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Abstract:

Magnetic polymersomes containing iron oxide magnetic nanoparticles (IONPs) have been
studied mainly in the magnetic hyperthermia concept, as potential anticancer treatment. On the
other hand, the use of magnetic polymersomes as mechanical actuators capable of inducing cell

apoptosis by strong membrane distortion from within has not been investigated.

Herein, the above hypothesis is explored by the synthesis of a new model system. To achieve
mechanical destruction, it is imperative that an anisotropic morphology is attained in order to
exert a torque on the membranes when applying a rotating magnetic field (RMF). This work
reports the synthesis and investigation of ellipsoid like magnetic polymersomes capable of
rotating around their axis after the application of a RMF of low frequency (LF). Specifically,
hydrophobically modified IONPs are embedded in the hydrophobic membrane of graft and
triblock copolymers designed to self-assemble into a vesicular shape. The graft copolymer
consists of a poly(ethylene glycol)-block-poly(amino trimethyl carbonate)(PEG-5-PATC)
diblock copolymer that has been further modified via a “grafting to” process, using reductive
amination to attach a carbonyl telechelic 1,4-cis-poly(isoprene) oligomer, resulting in the graft
copolymer PEG-b-(PTDOC-g-PI). While the triblock copolymer consists of a diblock
copolymer poly(ethylene glycol)-block-poly(trimethylene carbonate) that further modified via
an esterification reaction with a carboxyl modified poly(isoprene). The final copolymers are
modified once more by partial epoxidation of the Pl block, which allows the further cross-
linking step.

After the formation of the vesicles is confirmed, a static magnetic field is applied which aligns
the IONPs in linear aggregates in its direction. The alignment of the IONPs prompts a
morphological shift of the polymersomes, due to the fluid state of the hydrophobic membrane,
resulting in an ellipsoid like morphology. The final morphology is permanently stabilized by
photo-crosslinking of the hydrophobic membrane via a ring-opening polymerization of the
epoxides.



Résumeé:

Les polymersomes magnétiques contenant des nanoparticules magnétiques d'oxyde de fer
(IONP) ont éte étudies principalement dans le concept d'hyperthermie magnétique, en tant que
traitement anticancéreux potentiel. En revanche, I'utilisation de polymersomes magnétiques
comme actionneurs mécaniques capables d'induire I'apoptose cellulaire par une forte distorsion

membranaire de l'intérieur n'a pas été étudiée.

Ici, I'hypothése ci-dessus est explorée par la synthése d'un nouveau systéme modéle. Pour
parvenir a une destruction mécanique, il est impératif d'atteindre une morphologie anisotrope
afin d'exercer un couple sur les membranes lors de I'application d'un champ magnétique
tournant (RMF). Ce travail rapporte la synthése et I'étude de polymersomes magnétiques de
type ellipsoide capables de tourner autour de leur axe aprés I'application d'un RMF de basse
fréquence (LF). Plus précisément, les IONP modifiés de maniére hydrophobe sont intégrés dans
la membrane hydrophobe des copolyméres greffés et triblocs congus pour s'auto-assembler en
une forme vésiculaire. Le copolymére greffé est constitué d'un copolymere dibloc
poly(éthyléne glycol)-b-poly(amino triméthyl carbonate) (PEG-b-PATC) qui a été encore
modifié via un processus de « greffage sur », en utilisant une amination réductrice pour attacher
un carbonyle téléchélique Oligomere 1,4-cis-poly(isopréne), aboutissant au copolymére graft
PEG-b-(PTDOC-g-PI). Alors que le copolymere tribloc est constitué d'un copolymere diblock
poly(éthyléne glycol)-b-poly(triméthyléne carbonate) qui est ensuite modifié via une réaction
d'estérification avec un poly(isoprene) modifié par carboxyle. Les copolymeres finaux sont a
nouveau modifiés par époxydation partielle du bloc Pl, ce qui permet une nouvelle étape de

réticulation.

Une fois la formation des vésicules confirmée, un champ magnétique statique est appliqué qui
aligne les agrégats linéaires IONP dans sa direction. L'alignement des IONP provoque un
changement morphologique des polymersomes, en raison de I'état fluide de la membrane
hydrophobe, résultant en une morphologie de type ellipsoide. La morphologie finale est
définitivement stabilisée par photo-réticulation de la membrane hydrophobe via une

polymérisation par ouverture de cycle du bloc poly(isopréne) époxydé.
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General Introduction:

The world of nanomedicine has been dominated with polymeric materials self-assembled in a
variety of morphologies such as vesicles, micelles, rod-like etc. These structures have been
studied as drug-delivery agents extensively over the last decades. These structures can be tailor
made in order to offer a variety of stimuli responsiveness such as light, pH, temperature, surface
charge, enzymes and magnetic field. This variety of characteristics derives from the choice of
polymers which determines the properties of the final structure, depending on the type of the
chosen polymers, their architecture, i.e., diblock, triblock, graft copolymer, the molecular
weight as well as the functional groups attached. All these characteristics determine the final

self-assembled morphologies as well as their possible applications.

With all the varieties of possible morphologies which can be produced micelles and vesicles
are the two main structures that have been utilized mainly in literature with the latter offering
multiple advantages such as that offer high stability, membrane fluidity and the ability to
encapsulate cargo in the hydrophobic membrane and inside the hydrophilic core of the
structure. Lately, other morphologies have been gaining interest in nanomedicine as possible
drug delivery systems and not only that. Elongated structures have demonstrated a variety of
exciting properties such as increased circulation time in the blood stream, enhanced
biodistribution and targeting capacity as well as increase cell internalization as well as higher

toxicity in some cases.

Iron oxide nanoparticles have been studied extensively in nanomedicine, especially in cancer
treatment due to their property of heat production when a high frequency alternating field is
applied, this concept is known as magnetic hyperthermia. But lately magnetic nanoparticles
have been investigated for another purpose and that is the magneto-mechanical destruction of
cells from within. This destruction was attributed to the tendency of the nanoparticles to rotate
around their axis when exposed to a rotating magnetic field and thus creating a motion inside
the cell compartment, they were embedded in. The responsiveness of iron oxide nanoparticles
to a rotating magnetic field by a creation of a torque strong enough to create damage in the cells

by an application of a lower frequency magnetic field has sparked a lot of interest.

In the context of this PhD project, it was proposed to investigate the synthesis of a magnetic
vesicular structure or polymersome which could be elongated in response to a static magnetic
field due to the encapsulated iron oxide nanoparticles. The nanoparticles were proposed to be
encapsulated in the hydrophobic membrane of the polymersomes in order to induce an
elongation once the field was applied. Such elongation would be the cause of the nanoparticles

aligning in the direction of the field and creating linear aggregates inside the membrane. The
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linear aggregates would in turn force an elongation of the polymersomes in the direction of the
magnetic field, granted that the volume of the nanoparticles was enough for them to form long
aggregates that would induce a visible elongation. Once the elongation was achieved and an
anisotropic polymersome would be created the next step of the project was proposed to be the
stabilization of the anisotropic morphology via cross-linking of the hydrophobic membrane
under the magnetic field. The concept of the project was born from the magneto-mechanical
properties of the iron oxide nanoparticles. The fact that the latter can respond to the magnetic
field by rotating around their axis and creating a force strong enough to create disruption of cell
membranes was the core of the project. If the anisotropic polymersomes could respond in the
same way as individual nanoparticles, but in a global response due to the volume of
nanoparticles embedded in the polymersomes that would result in a system which could

potentially induce more damage than individual iron oxide nanoparticles can.

