA, AIBN and EGDMA) was kept constant and only the
inorganic content (OA.Fe;O4 or Fe,Oy) varied (for series A: OA.Fe;04 % wt 0, 7, 11, 23
corresponding to Gel 1, Gel 1a, Gel 1b, Gel 1c respectively, for series B: OA.Fe;04 % wt 0,
7, 11, 23 corresponding to Gel 2, Gel 2a, Gel 2b and Gel 2c respectively and for series C:
Fe,Oy % wt 0, 7, 11, 23, 2, 4 corresponding to Gel 1, Gel 3a, Gel 3b, Gel 3c, Gel 3d and Gel

3e respectively).
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The sol fraction (extractables) of the conetworks varied from ~ 3 to 6% for series A, whereas
for series B a higher sol fraction ranging between 9-18% was observed (Table 4.4). The
lowest percentage of extractables, corresponded to the cases in which gelation was carried

out in the absence of OA. Fe;0;4.

Table 4.4. Sol fraction and magnetic loading percentages of the composite co-networks

prepared in this study.

Sample  Solvent Sol Y%
Code fraction OA.Fe,Oy
(%)
Series A
No Gel 1 EA 1.56 -
OA.Fe3O4
With Gel la EA 3.23 7.0
OA.Fe;0, Gel 1b EA 4.14 11.0
Gel 1c EA 5.57 23.0
Series B
No Gel 2 THF 8.79 -
OA.Fe3O4
With Gel 2a THF 11.06 7.0
OA.Fe;0;, Gel 2b THF 15.87 11.0
Gel 2¢ THF 18.19 23.0
Series C
No Gel 1 EA 1.56 -
Fe, O,
Gel 3a EA 16.6 4.0
With Gel 3b EA 35.8 7.0
Fe, Oy Gel 3¢ EA 22.3 11.0
Gel 3d EA n.a 23.0
Gel 3e EA n.a 2.0

n.a: not available

4.1.3.3. Characterization of the magneto-responsive co-networks.

The degrees of swelling (DS) of the polymer co-networks were measured in water and EA
for the A and C series and in water and THF, for series B. The DS values depend on the
nature of the monomeric units that are present in the co-network. The DS of the co-networks
measured in EA and water (for series A and C) and in THF and water (for series B) together

with the 95% confidence intervals are summarized in Table 4.5. The DS measured for series
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A and B (containing the OA.Fe;O4 nanoparticles) in the organic solvents (either EA or THF)

were comparable for both series within the experimental error (in the range ~ 2.5 - 4).

Table 4.5. Degrees of swelling of the (composite) co-networks prepared in EA (series A and
C) and in THF (series B).

Sample  Solvent Series A: DS in EA Series A: DS in water

Code
No Gel 1 EA 3.04 £ 0.05 2.371£0.12
OA.Fe;0,
Gel 1a EA 3.35+0.50 2.74 £0.55
With
OAFe0, Gel 1b EA 2.98 £0.49 2.36 £0.14
Gel 1c EA 2.60 +0.07 2.09 £0.16
Series B: DS in THF  Series B: DS in water
No Gel 2 THF 2.47+0.34 1.71 £0.99
OA.Fe;04
With Gel 2a THF 275+ 1.22 1.69 £ 0.51
OA.Fe;04 Gel 2b THF 2.61+ 1.49 1.46 £0.42
Gel 2¢ THF 2.55+ 1.66 1.16 £ 0.06
Series C: DS in EA Series C: DS in water
No Gel 1 EA 3.04 £0.05 2.371+0.12
Fe, Oy
Gel 3a EA 4.55+£0.80 1.23+0.13
With Gel 3b EA 5.144n.d 1.554n.d
Fe,O, Gel 3¢ EA 5.24+n.d 1.60+0.17
Gel 3d EA 2.87+0.40 2.38+1.10

As seen in the Table 4.5, in all cases, the DS measured in water were lower compared to
those obtained in the organic media. The lower DSs in aqueous media are due to the fact that
EA as well as THF are non-selective (good) solvents for both the HEGMA and the AEMA
units while water is only selective for HEGMA. Hence, the insolubility of AEMA units in
water leads to a reduction of the DS in aqueous media as expected. Similar observations were
reported for amphiphilic polymethacrylate model co-networks comprised of hydrophilic 2-
(dimethylamino) ethyl methacrylate (DMAEMA) units and hydrophobic n-butyl

methacrylate (BuMA) units.*® These systems exhibited lower DSs in water compared to
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those recorded in THF due to the fact that water was only selective for the hydrophilic
(DMAEMA) groups. The insolubility of the hydrophobic #n-BuMA units caused a reduction

in the DSs of the n-BuMA-containing co-networks in water.

As previously mentioned, polymers possessing oligo(ethylene glycol) segments as side
chains, display a LCST in aqueous media.”> In a recent publication® we have
demonstrated that diblock copolymers based on HEGMA and AEMA units presented a
phase transition in water upon temperature increase at ~ 60 °C, a result which is in the range

of previously reported findings.>"*"'
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Figure 4.28. Deswelling kinetics of sample Gel Ic (23% wt. OA.Fe;0,) measured in water
at ~ 60 °C.

The deswelling behavior of the co-networks was monitored upon transferring samples from
their swollen state in neutral water at 25 °C into pre-heated water at 60 °C and measuring
the decrease in their mass at different time intervals. Exemplarily, the deswelling kinetics
plot for Gel 1c (23% wt. OA.Fe;04) is presented in Fig. 4.28, demonstrating the

thermoresponsive properties of these materials.