Thus, the project was broken into three parts, with part number one being the synthesis of
copolymers that have the potential to self-assemble into polymersomes and can produce a
membrane with a thickness large enough to accommodate the necessary iron oxide
nanoparticles (Chapter Il and 1lI). Part two the synthesis and functionalization of
hydrophobically coated iron oxide nanoparticles than can be embedded into the hydrophobic
membrane and respond to the magnetic field (Chapter 1V) and finally part three which included
the combination of the two first steps, by assembling the copolymer with the iron oxide

nanoparticles and studying the elongation as well as the cross-linking process (Chapter V).

This is exactly the flow of the presented chapters in this dissertation. Chapter | being
bibliography chapter presenting the advantages that elongated structures have displayed in
literature in the previous year as well as the magneto-mechanical properties of iron oxide
nanoparticles. Chapter Il, describing the synthesis of one of the copolymers which was chosen
to be investigated as the potential polymersome forming copolymer. Specifically, we present
the synthesis of a graft copolymer consisting of PEG-b-(PATC-g- PI) which was synthesized
by a combination of ROP and reductive amination. The synthesis of the tert-butyl (2-oxo-1,3-
dioxan-5-yl) carbamate monomer is described as well, which was chosen as the foundation
block in order to graft the poly(isoprene) block. Graft morphology was chosen in order to
provide potentially a better system for a stronger cross-linking which would be capable to

stabilize the elongated morphology.

In chapter 111, we describe the synthesis of another copolymer that was proposed as vessel for
our study, the triblock copolymer PEG-b-PTMC-b-Pl. Once more the copolymer was
synthesized by a combination of ROP and another reaction to attach the final block of poly

(isoprene) which in this case was a Steglich esterification. The synthesis and characterization
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of this copolymer is described as well as the necessary modifications that were performed on
the poly(isoprene) block to make it capable of reacting with the hydroxyl group of the PTMC
block.

Chapter IV demonstrates the synthesis of iron oxide nanoparticles (IONPSs) via a polyol route
and their subsequent functionalization with oleic acid or a modified poly(isoprene) with a
dopamine group. The characterization of the nanoparticles via a variety of methods is described
as well. In both Chapter 2 and 3 as well as Chapter 4 the synthesis of poly(isoprene) is described

due to the different needs of functional groups and molar masses.

Finally, Chapter V binds all the components together in order to produce magnetic
polymersomes, whose morphology is verified by TEM and SANS analysis and their cross-
linking capacities under UV are studied and observed via TEM. Moreover, the polymersomes
are exposed to a static magnetic field and their elongation is observed via TEM after the cross-
linking of their membranes. Finally, the conclusions and perspectives of the project are

discussed.

Application of
Static Magnetic
field
_—
Induced Shape
«change according to
simulations

Image 1: Depiction of magnetic polymersomes whose elongation is induced after the application of a static

magnetic field and the consequent cross-linking via UV irradiation.
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Chapter |

Introduction

The idea of a “Magic bullet” capable of reaching specific places in the human body, releasing
the necessary cargo, i.e. drug in most of the cases, and cause minimal side effect has existed
since the beginning of the 20" century and was introduced by Dr. Paul Ehrlich and his work on
targeted medicine.[1] While this idealized version has not yet been achieved, science has gone

a long way since then and many approaches and designs have been investigated.

Micelles, spherical structures, have been dominant in the latest decades in hopes of achieving
that goal. Lately, focus has shifted on different architectures and the idea of a perfect sphere as
the ideal candidate for delivery is no longer the only possibility.[1] The morphology of the
“delivery capsule” seems to be playing an important role not only in the encapsulation of a
drug, but also in the circulation lifetime in the body [2], the immunological response, site
delivery as well as the absorption rate [3]. All the previous points seem to differ between
morphologies with some to be presenting advantages over classical spherical morphology.
Thus, the choice of the right morphology is one of the key parameters in understanding and

perhaps predicting how well a delivery system can work.

Nanorods and elongated ellipsoids present a higher circulation time due to their shape that
causes them to flow more easily in the blood stream, mimicking blood cells and their flow
process [4]. Furthermore, the resulting delivery site can be tuned by the morphology, with
elongated nanoparticles to present higher delivery rates at different organs [5]. Of course, the
size is the one parameter that seems to be stable when making the choice of a delivery system,
where nanoparticles between 100-200 nm seem to be the better choice to escape the
reticuloendothelial system (RES)[6].

Polymersomes

Continuing with the concept of a magic bullet capable of delivering precious cargo into the
body, the study of polymersomes emerged. By mimicking nature and looking deeper into the
cell morphology it was extracted that cells were already an ideal system which can be studied
for drug delivery systems. Ever since then nanomedicine has been striving to provide an ideal
system which can come closer to cell morphology [7]. Using the architecture of cells as
inspiration, naturally the creation of liposomes was achieved by creating a bilayer of
phospholipids that consist of natural or synthetic phospholipids, with a hydrophilic head and a
hydrophobic chain (lipid) that assemble into a vesicle. While liposomes are to this day regarded

as a prominent drug delivery system with a great example the well-known Doxil, they have
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many disadvantages that need to be improved to create a more sustainable system, thus

polymersomes emerged.

Polymersomes are widely known as the synthetic equivalents of liposomes, consisting of
synthetic amphiphilic copolymers in contrast to natural phospholipids, that due to their
properties are self-assembled into a vesicular morphology. For a spherical morphology to be
considered vesicular, the structure should consist of a membrane while maintaining an empty
core which can be hydrophobic or hydrophilic depending by the nature of the system.
Liposomes and polymersomes do exhibit similarities but also many differences and a lot of
extensive literature has been published that thoroughly describe their individual characteristics,
such as the review by Nsairat et a/.[8] which in depth described liposomes and the latest
publication of Rideau et al.[9] a comparison study between liposomes and polymersomes.

o5 '_rr‘"UL'

Lipid Block copolymer (e.g. diblock)

Figure 1: A 2D depiction of liposomes and polymersomes from Rideau et al.[9] and the dependance of membrane

thickness on the molecular weight of the hydrophobic copolymer as depicted by Discher et al.[10].

One of the main advantages of polymersomes as drug-delivery systems is the big range of

membrane thickness compared to liposomes. A larger membrane thickness allows the
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polymersomes to enclose various cargo both in their membrane as well as the interior
simultaneously [11], and their membrane thickness averages between 5 to 50 nm depending on
the length of the copolymers chosen [12]. Liposomes tend to present a membrane thickness of
3to 5 nm (Figure 1).

Membrane permeability is also one of the main differences between liposomes and
polymersomes, where the latter exhibit a higher permeability due to the low molar mass. While
high permeability can be an asset when a good diffusion is necessary for the enclosed cargo, it
is a big disadvantage in terms of release control. In this case, polymersomes present a better
alternative and exhibit better retention control. This characteristic is attributed to their high
chemical versatility, which allows the formation of polymersomes out of a big library of
polymers, as well as higher molar mass in the copolymers that are chosen. Furthermore, it is
possible to tune the permeability of the formed membrane by incorporating stimuli which can
destabilize their membrane [13], [14] and result to higher permeability (Figure 2).

Liposomes Polymersomes

Encapsulation

v ————————

Figure 2: Depiction of the difference between the encapsulation and permeability properties of liposomes and
polymersomes as depicted in Rideau et al.[9]

Due to their low membrane permeability and high chemical versatility, polymersomes tend to
be more thermodynamically stable, resulting in structures that can remain stable over months.
On the other hand, liposomes exhibit lower stability due to the instability of the lipids that are
utilized for their formation [15]. Of course, this tendency is highly dependent on the chosen
method of self-assembly, the size of the liposomes and the conditions of their storage [16]. The
same thing could be said for polymersomes, as depending on the copolymers that were chosen,
different characteristics of lateral diffusivity, polymersome size and inter-molecular reactions

between the polymers, would emerge [17].

All these properties of course are in the end affected by the choice of the building blocks for
both liposomes and polymersomes, with the latter being an easier prospective model to control
due to the high chemical versatility of the polymers that can be produced. The biocompatibility

property of liposomes can be achieved for polymersomes as well, as it depends on the blocks
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which are chosen for their formation. Multitude of biocompatible polymersomes examples exist
in literature like poly(trimethylene carbonate)-b-poly(L-glutamic acid) (PTMC-b-PGA)
polymersomes [18], poly (ethylene-glycol)-b-polylactic acid (PEG-6-PLA) [19] and so many
more depending on the design of the system and its necessities, such as poly[2-
(methacryloyloxy)ethyl  phosphorylcholine-block-2-(diisopropylamino)ethyl methacrylate]
(PMPC-b-PDPA) polymersomes [20]. With so many advantages and availability of choice that
synthetic polymers offer, polymersomes have been studied thoroughly in many aspects of
biomedical applications [21]-[23].

The concept of polymersomes, or polymeric vesicles was first introduced by Disher et al. [24]
almost 30 years ago when they studied the self-assembly process of poly(ethylene oxide)-b-
poly(ethyl ethylene) (EO.0-EE37) copolymers and over these three decades a big amount of
research has already been done to understand their properties and capabilities. A variety of
reviews have been published which combine the latest works on polymersome formation,
properties and applications, such as by Araste et al.[25], Le Meins et al.[26] and Leong et al.
[27]. One of the first publications which had observed polymeric vesicles was by Meijer et
al.[28] where the self-assembly of polystyrene-dendrimer amphiphilic block copolymers was
studied and multiple morphologies were observed including vesicles. Similar observations of
the morphology were provided by Zhang & Eisenberg [29] where they studied the self-
assembly of polystyrene-block-poly(acrylic acid), PS-b-PAA diblock copolymers in aqueous
solutions. The same group continued on the study of the self-assembly of this diblock
copolymer in order to control the final morphology by differentiation of the length of each
block [30], [31]. Soon after, a new paper by Discher et al.[32] was published in 2000 studying

the self-assembly process into vesicles of various diblock copolymers and polymer-lipids.

The self-assembly of well-defined copolymers in aqueous solutions which is reached at
equilibrium is dictated mainly by the need for achieving the lowest energy possible between
the polymer and water interactions as well as each of the polymer blocks [33]. One parameter
that can easily predict the resulting morphology after the spontaneous self-assembly is known

as the critical packing parameter p, which is a dimensionless parameter and is defined by the

equation: p =

aolc

where v represents the volume of the hydrophobic chains, a, represents the head group area and
I the length of the hydrophobic tail [34]. This parameter correlates the relationship between the
surfactant molecules i.e., the head group (area of the hydrophilic block), volume of the
hydrophobic chains and length with the resulting morphology by predicting the most likely
morphology of the final structures. This parameter was first introduced by Israelachvili et

al.[35] who explained the bilayer formation of both lipids and polymers.
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This critical parameter ranges between a variety of values which depict the morphologies, i.e.,

for a p value p < 1/3 the resulting morphology is a spherical micelle, when the parameter is

1/3< p <1/2 the observed morphologies are cylindrical micelles while for %< p <l1the observed

morphologies are vesicles (Figure 3).

p range
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Figure 3: Depiction of the influence of the packing parameter on the final morphology during the self-assembly

process from [33].

Another parameter which is frequently used to describe and predict the final morphology of

copolymers is the hydrophilic fraction /. This parameter usually reflects the fraction of molar
mass of the hydrophilic block divided by the total molar mass of the blocks of the copolymer
and is calculated by the equation below:

f

Mn hydrophilic block

~ Mn hydrophilic block + Mn hydrophobic block
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A general rule of thumb is as follows, were when 40%< f'<50% then cylindrical morphologies
tend to form. If /> 50% then micelles form while when fis lower than 40% and ranging between
25% < f'< 40% vesicles tend to form (Figure 4). This parameter is not always accurate and
depending on the nature of the polymers which were utilized for each system the limits of fmay
vary [36].

[ dictates aggregate morphology

25-40% 40-50% > 50%

Figure 4: Hydrophilic fraction fas represented for various morphologies accompanied with the subsequent

morphologies via cryo-TEM, as depicted by Discher et a/.[10].

In general, the self-assembly process of copolymers and their final morphology is determined
by many parameters, which include the nature of the copolymers, the molecular weight, the
interactions between each block as well as the composition of the copolymers i.e., diblock,
triblock, graft, brush etc. [37]. For example, many copolymer compositions could result in
polymersome formation (Figure 5) [25]. While diblock copolymers AB have been studied more
predominantly in the field of polymersome formation [38], [39] there are many examples in the

bibliography of other copolymers that can self-assemble resulting in such morphology.
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Figure 5: Different copolymer compositions which could result in polymersome formation as depicted in Araste et
al.[25].

Various examples in the bibliography present examples of triblock ABC copolymers which can
result in polymersome formation [40]-[45]. A recent study from 2019 by Konishcheva et
al.[46], presented the formation of polymersomes by the self-assembly of a triblock copolymer
consisted of poly(ethylene oxide)-block-polycaprolactone-block-poly(2-methyl2-oxazoline)
(PEOu45-b-PCL110-b-PMOXA,). The triblock copolymers could be characterized as ABC, ABA,
depending on the hydrophilicity and hydrophobicity of each block. Examples of such
copolymers were presented in extensive reviews by Igbal et al.[47] and Wyman et al.[48]. More
specifically, Zhao er al. [49] demonstrated the self-assembly process of an ABC linear
copolymer consisting of poly(isoprene-block-styrene-block-2-vinyl pyridine) (Pl-b-PS-b-
P2VP). Another example, was published by Liu and Eisenberg in 2003 [50] were the synthesis
of pH triggered vesicles was described. The ABC triblock copolymer poly (acrylic acid)-block-
polystyrene-block-poly (4-vinyl pyridine) (PAA2s-b-PSsgo-b-P4VP4o) with an acidic block PAA
and a basic block P4VP were self-assembled in acidic or basic conditions resulting in a different

block forming the shell of the polymersomes (Figure 6).
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Figure 6: Representation of the pH-triggered self-assembly of the triblock copolymer PAA26-5-PSse0-b-P4VPao.
Figure reproduced from [50].

Other complex copolymer architectures have demonstrated polymersome formation such as
brush copolymers and graft copolymers. The difference between these two architectures lies in
the grafting density, where brush copolymers exhibit a densely packed nature while graft
copolymers have a sparser grafting. Grafting density affects the physical properties of the
copolymers as well as their self-assembly properties, as well as the length of the grafted side
chain. The synthesis of grafted copolymers is achieved through three possible routes[51]
(Figure 7):

=  “Grafting to” [52]
= “Grafting through” [53]
»  “Grafting from” [54]

Each route depends on the available functional groups on the backbone, the available

monomers, and results in different grafting density as some are more favorable than others.
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Figure 7: Schematic representation of the chemical routes to synthesize graft copolymers. Figure reproduced from
[55].

The study of the self-assembly of graft copolymers in aqueous solutions has not been as
extensive as for other types of copolymers so far, but the existing literature demonstrates that
graft copolymers exhibit good potential in controlling the self-assembled morphology in order
to produce polymersomes [56][57], when the grafting density and length of the side chains is
controlled. Li er al.[58] described the synthesis and self-assembly properties of the graft
copolymer poly(ethylene oxide-co-allyl glycidyl ether)-grafi-poly(3-caprolactone). In this case
the backbone of the copolymer was hydrophilic while the grafted chains hydrophobic. The
copolymer was synthesized via a “grafting from” approach in order to ensure the control of the
architecture. Following the self-assembly process spherical morphologies were formed, with
the copolymer poly(EO12-co-AGEs-g-CL1sp) with the wit% of hydrophobic segments being
73% appeared to form polymersomes with a controlled size. The authors further demonstrated
that the increase of the hydrophobic segments resulted in micellar morphology and a potential
mechanism was suggested, where the grafted chains were packed closely when forming the

hydrophobic membrane.