The decomposition temperatures of the HEGMA-co-AEMA/EGDMA co-networks in the
absence and presence of the magnetic (nano)particles were determined by TGA. Fig. 4.29
exemplarily presents the TGA traces of Gel 1 (no OA.Fe;04) and Gel 1b (OA. Fe;04, 11%
wt) prepared in EA. The differences appearing between the HEGMA-co-AEMA/EGDMA-
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OA.Fe;04 and the HEGMA-co-AEMA/EGDMA in regards to thermal stability are because
of the presence of the inorganic magnetite nanoparticles. From the TGA thermograms it can
be clearly seen that the magnetic nanoparticles affect positively the thermal stability of the
co-networks. The pristine polymer co-network (Gel 1) began to loose weight at ~ 190°C and
decomposed completely at ~ 400 °C. The decomposition of Gel 1b began at higher
temperatures (~ 230 °C) compared to Gel 1. The residue appearing at higher temperatures (T
> 400 °C) in the TGA thermogram of the composite co-network (~ 10% wt) corresponds to
the weight percentage of the magnetic nanoparticles. These results are in line with the
observations of Goiti et. al. who have demonstrated the improvement of the thermal stability
of composite poly(hydroxyl ethyl)methacrylate and poly(vinyl alcohol) hydrogels upon the

incorporation of magnetite particles.’
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Figure 4.29. TGA thermograms of Gel 1 (no OA.Fe;0,4) and Gel 1b (OA.Fe;0y4 11% wt.)
prepared in EA.

The nanocrystalline phase adopted by the embedded OA.Fe;O4 nanoparticles was
investigated by XRD. In Fig. 4.30 the powder XRD patterns of the Gel lc and Gel 2c
composite co-networks, both containing 23% wt. OA.Fe;0;4 together with the XRD spectrum

of the as prepared OA.Fe;04 nanoparticles are presented.

In all cases, the diffraction pattern displays six broad peaks appearing at 26 ~ 30, 36, 43, 54,
58 and 63°. These data were found to be in agreement with the findings of other groups thus

verifying the existence of Fe;Oy4 within the co-networks. > ***
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Figure 4.30. X-ray diffraction patterns of (i) as prepared OA.Fe;O4 nanoparticles (ii) Gel 1c¢

and (iii) Gel 2c both containing 23 % wt OA.Fe;0,.

The magnetic properties of the composite co-networks containing the OA.Fe;O4 (Series A
and B) were determined by VSM at 300K. These measurements were carried out in the
research group of Prof. L. Vekas, Romania. Fig. 4.31 presents the magnetization versus
applied magnetic field strength plots for (a) Series A (11 and 23% wt. OA.Fe;04, Gels 1b
and lc respectively) and (ii) series B (11 and 23% wt. OA.Fe;04, Gels 2b and 2c

respectively).

As seen in Fig. 4.31, in all cases the magnetization curves are sigmoidal exhibiting no
hysteresis, demonstrating the superparamagnetic behavior of these systems. These results
suggest that the OA coating that is present onto the Fe;O4 nanoparticles, acts as an effective
stabilizer thus preventing agglomeration from occurring during the polymerization process.
The latter could have led to the formation of larger particles resulting to deviation from
superparamagnetism. Furthermore, as seen in the diagrams, an increase in the magnetic
loading causes a significant increase in the saturation magnetization (Ms) in both series. The
magnetization values corresponding to the composites fabricated in THF were higher
compared to those prepared in EA. More precisely, in series A, Ms varied between 0.7 (Gel
1b) and 2.9 (Gel 1c¢) emu/g, whereas in series B higher Ms values were observed (3.3 emu/g
for Gel 2b and 9.1 emu/g for Gel 2¢). This is due to differences in the solubility of the
OA Fes;04 in the two solvents employed during the polymerization process. As already
mentioned in the experimental section, the OA.Fe;0y; is readily soluble in THF whereas its

solubility is limited in EA, hence prior to gelation the OA.Fe;Oy4 is only dispersed in the
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reaction medium and not completely dissolved. The “poor” solubility of the OA.Fe;0O;4 in
EA, may have resulted in the entrapment of less magnetic content within the networks
during network formation, resulting in lower magnetization values. The above mentioned
magnetization values were calculated based on the total mass of the OA.Fe;O4/co-network

and not on the mass of the magnetic content (magnetite nanoparticles).
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Figure 4.31. Magnetization curves of (a) Series A (Gel 1b — blue curve and 1c — red curve)
and (b) Series B (Gel 2b — blue curve and 2c— red curve) measured at 300K.

The saturation magnetization of these samples is smaller than that of the bulk Fe;O4 (92

305

emu/g).” The low Ms may be attributed to the diamagnetic contribution of the polymer co-

network matrix (PEGMA-co-AEMA/EGDMA) surrounding the magnetic nanoparticles.
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Similarly, Rhee et al. has reported on the reduction of the Ms of magnetic nanoparticles

encapsulated into a polyacrylamide hydrogel. >

The magnetic properties of the PEGMA-co-AEMA/EGDMA-Fe,Oy systems bearing non-
coated iron oxide (nano)particles were determined by using the PPMS system. Measurements
were carried out at SK and 300K. These measurements were carried out in the research
laboratory of Prof. I. Giapintzakis at the University of Cyprus, by Dr. G. Athanasopoulos.
Fig. 4.32 presents the magnetization versus applied magnetic field strength plots for three

different composite co-networks in which 2, 4 and 7 wt% of magnetic Fe,O, (nano)particles

/

are embedded. (Gel 3c, 3a and 3b, respectively)
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Figure 4.32. Magnetization curves of the PEGMA-co-AEMA/EGDMA-FeO, corresponding
to different magnetic loading (2- blue line, 4-green line and 7-red line % wt), measured at

300K.

At 300K, a very small hysteresis loop exists in all cases (which is clearly observed in the
magnification image presented in Fig. 4.32), indicating that the incorporation of the non-

coated Fe,Oy results in a ferrimagnetic behavior.

Moreover, the saturation magnetization Ms increases with an increase in the magnetic
content within the composites (45, 54, 91 emu/g for the co-networks containing 2, 4 and 7%
respectively). In this case the magnetization values were calculated based on the mass of the

magnetic content (iron oxide).
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By comparing the Ms values among the series A, B and C, it can be observed that the
magneto-responsive co-networks bearing the non-coated Fe,O, show higher values compared
to the OA.Fe;04-containing composites. This phenomenon may be attributed to the strong
attractive forces developed between the non-coated Fe,Oy leading to agglomeration thus

larger particles exhibiting higher Ms values.”

In Fig. 4.33 the magnetization vs applied magnetic field strength plots recorded at 5K for the
above-mentioned systems are illustrated. Obviously, upon decreasing the temperature from
300K down to 5K the hysteresis loop in all cases is more pronounced, demonstrating the

ferrimagnetic behavior of these materials.
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Figure 4.33. Magnetization curves of the PEGMA-co-AEMA/EGDMA-Fe,O, corresponding

to different magnetic loading (2- blue line, 4-green line and 7-red line wt%), measured at 5K.
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4.2. PEGMA,-b-AEMA, diblock copolymers: Biomineralization applications.

4.2.1. Preface.

The remarkable synthetic capability of biological organisms to produce intricate materials
such as seashells, pearls and corals by “sculpturing” simple minerals (e.g CaCOs;,

307 . . . . .
Biomineralization is a

Ca3(PO4),) is certainly very impressive for every observer.
research field that deals with the formation of inorganic solids known as minerals, in the
presence of organic materials. The existence of specific molecular interactions at the
organic-inorganic interface may define the crystallographic orientation of inorganic
particles. Such processes are characterised as “organic matrix-mediated” and the unusual
nucleation of an inorganic mineral on the surface of an organic material involves surface
and bulk processes®®. The presence of organic matrices or molecules plays a crucial role in
the nucleation and growth process of the minerals. Well-organized structures of various
minerals characterized by different sizes and unusual shapes are presented in the literature,
including helical fibers, mesocrystals, complex spherical structures, hollow spheres, stars

and sponge-like structures.>”

Different kind of organic additives affect the structure of well-known minerals such as the

CaCO; and BaCO; including biopolymers, synthetic macromolecules, supramolecular

1 - : 310,311
assemblies like Langmuir monolayers and low-molecular-weight compounds.” ™

(@) o)
Figure 4.34. SEM images of CaCOj crystals achieved in (a) in agarose gel and Hihpdta
ligand after 12 h (b).>"* 3"
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For example, Mukkamala et. al. synthesized calcium carbonate in its calcite form by
controlling the crystal growth and thus the orientation and morphology of the crystals with
the use of a small organic molecule namely 1,3-diamino-2-hydroxypropane-N, N, N’, N’-

tetraacetic acid (Hyhpdta) (Fig. 4.34b). "

Moreover, it has been demonstrated that biomacromolecules such as insoluble collagen,
chitin and soluble polymers such as proteins, glycoproteins and polysacharrides may act as
effective agents for the crystal growth and morphology of minerals. For instance, agarose
which is a linear polysaccharide comprised of the 1,3-linked B-D-galactose and 1,4-linked
3,6-anhydro-a-L-galactose, is capable of forming a homogeneous network. In the presence
of the agarose network, the calcium carbonate crystals exhibit a unique star-shaped

morphology (Fig. 4.34a).”"

The efficiency of functional polymeric materials as active substrates for crystal nucleation is
extensively reported in the literature.’’* Amphiphilic polymeric materials with the
appropriate molecular architecture and functionalities, can serve as templates to control the
nucleation, growth and alignment of inorganic particles. In particular, block copolymers
bearing -COCH3;, COOH, or SOs;H functionalities have been proved capable of nucleating
salts such as hydroxyapatite, calcite or CdS.>"> Block copolymers employed in such
processes usually consist of one functional block segment capable of interacting with the
surfaces of the inorganic mineral and another hydrophilic segment which provides
dissolution in the aqueous media without interacting with the inorganic salt. For example,
Antonietti et. al. have demonstrated that a PEO-b-PMAA-C, block copolymer that has been
end-functionalized with a dodecylamine group, promoted the controlled growth of calcium
phosphate Ca3(PO,), at various pHs. Hybrid nanofilaments arranged in an unusual
neuronlike morphology were obtained.’'® Furthermore, block copolymers possessing a
phosphonated block segment have been shown to effectively control the crystallization of

BaCO; resulting in nanofiber morphologies.*!’

In the present work, preliminary investigations on the effect of the PEGMA-b-AEMA,
diblock copolymers on the nucleation behaviour of malachite (Cuy(OH),CO3) have been
carried out in aqueous solutions. Malachite is one of the most interesting minerals,
commonly used in jewelry and is frequently employed in catalysts, coatings, and pigments.

It is also used as a copper source to prepare other copper compounds with special
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morphologies, such as CuO, which has been widely exploited for diverse applications such
as heterogeneous catalysts, gas sensors. These preliminary studies were carried out in the
research group of Prof. H. Colfen, by Dr. R. Song (Max-Planck Institute of Colloids and

Interfaces, Germany).

4.2.2. Crystallization of malachite Cux(OH),COs in the presence of the PEGMA-b-AEMA,

in aqueous media.

Malachite has the tendency to crystalize in a biscuit-like morphology in the absence of any

additives, as shown in the TEM images presented in Fig. 4.35.°'®

Figure 4.35. TEM images of malachite nanobiscuits obtained in the absence of additives.

As previously mentioned, in biomineralization processes functionalized molecules act as
templates for the growth of nanocrystals. Specific interactions occurring between these
molecules with some crystallographic surfaces of the initial nuclei, are responsible for
controlling the size and shape of the final crystal structure of the inorganic product. Control
over nucleation of an inorganic material can be also achieved by using supramolecular or
colloidal pre-organization that can build-up a structural “cage” for the construction of an
inorganic nanostructure (exo-template). For example, Antonietti et al. have reported the
formation of “nanonugget” morphologies of gold colloids, resulting from the reduction of

gold salts incorporated in poly(styrene sulfonate) microgels.’"”
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Preliminary studies demonstrated that the PEGMA,-b-AEMA, diblock copolymers strongly

influence the mineralization process of malachite. TEM revealed the formation of malachite
321

nanofibers which were further grown into unusual net-like superstructures (Figure 4.36.).