Wang et al.[59] demonstrated the synthesis of another graft copolymer, poly (lactide-co-
diazidomethyl trimethylene carbonate)-g-poly(ethylene glycol) [P(LA-co-DAC)-g-PEG] only
in this case the hydrophilic block represented the backbone of the copolymer while the grafted
chains were hydrophilic. Herein, the authors utilized the “grafting to” process via a click
reaction in order to produce the graft copolymer, which allowed them to control the grafting
density of PEG. It was reported that the graft copolymers with a hydrophilic ratio frec= 33%
had formed polymersomes while copolymers with a higher grafting density, thus with a higher

frec, formed micelles when feeg > 50%.
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Magnetic polymersomes:

Due to the large library of available polymers which can be utilized in order to synthesize
polymersomes, it is possible to create polymersomes which are responsive to many stimuli
which would enhance their capabilities to act as drug-delivery agents and minimize side-effects
[6]. Such stimuli include pH, light, enzymes, temperature, and redox responsiveness (Figure 8).
For a more in-depth analysis, extensive reviews have been published [60]-[62]. Lately,
magnetic field has been investigated in biomedical applications. A lot of literature is dedicated
on to the ability of super paramagnetic iron oxide nanoparticles (SPIONSs) to act as MRI contrast
agents[63][64] and the combination of such a characteristic along with the ability of
polymersomes to encapsulate hydrophilic and hydrophobic cargo has made magnetic

polymersomes a great alternative for nanomedicine[65].
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Figure 8: Diagram of the available stimuli for polymeric drug delivery systems. Reproduced by Hu et al. [62]

In recent studies where magnetic nanoparticles were incorporated into polymersomes, the
systems were able to combine their MRI contrast properties as well as the drug-delivery abilities
of polymersomes. Polymersomes can be utilized as a good system to deliver SPIONs for MRI
applications as can be seen in a study by Duan et al. [66] where cationic polymersomes with
encapsulated SPIONs were investigated as a delivery system of iron oxide nanoparticles in
order to study via MRI the mesenchymal stem cells (MSCs ). Another great example of a system
which utilized SPIONs as potential MRI contrast agents was published by Ren et al.[67] were

the authors synthesized polymersomes consisting of poly(tert-butyl acrylate-stat-acrylic acid)
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[PEO-b-P(AA-stat-tBA)] and deposit superparamagnetic iron oxide nanoparticles directly
inside the hydrophobic membrane utilizing the interaction of iron salts with the anionic PAA
chains. They were able to produce magnetic polymersomes which exhibited a high 7> relaxivity,
ensuring a good contrast for MRI applications. Finally, the polymersomes were tested as drug-
delivery agents in their capability of encapsulating and releasing doxorubicin. The system was
revealed to be capable of releasing doxorubicin at pH=7.4 at a good rate (Figure 9).

(1) self-assembly partial cross-
SAAVAA A in THF/H,0 ( 1/2) Ilnklng
(2) dialysis

4. PEO-b-P(AA-stat-1BA) 5. polymer vesicle 6. cross-linked
vesicle
in situ
. precipitation

7w PEO chain
WAM P(AA-stat-tBA) chain

. Fe304 nanoparticles

7 magnetlc vesicle

Figure 9: Self-assembly of magnetic polymersomes via a direct deposition of SPIONSs into the membrane by in

situ precipitation. Figure reproduced from Ren et al.[67].

Pourtau et al.[68] demonstrated a system of a magnetic polymersome comprised of
poly(trimethylene carbonate)-b-poly(glutamic acid) (PTMC-6-PGA) self-assembled with
hydrophobically coated USPIONSs in order to enhance MRI contrast of bone metastasis. While

Sanson et al.[11] utilized a similar system of magnetic polymersomes for MRI contrast as well.

Furthermore, magnetic polymersomes can by applied for more than MRI contrast agent, for
example, in the same study by Sanson et al.[11] in vitro analysis of the release rate of
doxorubicin loaded magnetic polymersomes was performed while a high frequency rotating
magnetic field was applied. The application of the field induced a faster release of the
doxorubicin by a factor of 2, when compared to the system without the magnetic field. This
phenomenon was attributed to the ability of SPIONSs to produce heat due to Néel’s relaxation
(as will be further discussed in the cell disruption via mechanical force section). The topical
production of heat in the hydrophobic membrane of PTMC induced the increase of fluidity of

the membrane, thus increasing the release of doxorubicin.
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Similar observations were obtained by Oliveira et al.[69] with a similar system as described
above. The magnetic polymersomes loaded with doxorubicin were internalized in HelLa cells
and the cell viability was studied for a system which had been exposed to high frequency
alternating field and one without the field. The system which had been exposed revealed a lower
cell viability when compared to the non-exposed one, suggesting that the local heat production
of the magnetic nanoparticles had aided in the release of doxorubicin (Figure 10). Such systems
relay on the notion of AMF hyperthermia, where iron oxide nanoparticles are utilized for cancer
treatment systems due to their ability to release heat under a high frequency alternating field
[57-58] but without actually utilizing it as a means to lower cell viability since the heat released

by the entrapped USPIONS is local in the polymersomes and not in the cell.
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Figure 10: a) Magnetic polymersomes loaded with doxorubicin and b) measured cell viability of HeLa cells for
three systems, Np-Fe: control with no doxorubicin, NP-Fe-DOX: magnetic polymersomes loaded with doxorubicin
and Free DOX: free doxorubicin at the same concentration as the one in the loaded polymersomes. White bars
demonstrate the results obtained by the systems with no application of alternating, black bars demonstrate the
results obtained for systems exposed to alternating magnetic field. Reproduced from Oliveira et al.[69].

The response of magnetic nanoparticles to a magnetic field, without the contribution of heat
release, is gaining momentum lately to be exploited for biomedical applications. Magnetic
polymersomes could have the capacity to be utilized as a guiding system as well, as described
by Krack et al[72]. Multi-lamellar polymersomes formed by a diblock copolymer of
polyisoprene-block-poly(ethyleneoxide)  (Plss-b-PEO2s)  self-assembled  along  with
hydrophobically modified iron oxide nanoparticles demonstrated a magnetophoretic mobility

moving at a speed of 12 um/s when magnetic field was present (Figure 11).
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Figure 11: Demonstration of the magnetophoretic mobility of PI-5-PEO magnetic polymersomes when an Nd-

magnet is present. Reproduced from Krack et al.[72].

A fascinating study by Long et al.[73] which exploited the mechanical response of magnetic
nanoparticles to a magnetic field, studied the release of a drug-like substance fluorescein
isothiocyanate (FITC—dextran) while the spherical magnetic colloidosome was exposed to
magnetic field periodically. The colloidosome consisted of poly(N-isopropylacrylamide)
(PNIPAmM) with iron oxide nanoparticles embedded in its outer layer. The resulting
microcapsule had a large width of 2um, and the iron oxide nanoparticles were ~600nm. The
results of the study demonstrated that once a magnetic field was applied the structure would
elongate in its direction resulting in a shift of morphology from spherical to ellipsoid like. The
extent of the elongation appeared to be dependent on the intensity of the field (Figure 12a-b).
Once it was established that the elongation occurred, the authors proceeded to study the release
abilities of the system, where it was derived that the release appeared to be faster for the system
which had been exposed to the pulsed magnetic field, with the value reaching 92% while the
control group had reached only 23% in the same time period. Finally, the release rate was tested
for multiple field intensities, and it was revealed that the release increased along with the
intensity of the field, with the release rate to be much faster for the highest field of 1800G,
while the control group had not reached even 50% of release at the same time (Figure 12c-d).
This study can demonstrate how the elongation of potential drug delivery systems can improve
drug release.