Figure 4.36. TEM images of malachite “nanofibers” which are further grown into net-like
superstructures, generated in the presence of a PEGMA,-b-AEMA, diblock copolymer in an

. 318
aqueous solution.

It might be possible that nucleation of malachite in the presence of the PEGMA,-b-AEMA,
block copolymer micelles generated in aqueous media, involves an “exo-template” route:
Micelles of the PEGMA,-b-AEMA, formed in an aqueous solution may act as an exo-

template for the nucleation of malachite.

Further experiments are required for determining the mechanism involved in the formation of
such morphologies. Future work towards this direction may include the systematic
investigation of the effect of various parameters (polymer concentration, micellar shape) on
the structural characteristics of malachite as well as the transformation of malachite into
copper oxide. The latter material finds important applications in catalysis and in gas sensor

technologies.
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4.3. Stimuli-responsive amphiphilic diblock copolymers containing pH and
temperature-responsive functionalities: Synthesis, characterization and evaluation

as drug release systems.

4.3.1. Preface.

Cancer or malignant neoplasm in medical terms is classified as one of the worst diseases
affecting people at all ages. Cancer is usually treated by chemotherapy which is the most
widely used cure with the combination of radiotherapy and surgery. In chemo, many
therapeutic anticancer drugs are employed which, although they are effective in destroying
cancer cells, they present significant toxicity effects. For example, doxorubicin (DOX) is one
of the most commonly used chemotherapeutic drugs, which presents an excellent anti-tumor
activity. Unfortunately, DOX has strong side effects causing the death of both, cancerous and
healthy cells. Thus many attempts have been carried out aiming to decrease the toxicity of
doxorubicin to normal tissues and improve its therapeutic efficacy upon encapsulation of the

drug into polymer-based micellar drug delivery vehicles.**

The present work aimed towards the synthesis and characterization of well-defined
hexa(ethylene glycol) methyl ether methacrylate-block-(2-diethylamino) ethyl methacrylate
(HEGMA,-b-DEAEMA,) diblock copolymers and the evaluation of the corresponding
micelles as pH-triggered drug delivery systems. HEGMA was chosen to be the repeating unit
constituting the hydrophilic block within the block copolymer, due to its biocompatibility
and improved blood circulation times as well as its thermoresponsive properties®®> whereas
DEAEMA was chosen to be the hydrophobic segment due to its ability to turn from
hydrophilic into hydrophobic and vice versa upon changing the pH.

4.3.1.1. Synthesis

RAFT polymerization was employed for the synthesis of well-defined diblock copolymers
consisting of (2-diethylamino) ethyl methacrylate (DEAEMA) and hexa(ethylene glycol)
methyl ether methacrylate (HEGMA). The synthesis of well-defined HEGMA-b-DEAEMA
diblock copolymers has been already reported in the literature. Vamvakaki and co-workers

have prepared a symmetric PHEGMA-b-PDEAEMA diblock copolymer by employing group
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transfer polymerization and investigated its solution properties as a function of the degree of
jonization of the PDEAEMA block.”' Moreover, the same group has reported on the use of
PHEGMA-b-PDEAEMA diblock copolymer micelles and DEAEMA-containing microgels

- L 1ae 322
as containers for Pt nanoparticles.

Although these systems are not novel in regards to their chemical structure, to the best of our
knowledge this is the first systematic work dealing with the investigation of these polymers
towards their controlled drug release ability, upon changing the pH. Furthermore, for the first
time, RAFT controlled radical polymerization was employed for the preparation of these

systems. The synthetic methodology followed is illustrated in Fig. 4.37.

~ Oy

o
2 _CTA, benzeng o DEAEMA, ethyl acetate
O 20 n=6

AIBN, 65 °C, 20 hr AIBN, 65 °C, 20 hr
S ry\;:wﬂ—é

Cumyl dithiobenzoate (CDTB) 2-azobis-isobutylnitrile (AIBN)

Figure 4.37. Synthetic methodology followed for the preparation of the HEGMA,-b-
DEAEMA, diblock copolymers by RAFT.

As shown in Fig. 4.37, the preparation of the HEGMA,-b-DEAEMA, diblock copolymers
was accomplished in two steps. HEGMA was polymerized first in benzene in the presence of
CDTB and AIBN. The resulting HEGMA homopolymer was then used as the macroCTA
for the growth of the second block segment DEAEMA,. Moreover, a DEAEMA,-b-
HEGMA, diblock copolymer was prepared upon polymerizing first the DEAEMA followed
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by the polymerization of the HEGMA. However this alternative route presented difficulties
in terms of isolation and purification of the DEAEMA, homopolymer during the first step.

4.3.1.2 Characterization

The MW, MWD and chemical composition of the HEGMA, and DEAEMA, homopolymers
and the corresponding HEGMA,-b-DEAEMA, diblock copolymers were determined by SEC
and '"H NMR, respectively. These results are presented in Table 4.6.

Table 4.6. Characteristics of the polymers based on HEGMA and DEAEMA obtained by
RAFT (MWs, MWDs and Compositions).

Sample  SEC” "H-NMR
Homopolymers® code Mn PDI MW (g/mol)

HEGMA 53 PPR18 38700 1.25 -
DEAEMA; PPR34 5548 1.16 -
HEGMA PPR37 36300 1.21 -
Diblock Copolymers®

HEGMA 3-b-DEAEMA ;4 PPR28 39211 1.16 45000
HEGMA 5-b-DEAEMA 5 PPR36 39593 1.25 41700
HEGMA ;;-b-DEAEMA 5 PPR39 39331 1.18 41700
DEAEMA ;-b-HEGMA PPR41 92808 1.48 68600

“ Determined by SEC and '"H NMR. ? SEC calibrated with PMMA standards, Mn number average molecular weight, PDI:
polydispersity index. PEGMA: poly(ethylene glycol) methyl ether methacrylate; AEMA: 2-(acetoacetoxy) ethyl
methacrylate, n.d.: not determined.

Fig. 4.38 exemplarily shows the SEC traces of the DEAEMA3, homopolymer and the
corresponding HEGMA j,;-b-DEAEMA 3 diblock copolymer. The SEC eluogram of the
diblock copolymer is slightly shifted towards higher MWs compared to that of the
HEGMA i3, demonstrating the block efficiency from homopolymer to block copolymer.
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Figure 4.38. SEC traces of the HEGMA3, homopolymer and the corresponding HEGMA ;s-
b-DEAEMA 4 diblock copolymer.

'"H NMR spectroscopy confirmed the expected chemical structure of the diblock
copolymers. Figure 4.39 illustrates the "H NMR spectrum of the DEAEMAp-b-HEGMA ;)

diblock copolymer. The peak assignments are shown in the spectrum.
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Figure 4.39. TH NMR spectrum of the DEAEMA 3o-b-HEGMA ;9 diblock copolymer recorded
in CDCI 3.
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The molar ratios of the two blocks were calculated by using the relative intensities between
the —CH, signal corresponding to the DEAEMA (g) units and the -CHj; signal
corresponding to the HEGMA (e) units, appearing at 2.71 and 3.39 ppm, respectively.

TGA measurements of the DEAEMA3, homopolymer and the corresponding DEAEMA 30-b-

HEGMA,;)o diblock copolymer were performed to determine the polymer decomposition

temperatures.
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Figure 4.40. TGA thermograms of DEAEMAsz) homopolymer (black line) and the
DEAEMA;0-b-HEGMA ;9 diblock copolymer (grey line).

In Fig. 4.40, the TGA traces of the above-mentioned systems are shown. As seen in the
figure, the decomposition of the homopolymer begins at ~ 100 °C and ends at ~ 450 °C via a
two-step decomposition process. The TGA thermogram of the DEAEMA;,-b-HEGMA,;
diblock copolymer begins at higher temperatures at about 200 °C and ends at ~ 400 °C.
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4.3.1.3. Fabrication of DOX-loaded HEGMA,-b-DEAEMA, micelles.

Synthesis

A general description of the methodology followed to prepare DOX-loaded HEGMA-b-
DEAEMA, micelles is given as follows: The anti-cancer drug doxorubicin (DOX) was
loaded into the HEGMA,-b-DEAEMA, diblock copolymer micelles using the oil/water
emulsion method. DOX loading was quantified by measuring the absorbance at 490 nm
(characteristic absorption wavelength of DOX). The concentration of the DOX that has
been loaded into the micelles was then determined by using the absorption vs concentration
calibration curve constructed by measuring the absorbance of DOX.HCI solutions of known

concentrations prepared in DPBS, as shown in Fig. 4.41.
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Figure 4.41. Calibration curve of DOX.HCI in different concentrations in DPBS.

The drug content within the HEGMA-b-DEAEMA micelles was determined by using the
following equation: % loaded drug = [mass of the encapsulated drug/total mass of the drug] x 100,
and it was found to range between ~ 3 - 6.5% which is similar (1.3-4.4%) to the of DOX
loaded inside the micellar core of the MPEG-b-PCL diblock copolymer.**
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pH-dependent DOX release from the HEGMA,-b-DEAEMA, micelles.

The presence of pH-responsive DEAEMA moieties in the HEGMA,-b-DEAEMA,
micelles renders these systems capable of responding to pH changes occurring in the
surrounding environment. In particular, the DEAEMA units are hydrophobic (non-ionizable)
above a certain pH value (the pKa value of the DEAEMA) whereas below this value they
become ionizable and hydrophilic (Fig. 4.42a).

Titration experiments were carried out in order to determine the pKa value of the DEAEMA,
block segment within the HEGMA,-b-DEAEMA,,. The latter was found to be ~ 6.8 as seen in

the titration curve presented in Fig. 4.42 b.
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Figure 4.42. (a) Protonation of the DEAEMA units upon lowering the pH, resulting in a
hydrophilic character (b) Titration curve of the HEGMA-b-DEAEMA, diblock copolymer.

In aqueous media at pH values greater than 6.8, micelles are formed by the HEGMA,-b-
DEAEMA, diblock copolymers. These micelles consist of a hydrophilic HEGMA corona and
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a hydrophobic DEAEMA core. Upon protonation of the DEAEMA units at lower pHs
rendering them hydrophilic, these micelles are expected to dissociate into unimers. The
above-mentioned mechanism may be used for controlled release of pharmaceutical
compounds at specific sites in the body characterized by lower pHs (for example in the
vicinity of cancerous cells) as schematically illustrated in Fig. 4.43.

hydrophobic,
ionic

Drug loading
Fcfoo

T Self- assembly
Hydrophilic, in water
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o ®
Micelle dissociation
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Figure 4.43. Self-assembly of PEGMA,-b-DEAEMA, block copolymers in micelle form in
aqueous solution at pH > 6.8. Hydrophobic drug such as DOX can be loaded inside the core
of the micelles. At acidic pHs, DEAEMA are protonated and become hydrophilic resulting

the dissociation of the micelles and eventually the drug is released.

In DPBS solution where the pH is about 7.2 (above the pKa = 6.8 of the DEAEMA units),
the HEGMA,-b-DEAEMA, block copolymers self-assemble into micelles consisting of a
HEGMA hydrophilic corona and a DEAEMA hydrophobic core. The latter serves as a nano-
container for the encapsulation of hydrophobic pharmaceutical compounds such as DOX via
the presence of attractive hydrophobic interactions developed between the drug and the
hydrophobic (neutral) DEAEMA units. Upon decreasing the pH below the pKa, the
DEAEMA units become hydrophilic resulting in the collapsing of the micelles into unimers
and the release of the drug. Besides their pH-responsive properties, the HEGMA-b-
DEAEMA, diblock copolymers exhibit also thermoresponsive behavior due to the presence
of the HEGMA block segment. Consequently, these systems might be promising candidates
for the controlled drug release via two different mechanisms, based on either temperature, or

pH changes in the surrounding environment.
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Kinetic drug release measurements were carried out upon immersing a dialysis cassette
containing the drug loaded micellar solution prepared in DPBS (pH = 7.2) into: (a) acetate
buffer solution (pH = 4.6) and (b) citric acid buffer solution (pH = 6.0). The micellar
solution was removed periodically from the dialysis cassette and after its absorbance was
measured at ~ 490-500 nm, it was returned back to the cassette. This process was repeated

several times until the drug was released from the micelles.