Of course, this is not the first time that the elongation properties of magnetic polymersomes
under a magnetic field have been demonstrated, as multiple studies have observed this
phenomenon. For example, Lecommandoux et al.[74] had demonstrated the elongation process
of polybutadiene-block-poly(glutamic acid) (PBD-5-PGA) polymersomes with encapsulated
hydrophobically modified iron oxide nanoparticles in the PBD membrane. Via the use of SANS
analysis the authors were able to identify the elongation of the polymersomes under a static

magnetic field by visualization of the scattering pattern which had become anisotropic once the
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field was applied (Figure 13). Furthermore, they were able to detect a shift in membrane
thickness in the direction parallel to the field. Similar observation were made by Sanson et
al.[11] for the PTMC-b-PGA system with 50 and 70% feed weight ratio (FWR%) of SPIONSs.
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Figure 12: a) Elongation of the magnetic colloidosome in correlation of the intensity of the magnetic field (Scale

bar=500um) b) Illustrative depiction of the elongation process, c) Release percentage of the FITC—dextran from

the magnetic colloidosomes in regards to the intensity of the pulsed magnetic field (OG: No field) and d) release
rate of FITC—dextran in regards to the intensity of the pulsed field. Reproduced from Long et al.[73].

The deformation of the spherical morphology of polymersomes has been studied theoretically
by the use of coarse-grained molecular dynamics Ryzhkov and Raikher quite extensively [75]-
[78]. The authors have utilized this method to theoretically predict how magnetic
polymersomes would deform under the application of a magnetic field. The authors were able
to demonstrate that the elongation is produced due to the alignment of magnetic nanoparticles
in the direction of the field. According to the literature, magnetic nanoparticles tend to be in a
disorganized state in the absence of the field, but once the field is applied their magnetic
moments p align in its direction. Due to the nanoparticles being restrained in the membrane the
aggregation which is induced by the magnetic field leads the nanoparticles to form linear
aggregates or chains due to dipole-dipole interactions, which extend parallel to the field. The
formed chains spread around the membrane and are not aggregated with each other, these linear
chains force the membrane to deform in a direction parallel to the field (Figure 14). Such exact
behavior is presented in the studies above.[11], [73], [74] verifying the theoretical studies as

well.
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Figure 13: Scattering pattern of AANS analysis of the PBD-5-PGA magnetic polymersomes a) zero magnetic
field and b) under a horizontal magnetic field with an intensity of H~0.1T. Reproduced from Lecommandoux et
al.[74].

b A

C

Figure 14: lllustrative scheme of the formation of linear aggregates which force the deformation of the
polymersome in the direction of the magnetic field H. Reproduced from [77].

An elongated structure for polymersomes could be deemed beneficial for biomedical
applications as lately a lot of literature has demonstrated the advantages that anisotropic
morphologies present over the classic spherical system, such as improved circulation time,

enhanced internalization, and cellular uptake. Such literature will be presented in the next part
of the chapter.
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How Nanoparticle shape affects its fate in the biological systems:

Over the past decade the impact of the shape of a drug delivery system in nanomedicine has
been studied quite extensively, with many studies observing a vastly different acting
mechanisms, internalization times and circulation times depending on the shape of the “object”.
Some very extensive reviews have been written on the subject of how the morphology impacts
the fate of the delivery systems in biological medium and what advantages each morphology
holds over others, great examples are the works published by Kinnear et al. [79] ,Truong et al.
[80] as well as by William et al.[81]. Herein such literature will be explored in order to
determine whether non-spherical or anisotropic shapes are capable of offering an advantage in
nanomedicine or at the very least whether the difference between spherical and non-spherical

systems is important enough.

Protein Corona formation:

To study the immune response that a drug delivery agent is creating as well as the pathway that
it will follow when and if it internalizes into the cells, it is important to understand the role of
the protein corona formation. Protein corona on nanoparticles is not a new concept, it has been
intensely studied throughout the last years. PEG (Polyethylene glycol) has been used, steadily
over the past decades in drug delivery formulation as a stealth agent [82]-[84], not only as the
hydrophilic block responsible for the self-assembly of various diblock copolymers but also as
a key component to avoid non-specific protein interaction with the surface of any given
nanoparticle, eliciting an immune response [85]. This is achieved due to the highly hydrated
backbone of PEG resulting in repulsive steric hindrance interactions with the proteins in serum
or plasma. Interestingly enough, protein corona formation still happens to a certain degree and
cannot be fully avoided even by the use of PEG and neither should it be avoided [86]. Schottler
et al. [86] showed that it is the “ideal” combination of attached proteins on the surface that
helped the internalization of nanoparticles functionalized with poly(ethylene glycol) (PEG) or
poly(ethylene phosphate) (PEEP)rather than the lack of. Different protein coronas seem to form
around various morphologies, resulting in different signaling pathways of the immune system
[86].

Gagner et al [4] demonstrated that the shape influence of the nanoparticles on the protein corona
formation was showcased by the synthesis of chemically identical silica nanoparticles,
differentiating only in their morphology, with one being a sphere and the other rod-like. A
higher packing density was achieved in both serum and plasma proteins onto the rod-like NPs,
suggesting that its flat surface offers a better area for the proteins to attach. Gagner et al.

investigated the packing density capabilities of golden spheres and rods with two different
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proteins and comparable results were obtained [87]. An opportunity for targeting capacity was
presented for both morphologies. While protein composition seemed similar for both shapes,
the rod-like NPs presented a higher absorption of immunoglobulin proteins compared to the
spherical ones and may present a possibility for liver or spleen targeting. Furthermore, aloumin,
quite a detrimental protein, responsible for longer time circulation, presented a low adsorption
rate for both morphologies, with a slightly higher percentage of 10% for the spherical
morphology. On the other hand, both spheres and rod-like NPs exhibited a high absorption of
apolipoprotein B100, crucial for brain targeted delivery (Figure 15).

Protein corona Protein corona

Figure 15: Protein corona formation around different morphologies from [4].

Phagocytes and Target morphology:

Protein corona formation is not the only obstacle drug delivery vectors need to go through to
reach their desired targets. Phagocytosis is an elegant immune response that almost all cell types
use to clear out pathogens from the system[88]. The main groups of cells that can efficiently
phagocytize particles are macrophages[89]. Phagocytosis is an important process for drug
delivery thanks to its role to clear out the particles from the system, thus diminishing the
circulation time and the uptake efficiency of potential delivery systems. So far, phagocytosis
has shown to be affected by a variety of parameters some of which are, the size of the particles,
for example big particles immediately get phagocytized[90], their external shell, as discussed
above, which when exhibiting different charges on the surface has shown to be responsible for
faster clearance[91]. Lately, the shape of a particle and its aspect ratio have been considered as
important parameters in this equation and thus have been further studied [92]. Mitragotri
investigated the role of different size and shape of core crosslinked polystyrene NPs in the
phagocytic process [93].

While the shape of the particle influenced the process; another important parameter was the
contact point of the cells and particle. Indeed, if anisotropic ellipsoidal shaped particles were
introduced into the cells by their smaller surface, then they would immediately get internalized,
while if the contact area was the “long” surface then internalization was harder and slower. The

Q parameter which was attributed as the contact angle revealed that if it was small enough
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(<45°) then the cells could internalize particles as big as their size but if the Q value was within
specific limits then particles as small as 0.2% of cell volume did not get internalized. In other
words, anisotropic nanoparticles of sizes as big as in this research got either internalized faster
or not at all depending on the angle (Figure 16). This study presented an interesting observation
where while size of the particles indeed is key, the cell does not detect immediately the volume
until the particles were fully internalized thus it is not the first parameter to affect the process
of internalization, making the shape of the particle an important parameter, perhaps even the

most important in this case.
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Figure 16: Demonstration of the effect of the relationship between the contact angle and the particle volume on
the internalization process. Reproduced from Mitragotri e al.[93].