Kinetic studies were performed for two different block copolymer systems as follows:
a. DOX-release from HEGMA j,3-b-DEAEMA 34 micelles at pH = 4.6
b. DOX-release from HEGMA |,3-b-DEAEMA 34 micelles at pH = 6.0
c. DOX-release from DEAEMA;)-b-HEGMA ;o micelles at pH = 4.6
d. DOX-release from DEAEMAjy-b-HEGMA o micelles at pH = 6.0

Fig. 4.44 exemplarily presents the UV-Vis spectra of the DOX-loaded HEGMA y3-b-
DEAEMA34, recorded at different time intervals after having the dialysis cassette containing
the micellar solution immersed into the acetate buffer solution (pH 6.0). Since the absorption
recorded at ~ 500 nm corresponding to the drug that is present within the micelles decreases
with time, it is clearly demonstrated that at pH = 6, the micellar aggregates collapse (upon

protonation of the DEAEMA units) resulting in the release of the drug.
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Figure 4.44. UV-Vis spectra of the DOX-loaded HEGMA ;,5-b-DEAEMA 3, micelles recorded

at several time intervals (pH 6.0).
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Fig. 4.45 presents the absorption (at ~ 490-500 nm) versus time plots corresponding to: (a)
the DOX-loaded HEGMA ,5-b-DEAEMA 4 micelles at pH 6.0 and 4.6 and (b) the DOX-
loaded DEAEMA3,-b-HEGMA,; o micelles at pH 6.0 and 4.6.
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Figure 4.45. DOX release kinetics from (a) PEGMA j>5-b-DEAEMA34 and (b) DEAEMA 39-b-
PEGMA9micelles at different pHs at room temperature: pH 4.6 (green), pH 6.0 (black).

132



Results and Discussion Ph.D. Thesis

From the plots presented in Fig. 4.45, it can be observed that the DOX release rate from the
micelles is accelerated upon decreasing the pH of the outer environment from 6.0 to 4.6.
Similar observations (i.e. faster drug release rate from pH-responsive micellar systems at

lower pHs) have been reported in the literature.'*”- 1°% 3%

4.3.1.4. In-vitro assessment of antiproliferative and pro-apoptotic efficacy of DOX-loaded
HEGMA-b-DEAEMA micelles.

The potential toxicity of the HEGMA-b-DEAEMA micelles (DOX-loaded and unloaded) on
MB231 breast cancer cell viability in culture was assessed against DPBS (pH = 7.2)
following incubation with various concentrations of the micelles (0.01-0.1 g/L) over 72 h
(Fig. 4.46). This work was carried out in collaboration with Dr. A. Odysseos and Dr. Y.
Christou, EPOS-Iasis R&D, Biomedical Tissue Engineering/Nanobiotechnology Lab.

Fig. 4.46a demonstrates that in the presence of free DOX the viability of MB231 breast
cancer cells was dramatically compromised. Compared to free DOX, cell viability was higher
with micelles loaded with DOX (MD1).>*! In line with this observation unloaded micelles
showed the highest cell viability as expected. However, as seen from the plots the cell
viability decreases upon increasing the concentration of the micellar solutions, in both, the
loaded and the unloaded systems. This finding is attributed to the presence of organic solvent
residues entrapped into the polymeric materials during the polymerization process, which
were not effectively removed from the materials upon drying. Shuai et al. showed that cell
viability decreases extensively in the presence either of free DOX or DOX-loaded (MPEG-b-
PCL) in the drug concentration range from 0.01 to 10 pM. **°

Fig. 4.46b shows that the unloaded micelles M1 demonstrated the highest cell viability. The
loaded micelles MD1 and MD3 exhibited similar viability effects. This could be due to the
similar molecular weight of the hydrophobic block (DEAEMA). Furthermore, viability was
decreased upon increasing concentrations of MD1 or MD3, whereas in the case of MD2 cell
viability did not differ upon increasing its concentration. In Fig. 4.47 the brightfield
microscopy images of MB231 following treatment with the unloaded and loaded micelles
and the free DOX are presented. Cell death is occurred when free drug is introduced,
whereas cell viability improves significantly when DOX is encapsulated within the

micelles.
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Figure 4.46. (a)The MTT colorimetric assay was used to assess the cell viability of the
loaded and unloaded micelles on MB231 breast cancer cells. For comparison, cell viability
was also determined in the presence of free DOX. Untreated cells in the presence of only
DPBS (control) were considered to have 100% viability and the results were normalized
accordingly.  Results are given as the means of six values resulting from triplicate
measurements of two representative experiments; +£SD. Variability of the error bars
principally corresponds to the experimental uncertainty in each measurement. (b) Cell
viability studies carried out of three different systems: HEGMA-b-DEAEMA3;/DOX
(MD1), HEGMA ;,;-b-DEAEMA ,1/DOX (MD2), DEAEMA 30-b-HEGMA 19 (MD3).
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(0) \ ©

Figure 4.47. Bright-field microscopy images of MB231 cells. (a) Unloaded micelle-treated
cells (b) Free DOX treated cells, then are rounded suggestive of necrosis. (c) Loaded DOX-

micelle treated cells; they demonstrate condensed nuclei (higher magnification) suggestive of

apoptosis.
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Summary and Outlook

(i) Magneto-responsive polymer-based materials

Magneto-responsive micelles

In the present work the synthesis of well-defined diblock copolymers based on a ligating block
segment possessing f-ketoester functionalities and a hydrophilic and thermoresponsive block
comprised of hexa(ethylene glycol) side-chains was introduced for the first time via RAFT
controlled radical polymerization. A series of well-defined PEGMA-b-AEMA diblock
copolymers (13 in total) of various chemical compositions, was successfully prepared by
RAFT and characterized by employing various characterization methods. SEC and 'H NMR
were employed for determining their molecular characteristics and TGA and DSC for
obtaining information in regards to their thermal properties. Moreover, turbidimetry
measurements demonstrated the thermoresponsive character of these materials, exhibiting a
phase transition at around 60 °C, due to the presence of the hexa(ethylene glycol) side-chains

within their structures, presenting a LCST in aqueous media.

The amphiphilic character of this novel type of block copolymer systems led to microphase
separation in aqueous media. The aggregation behavior of a series of PEGMA,-b-AEMA, was
investigated in water by DLS.  These systems are capable of forming micellar
nanomorphologies in water. By varying the block lengths of the two segments within the block
copolymer, micelles of tunable diameters were obtained (ranging from 11-70 nm).

The micellar nanomorphologies of the above-mentioned diblock copolymers have been
employed for the first time as nanocontainers for the encapsulation and stabilization of
magnetic nanoparticles in aqueous media, leading to the generation of novel magneto-

responsive micelles.

The presence of strong f-ketoester ligands inside the core of the PEGMA,-b-AEMA, micelles
generated in aqueous media, facilitated coordination of the Fe’'/Fe*" salts. The subsequent
addition of a weak base, led to the formation of magneto-responsive micelles containing iron
oxide nanoparticles. XRD spectroscopy was employed to determine the nanocrystalline phase
adopted by the iron oxide nanoparticles embedded inside the polymer matrix. The obtained

data indicated the presence of magnetite.
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The PEGMA,-b-AEMA,/iron oxide nanohybrids, exhibited great stability for several months,
even under physiological conditions, i.e. in the presence of NaCl. Systematic coagulation
kinetics measurements were carried out by DLS, demonstrating the salt tolerance of these

systems.

Magnetic measurement studies showed that these systems present a superparamagnetic
behavior, indicated by the symmetrical sigmoidal shape of the magnetization curves exhibiting
no hysteresis. The latter is a very important parameter for the applicability of these materials as
contrast enhancement agents in magnetic resonance imaging. Furthermore, the saturation

magnetization (Ms) increased upon increasing the magnetic content within the micelles.

Cell growth assays on prostate cancer cells treated with the superparamagnetic PEGMA-b-
AEMA,/Fe;04 micelles did not yield statistically significant compromise on cell viability when
compared to either H,O or Resovist®, a clinically approved SPION of comparable size. In
vitro uptake by macrophages was pronouncedly lower than Resovist®, further suggesting that

these agents are expected to have enhanced in vivo efficacy.

Magneto-responsive SWCNTs

Magneto-responsive nanohybrids, consisting of single-wall carbon nanotubes decorated with
iron oxide nanoparticles (FexOy) and stabilized by the PEGMA,-b-AEMA, diblock copolymers
in aqueous media were also prepared following a three-step synthetic methodology: (i) Mixing
of the SWCNTs (carboxylated) with the copolymer in water, (i1) Addition of a Fe*'/Fe® salts,

(ii1) Addition of a weak base resulting to the formation of iron oxide nanoparticles.

The resulting systems presented good stability in water for several months. It was noted that
the presence of the PEGMA,-b-AEMA, diblock copolymers, the molar ratio between the
AEMA groups of the polymer and the iron salts as well as the purity and functionalization of

CNTs played a significant role in the stabilization of these systems in aqueous media.

Information regarding the morphological characteristics of these systems was obtained by

TEM, which revealed the presence of spherical, iron oxide nanoparticles onto the CNT
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surfaces. Moreover, VSM measurements performed at 300K, demonstrated the

superparamagnetic behavior of these materials.
Magneto-responsive random co-networks

A new approach for the fabrication of composite amphiphilic random co-networks presented in
this work involved the random copolymerization of hexa(ethylene glycol) methyl ether
methacrylate (HEGMA, hydrophilic, thermoresponsive) and 2-(acetoacetoxy)ethyl
methacrylate (AEMA, hydrophobic, metal-chelating) in the presence of either preformed oleic-
acid coated magnetite nanoparticles (OA.Fe;O4) or non-coated magnetic iron oxide
(nano)particles (Fe,Oy). In total, three series of composite co-netoworks have been prepared.
The first two series (Series A and B) were synthesized in the presence of OA.Fe;04 in two
different solvent systems, whereas in the 3" series (Series C), Fe,Oy nanoparticles (non-coated)

have been incorporated into the co-networks during the polymerization process.

The degrees of swelling (DSs) of all co-networks were determined in organic and in aqueous
media. The nanocrystalline phase adopted by the embedded oleic acid-coated nanoparticles
was investigated by XRD spectroscopy. The obtained diffraction patterns indicated the

presence of magnetite (Fe;Oy).

Deswelling kinetic studies that were carried out at ~ 60 °C in water, demonstrated the
thermoresponsive properties of these systems, attributed to the presence of the hexa(ethylene
glycol) side chains within the co-networks. Moreover, thermal gravimetric analysis (TGA)
measurements showed that these materials exhibited superior thermal stability compared to the

pristine polymer co-networks.

Further to the characterization of compositional and thermal properties, assessment of
magnetic characteristics by VSM at 300K, disclosed superparamagnetic behavior for the
OA Fe;04-containing systems. Moreover, these materials presented tunable superparamagnetic
behaviour, depending on the amount of magnetic nanoparticles incorporated within the co-

networks.
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In contrast, the co-networks containing the non-coated Fe, O, (nano)particles presented a
ferrimagnetic behavior at both, SK and 300K, indicated by the presence of a hysteresis loop in

the M = f(H) magnetization curves.