A study that investigated further the shape dependence of macrophage phagocytosis was
published by Sharma et al.[94]. Herein, the authors used polystyrene NPs consisting of three
different shapes i.e. Spheres, and ellipsoids that are either prolate (i.e. elongated) or oblate (i.e.
flattened). The two last shapes were derived from spheres of various sizes to consider the size
parameter as well in the phagocytosis process. In this case, the results showed shape
dependence in the attachment as well as the internalization of particles into macrophages.
Specifically, the shape parameter is more prominent with smaller and intermediate sizes
compared to bigger sizes where phagocytosis was non-discriminatory towards shape. Oblate
particles revealed to be the ones that tended to internalize faster, followed by spheres and finally

prolate particles.
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On the other hand, prolate particles were better attached on the macrophages followed by
oblates and spheres last. As the authors describe both attachment and internalization are key
factors in phagocytosis and the fact that oblate internalize faster than the other shapes,
sometimes twice as fast, when of a specific size, suggests that there is a clear and definitive
distinction between shapes. As a result, at least for smaller particles <3um, it would be fair to
suggest that prolate shapes are better at avoiding clearance from the system by having a slower
or no phagocytosis and thus offering perhaps a more viable option for drug delivery systems

that need a longer blood circulation.

Further verification that morphology affects the phagocytosis process was demonstrated by
Paul ez al.[95] were ellipsoid latex nanoparticles demonstrated a lower phagocytosis rate ~ 5X
than spherical latex nanoparticles of almost similar size, once more verifying that morphology
is a key parameter (Figure 17).
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Figure 17: Figure reproduced from Paul et al. [95] demonstrating the phagocytosis time of a) spherical latex

nanoparticles and b) ellipsoid latex nanoparticles in macrophage-like cell line RAW 264.7.

Circulation time and cellular uptake:

Many new studies have emerged demonstrating the effects of anisotropic morphology on blood
circulation and cellular uptake over spherical systems. A prolonged circulation time offers an
important advantage for drug delivery systems as well as an increased cellular uptake, which
would result in an increased amount of the drug load to be deposited at the target sites.

In another study, filomicelles i.e. long cylinders prepared by self-assembly of diblock
copolymers of poly(ethylene glycol)-block-poly(caprolactone) (PEG-b-PCL) or poly(ethylene
glycol) block-(poly(ethylethylene) (PEG-h-PEE), presented better circulation times when
compared to their spherical vesicle counterparts at the same dose, 1 week and 2 days

respectively, suggesting that anisotropic particles may offer a better circulation time than
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spherical ones [96]. In this case, circulation time was directly and linearly affected by the length
of the filomicelles until reaching a critical length resulting in fragmentation. Furthermore,
rigidity is an important parameter indicating that filomicelles with a rigid crosslinked core were

cleared faster, in a matter of hours, as compared to flexible ones.

The shape of drug delivery agents or vesicles not only affects circulation time but also cell
apoptosis percentage, replication activity of cancer cells and their metabolic state [5].
Specifically, Scarpa et al. [5] synthesized two polymeric vesicles consisting of the diblock
copolymer poly(2-(methacryoloyloxy)ethyl phopsphorylcholin)-block-poly(2-
diisopropyamino)ethyl methacrylate) (PMPC-b-PDPA) differentiating only in shape, with one
being a sphere and the other a tube in order to investigate their interaction with three different
cell lines, two of which being cancerous. Their results suggest that the tube or elongated
morphology had a different integration and accumulation rate with the cells compared to the
spheres. Spheres were integrated in the cytosol while tubes were both in the cytosol and the
cellular membrane, suggesting that elongated morphologies perhaps undergo “delayed
endocytosis” due to their shape as already discussed above [5]. Furthermore, cell viability was
affected by the shape as well, where tube shaped vesicles decreased cell viability by almost
40% after incubation for 48h with cancer cell lines compared to sphere morphology (Figure
18).
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Figure 18: Cell viability of three cell lines after incubation with spheres or tubes. Reproduced from Scarpa et al.

[5].

Further results on the effect of morphology on cellular uptake were reported by L’ Amoreaux
et al.[97]. Poly(ethylene glycol)-b-poly(lactic acid) (PEGikpa-b-PLAskpa) polymersomes were
formed with two distinct morphologies, prolate ellipsoid and spherical, with a similar size of
around 190 nm. After incubation in human neural cells (SH-SY5Y), prolate morphology
exhibited a higher uptake compared to the spherical one. Specifically, both morphologies were

loaded with Nile Red and BSA-Fluorescein (bovine serum albumin) followed by an incubation
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with SH-SY5Y. Using fluorescent imaging, the neuroblastoma cells which were incubated with
prolate polymersomes presented a higher intensity than the spherical ones, containing either
one of the two dyes. Nevertheless, both polymersomes achieved a higher uptake compared to

free dye (Figure 19).

6.00E+05 |

5.00E+05 |

*
| |
4 D0E+05 | I
3.00E+05 |
2.00E+05 |
1.00E+05 |
0.0DE+() —N—

FBES Fraa Spheras Prolale

FITC Fluorescence Intensity

Figure 19: Flow cytometry results comparing the uptake of either free dye or spherical or prolate polymersomes in
SH-SY5Y cell line. Reproduced from [97].

A paper published in 2006 by Chithrani et al.[98], presented opposite results regarding the
uptake of anisotropic gold nanoparticles when compared to spherical ones in mammalian cells.
While the study presented results which revealed that spherical nanoparticles demonstrated a
higher uptake in HeLa cell line they did note a difference in the uptake of rod-like nanoparticles
of a smaller aspect ratio 1.3 (length of 50nm) when compared to rod-like nanoparticles of 1.5
aspect ratio (length of 100nm), result which confirm the difference the aspect ratio plays in the

uptake and internalization of nanoparticles (Figure 20).
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Figure 20: Cellular uptake of gold nanoparticles with two different morphologies, specifically spherical
nanoparticles of 14nm and 74nm, as well as two rod-like nanoparticles of distinct aspect ratios 1:3 and 1:5.
Reproduced from Chithrani ez al. [98].

Similar conclusions regarding the difference in the uptake due to aspect ratio can be found in a
study published by Agarwal et al. [3]. The study demonstrated the uptake of rod-like and
discoidal PEG-functionalized hydrogel nanoparticles by mammalian cells, presenting a higher
uptake of the discoidal nanoparticles compared to the rod-like ones. The study presents results
for a variety of cell-lines which exhibited similar results in regard to the preference of the
discoidal nanoparticles, but the uptake is furthermore cell-specific, as they suggest that each

type of cell “senses” the morphology (Figure 21).
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Figure 21: Cellular uptake of four different cell lines, HeLa, HEK 293, HUVEC and BMCs of two different
nanoparticle systems with two aspect ratios each a) disks (pink) of 220nm diameter and nanorods (blue) of 400nm
and b) disks (white pink) of 325nm diameter and nanorods (dark blue) of 800nm. Figure reproduced from Agarwal

etal. [3].
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Following this study Agarwal et al. [99] published another study were they explored the
internalization of discoidal nanoparticles into 3D spheroidal models of solid tumors and studied
the effect of shape and aspect ratio on the internalization process of a tumor like spheroid. Once
more they presented results which indicate discoidal nanoparticles with a low aspect ratio of
0.3 (where aspect ratio was defined as H/D, where H stand for height and D for the diameter of
the nanoparticle) had a high internalization into the spheroid. In this study the discoids with a
lower aspect ratio of 0.3 were internalized in higher degrees than the discoids of 0.5 which were
internalized in higher ratios in the various cells lines that were presented in the previous study
[3]. This result could suggest that in tumor like delivery a lower aspect ratio was preferential
for the discoidal moiety. Interestingly, polystyrene spherical nanoparticles which were tested
in the study presented a low penetration in the “tumor” when compared to anisotropic shapes
(Figure 22).
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Figure 22: SEM images of two different morphologies discoidal and nanorods with different size, discoidal
morphology A) 220 nm diameter, 100 nm height and B) 325 nm diameter, 100 nm height. Nanorods C) 400nm
length, 100 nm height and 100 nm width and D) 800nm length, 100 nm height and 100 nm width. E) Graph of the
internalization of all four systems in the spheroid calculated measuring the distance from the spheroid center.