(it) Stimuli-responsive polymer-based drug nanocarriers

Besides the synthesis and characterization of novel, magneto-responsive, polymer-based
materials, this PhD thesis aimed towards the synthesis and characterization of stimuli-
responsive diblock copolymers and their evaluation as pH-triggered drug delivery systems. A
series of well-defined HEGMA,-b-DEAEMA, diblock copolymers has been prepared by
RAFT. The HEGMA units provided hydrophilicity, biocompatibility as well as
thermoresponsive properties to the diblock copolymer, whereas the DEAEMA presented the
capability to turn from hydrophilic into hydrophobic and vice versa upon changing the pH. In
particular, the DEAEMA units are hydrophobic (non-ionizable) above the pKa value (~6.8)

whereas below this value they become ionizable and hydrophilic.

The molecular characteristics of the HEGMA-b-DEAEMA, diblock copolymers (i.e.
molecular weights, molecular weight distributions and chemical compositions) were
determined by SEC and 'H NMR respectively. In aqueous media and at pH values greater than
6.8, the HEGMA,-b-DEAEMA, formed micelles, consisting of a hydrophilic HEGMA corona
and a hydrophobic DEAEMA core. Protonation of the DEAEMA units at lower pHs, resulted
to the transformation of the DEAEMA block segment from hydrophobic into hydrophilic,
which in turn led to the dissociation of the micelles into unimers. The above-mentioned
mechanism was employed for the controlled release of the anti-cancer pharmaceutical

compound Doxorubicin (DOX) at low pHs.

DOX was initially loaded into the micelles by using an oil-in-water emulsion method. The
loading efficiency was found to range between ~ 3 - 6.5%. Kinetic drug release measurements
were carried out at pH 4.6 and 6.0 for two different DOX-loaded micellar systems, employing
UV-vis spectroscopy. The decrease in the absorption signal appearing at A ~ 500 nm - which
corresponds to the encapsulated drug - with time, clearly demonstrated that at acidic pHs the
micellar aggregates collapse, resulting in the release of the drug. Furthermore, it was found
that the DOX release rate is accelerated upon decreasing the pH of the outer environment from

6.0 to 4.6.
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Finally, the potential toxicity of the HEGMA-b-DEAEMA, micelles (DOX-loaded and
unloaded) on MB231 breast cancer cell viability in culture was assessed against DPBS (pH =
7.2). The cell viability of the DOX-loaded micelles was found to be higher compared to free
DOX. Unloaded micelles showed the highest cell viability as expected. However, the cell
viability decreased upon increasing the concentration of the micellar solutions, in both, the

loaded and the unloaded systems.

(iii) Biomineralization

Besides the main objectives of this PhD Thesis described in (1) and (ii), the effect of the water-
soluble PEGMA,-b-AEMA, diblock copolymers on the crystallization behavior of malachite
was investigated in aqueous solution. Preliminary studies demonstrated that the PEGMA-b-
AEMA, diblock copolymers strongly influence the mineralization process of malachite. TEM
revealed the formation of malachite nanofibers which were further grown into unusual net-like
superstructures. A possible mechanism for the formation of these structures may involve an
“exo-template” route, i.e. the micelles of the PEGMA,-b-AEMA, generated in aqueous
solution may build-up a structural “cage” for the construction of an inorganic nanostructure,

hence acting as exo-template for the nucleation of malachite.

Nowadays, the fabrication of nanoparticulate systems (NPs) destined for use in both,
therapeutic and diagnostic applications attracts considerable scientific and societal attention.
The applicability of nanotechnology in the medical field involves the development of novel
nanomaterials with potential use as therapeutic and diagnostic (theranostic) applications.

Future work towards this direction, may involve the design and synthesis of well-defined block
copolymers capable of acting as effective stabilizers for magnetic nanoparticles and at the same
time demonstrating a pH- or temperature-triggered drug-release capability, aiming to develop
novel nanotheranostic polymer-based vehicles. Moreover, the introduction of biological
targeting moieties onto the surfaces of such multifunctional nanoparticles may be another

objective towards targeted delivery and controllable potent therapeutic effect.
Multimodal imaging is another research area of future exploitation, since multimodal

nanoparticulate systems bearing complementary imaging moieties, allow for the investigation

of the particle localization across a number of platforms, such as magnetic, optical or nuclear
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imaging. Using a variety of nanomaterials for multiplex diagnostics and imaging applications

may offer sensitive, rapid and cost-effective solutions for the modern clinical laboratory.

During the last few years, CNTs combined with imaging probes for in vitro and in vivo
detection and monitoring attract considerable scientific attention. Future work towards this
direction may involve the optimization of the synthetic methodology followed for the
preparation of the PEGMA,-b-AEMA,/SWCNTs/Fe,Oy systems, in order to increase the
magnetization by introducing a higher magnetic content onto the CNTs surfaces, retaining at
the same time the superparamagnetic behavior as well as the colloidal stability in aqueous
media. Another future goal is the investigation and understanding of the interactions taking
place between these materials and biological systems and their interconnection to the question

of nanosafety.

As far as the magneto-responsive HEGMA-co-AEMA/iron oxide composite co-networks is
concerned, ongoing experiments involve the incorporation of an oligo-(ethylene glycol) methyl
ether methacrylate possessing a lower number of PEG side chains within the co-networks,
aiming to decrease the LCST from 60 °C down to 42-45 °C. This property in combination with
the heating of SPIONs by applying an alternating magnetic field causing an elevation in
temperature within this range, may lead to novel magnetothermally-trigerred drug delivery

systems.

Finally, preliminary studies presented in this work suggest that water-soluble polymers bearing
[-ketoester functionalities may act as potential candidates in biomineralization applications.
Future work, besides the in-depth examination of the mechanism involved in the
biomineralization process of malachite in the presence of the PEGMA,-b-AEMA, diblock
copolymers, may involve the investigation of the effect of water-soluble copolymers having /-
ketoester functionalities on the mineralization behavior of other well-known minerals including

CaCO; and BaSO..
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