Figure reproduced from [99].

A study by Gratton et al. [100] investigated the cellular uptake and the internalization kinetics
of a variety of non-spherical PRINT particles ( particles produced by cationic poly(ethylene
glycol) cross-linked hydrogels produced by particle replication non-wetting templates). The

study revealed differences between the internalization of the morphologies into HelLa cells
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concluding that while aspect ratio affected the internalization the volume of the particles played
a major role as well.

An interesting study by Barua et a/.[101] demonstrated a cell-specificity exhibited by rod-like
nanoparticles functionalized with a targeting antibody, trastuzumab, towards breast cancer cell
lines when compared with spherical nanoparticles. The functionalized rod-like nanoparticles
exhibited a higher specificity of almost 1.5 times than spherical ones in all three cell types
which were chosen. Furthermore, the author tested whether the system could suppress the
inhibition of the BT-474 breast cancer cell line. Indeed, the results suggested that rod-like

nanoparticles presented a higher inhibition growth of the cells compared to the sphere systems
(Figure 23).
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Figure 23: a) SEM images of the spherical and rod-like nanoparticles used in the study (scale bar 500nm) and b)
depiction of the inhibition of the BT-474 breast cancer cell line by the antibody coated rod-like nanoparticles
(black bar), BSA-coated rod-like nanoparticles (grey line bar), coated spherical nanoparticles (gridded bar), BSA-
coated spherical nanoparticles (white bar) and the antibody trastuzumab in solution (gray bar). Figure published by
Barua et al.[101].

Of course, all these studies take into account other parameters that may affect the internalization
process and cellular uptake such as the charge of the nanoparticles, size, dosage concentration
and cell types as it would be inaccurate to suggest that the morphology is the only parameter
which affects the result each time[3], [99], [100]. Furthermore, the difference in the material
which was utilized in the synthesis of the nanoparticles affects each process, as the stiffness of

the nanoparticles would play a big role in the interaction with cell membrane and
internalization.
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Anisotropic morphology and drug delivery

Scarpa et al. investigated also the influence of the shape onto drug delivery capacity and
efficacy [5]. A combination of doxorubicin loaded tubular and spherical vesicles were
integrated in cancer cells and control cells. A different effect was observed for both cell lines.
An intense reduction of cell inhibition concentration (1Cso) for HelLa cells, almost by 12 times
when tubular morphology was involved compared to the spherical ones, was observed.
Furthermore, a selectivity index (SI) was reported as well to study the targeting abilities towards
cancer cells, which allowed the observation that loaded tubes presented a higher efficiency,

almost 10-fold, compared to free doxorubicin or loaded spheres.

Enhanced therapeutic effect has been reported when increased tumor cell apoptosis was
achieved with drug loaded filomicelles compared to the free drug [96]. Furthermore, the
filomicelle length played an important role as filomicelles of 8 um present better results than
shorter ones of 1 um. Synergetic effect was achieved when the longest filomicelles of 8 um
were combined with a higher drug dose, leading to increased cell apoptosis and tumor shrinkage
(Figure 24).
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Figure 24: a) Dependence of cell apoptosis on the length of filomicelles and b) tumor shrinkage dependence on

size of filomicelles. Reproduced from [96].

A recent study by Bai ef al. [102] studied the effect of tubular morphology and size on the
efficacy of drug delivery and cell apoptosis in cancer treatment. An amphiphilic copolymer of
cellulose-g-(CPT-6-OEGMA) consisting of poly (ethylene glycol), cellulose and 6-
hydroxyhexyl methacrylate modified camptothecin, which is glutathione responsive, was self-
assembled into prodrug cylindrical polymer brushes (CPBs) with three different lengths of
(CCO-1) 186nm, (CCO-2) 40nm and (CCO-3) 21nm respectively. The CPBs were incorporated
in three cell lines, two of which were cancerous cell lines HeLa, and MCF-7 while L929 was

42



Chapter |

tested as control. They were able to demonstrate the differences between the size of the samples
and the effect it has on tumor accumulation and penetration, circulation time and finally irn vivo
anticancer activity. While all three samples had a good interaction with the cancer cells, CCO3,
the smallest in length sample, presented a higher penetration which was to be expected due to
its size and the tendency of smaller particles to enter the cells due to the EPR effect. On the
other hand, a higher accumulation on the tumor site after 24 hours was observed for the longest
sample CCO-1 but that was attributed to its longer circulation time compared to the other two
samples. A longer circulation time for rod-like particles has been already discussed above [96]
and while all three of the analyzed samples have a rod-like morphology the length differs as
well as the interaction point of the samples. While the smallest particles, CC-O3, had a smaller

accumulation it presented the highest permeability between the three samples.

Interestingly, while the above results were expected if we consider the existing studies on rod-
like particles and the dependency on size with tumor accumulation and permeability the group
presented result on how size of rod-like particles affects tumor tissue shrinkage. When the
particles with the prodrug, CPT, were injected into MCF-7 tumor-bearing nude mice they
observed a slower tumor growth for the smallest COO-3 particles compared to the longest
particles. Specifically, while the control group with no particles injected had a tumor growth
by 8 times the original size, the CCO-3 sample had only a 1.7 increase while the CCO-1 and
CCO-2 group had an increase of 3.4 and 2.2 respectively. While the CCO-3 group had the
smallest increase it is still remarkable that all the rod-like particles had a significant effect on

the final size of the tumors (Figure 25).
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Figure 25: a) Schematic representation of the observed properties of the polymer brushes CCO-1, CCO-2 and
CCO-3, b) effect on the tumor volume after 12 days of treatment with no polymer brushes (control), CCO-1, CCO-
2 and CCO-3, and c) inhibition of the tumor after 12 days of treatment. Reproduced from [102].

Another study which explored the anticancer activity of rod-like particles was published in
2016 by Li et al.[103]. The study included extensive research on the effects of rod-like particles
on tumor suppression compared with spherical particles as well as the effects of morphology
on internalization and blood circulation. Polymeric nanoparticles (NPs) consisting of PEG-b-
PCL diblock copolymer loaded with doxorubicin were studied both in vitro and in vivo either
with HeLa and HepG2 cancer cell lines or with mice Belb/c bearing an H22 tumor respectively.
Three different samples were prepared, with one of a spherical morphology and two rod-like
morphologies differentiating in their diameter and length, 20nmx300nm and 40nmx600nm.
The in vivo results presented particularly interesting results when it came to the
pharmacokinetics of the doxorubicin loaded NPs compared to free doxorubicin in the mice.
Specifically, they detected a significant difference between the clearance time of each NP as
well as free doxorubicin, with the longest rod-like doxorubicin loaded sample presenting the
longest circulation time and the slowest elimination after 24 hours with 30.43 + 2.96% of the
injected dose to be still present. The elimination half-life (t2p) was the highest between all the

all the samples suggesting that there was a difference between morphologies (Figure 26).
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Figure 26: A) Presentation of the pharmacokinetic profile of all samples including free DOX after intravenous
injection (S@DOX: spherical micelles, SR@DOX: short rod-like micelle and LR@DOX: long rod-like micelle),
B) Table of various pharmacokinetic parameters after injection. Reproduced from Li et al.[103].

Furthermore, the study presented results which confirmed how this NPs can increase tumor

suppression and how it is differentiated between morphologies. Specifically, while the control

group (consisting of 0.9% saline solution and blank micelles groups) demonstrated a fast tumor
growth from 25.08 + 1.85 to 1281.49 + 81.2 mm? after 21 days the DOX loaded micelles

presented a suppressed increase of tumor volume with the LR@DOX i.e., long rod-like micelle,

appearing to have the highest suppression of volume increase, only reaching 292.34 + 93.02

mm? (Figure 26a). Moreover, immunological analysis was performed on tumor sections on the
10" and 21% day post injection and the apoptotic rate was calculated using the results of TUNEL
(TdT-mediated dUTP nick end labeling) analysis. Once more the LR@DOX micelles presented
an increased apoptotic rate of 86.3 + 2.03% which was higher than all the other micelles-DOX

formulations (Figure 26b).
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Figure 27: a) Tumor volume change after treatment of the H22 tumor-bearing Balb/c mice with different micelle
samples at a dose of 2mg-kg* (Saline: control group, S: spherical micelle with no DOX, SP: short rod-like micelle
no DOX, LR: long rod-lie micelle no DOX, DOX: free doxorubicin, S@DOX: spherical micelles loaded with
DOX, SR@DOX: short rod-like micelle and LR@DOX: long rod-like micelle loaded with DOX. b) Apoptotic rate
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calculated for all micelle formulation including DOX loaded and non-loaded micelles. Reproduced from Li et
al.[103].

Such results clearly confirmed both the potential of rod-like systems to act as anticancer
systems but once more demonstrated how different morphologies and size affect the final

activity.

Another fascinating study conducted by Garbuzenco et al.[104] published in 2014 which
explored the anti-cancer properties of anisotropic nanoparticles combined with two drugs. More
specifically, the study explored the synthesis of Janus nanoparticles comprised of a polymer,
poly(lactic-co-glycolic acid) (PLGA) and a lipid, Precirol ATO 5. The resulting nanoparticles
were self-assembled with two drugs, one hydrophobic, curcumin and one hydrophilic
doxorubicin (DOX). The efficacy of the anisotropic nanoparticles against lung cancer was
tested on mice which exhibited lung cancer, due to the transfer of a human cancer cell line
A549. The combination of the anisotropic particles along with the two drugs was the most
successful treatment in suppressing, almost completely, the growth of the tumors which
remained in the original size of ~50 mm?® when the treatment was administered via inhalation.
While treatment with just doxorubicin or the nanoparticles alone or containing only one of the

two drugs did not allow for similar results (Figure 28a-c).

Interestingly, when studying the distribution of the loaded nanoparticles via the inhalation
method, they were able to detect that the nanoparticles of a larger size, 450nm, were more
apparent in lungs after 1 hour of treatment and were still present after 24hours compared to
smaller ones of 150nm, suggesting that the anisotropic nanoparticles had a good accumulation
at the target site with the larger ones presenting better results (Figure 28d-h). Finally, cellular
internalization was studied on the cancer line A-549 and the anisotropic nanoparticles were
mainly present in the cytoplasm and the nuclei, suggesting a good internalization process as

well.

While these results can not only be attributed to the morphology since the main component of
the anti-cancer activity in this case was the combination of the two drugs, but it is also important
to acknowledge it as a key parameter. The presence of the nanoparticles in the system was
important enough to affect the shrinkage of the tumor even when only one drug was involved

and to a higher degree than just the drug alone, for example free DOX (Figure 28c¢).
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Figure 28: Figure reproduced from [104]. a) Depicting the tumor growth on the mice before and after treatment
with the Janus nanoparticles loaded with DOX and curcumin via optical imaging and b) via magnetic resonance
imaging. c) Figure depicting the tumor growth suppression after treatment with various systems and d-h) figures of
the biodistribution of two sizes Janus loaded nanoparticles in various organ sites of mice via inhalation d-e) after

one hour of treatment for 150nm and 450nm nanoparticles respectively and g-h) after 24 hours of treatment.

A study published in 2017 by Debele et al. [105] demonstrated the effects of rod-like micelles
as potential colon cancer treatment. Specifically, a drug combination of doxorubicin and a-T0S
(a-tochopheryl succinate) was formulated with micelles which were self-assembled from a
copolymer of poly(ethylene glycol)-b-poly(hydroxypropyl methacrylamide-g-a-tocopheryl
succinate-g-histidine). The complexation of doxorubicin with histidine forced the spherical
micelles to rearrange into rod-like micelles resulting in an anisotropic system. Herein the
researchers were able to detect that the system had a good accumulation for the human colon
cancer cell line HCT116 and a low macrophage uptake, at least in the first 6 hours post
treatment, suggesting a good circulation time. While the study does not attribute the mechanism
of action to the morphology it is interesting to note that the rod-like micelles had a good
targeting towards the tumor cite (Figure 29) and doxorubicin was able to be released into the

cytosol in vitro in the HCT116 cell line, suggesting a good internalization of the rod-like
micelles.
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Figure 29: Figure from [105] displaying the biodistribution in the organs of HCT116 colon cancel baring mice 24

hours post-treatment with the drug-loaded rod-like micelles.

Finally, some studies have suggested that ellipsoid polymersomes exhibit an enhanced cell-
targeting ability when compared to their spherical counterparts. For example Lai et al. [106]
presented ellipsoidal polymersomes consisting of poly(2-hydroxyethyl aspartamide) which was
substituted with octadecyl chains (PHEA-g-Cig) and functionalized to various degrees with
PEG. The self-assembled polymersomes were functionalized with an RGD peptide in order to
add a targeting moiety. The study was able to demonstrate that the ellipsoidal polymersomes
had a higher affinity on a model tissue than spherical polymersomes, a characteristic which was

attributed to the longer axis of the ellipsoidal morphology which allowed for a better adhesion.

From this part of the chapter, it has been demonstrated that a lot of research has been navigated
towards the properties of non-spherical nanoparticles in nanomedicine over the last decades. It
has been exhibited that some anisotropic morphologies bear advantages in increased circulation
times, cell internalization and enhanced drug delivery. Of course, many parameters are at large
and each system should be tailored for the delivery site and cell type [107]. Nonetheless, there

seems to be an interest in anisotropic morphologies due to the advantages that they offer.
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Cell disruption via Mechanical force:

Theoretical point of view:

Nanomedicine has been focusing mostly on systems that can transport active substances to a
targeting area, either by drug encapsulation into a self-assembled nanocarrier, such as micelles,
but also polymersomes which are the polymeric analogues of liposomes, and controlled release
by a local trigger in the tumor environment (lower pH, oxidative stress or enzymes) or by
utilizing an alternating magnetic field (AMF) combined with the heating capacity of magnetic
nanoparticles. All these methods, although successful, tend to provide a more passive approach
on cell apoptosis. Interestingly, a new approach has been emerging over the latest years, which
offers a more “practical” and targeted solution. The main theme consists of applying
mechanical forces onto the membranes of cell compartments that when strong enough could
create a disruption of said membranes. This disruption will then initiate a chain of events, most
likely a cellular pathway for membrane repair, but powerful enough to destroy directly or

disrupt the membrane in a fashion that can possibly lead to cell apoptosis.

To achieve such mechanical force from the inside of the cells, particles capable of reacting to
external stimuli need to be incorporated. Thus, the idea of magnetic nanoparticles that can react
to an outside magnetic field to yield a response has started to gain momentum. Since decades,
magnetic nanoparticles have been investigated for magnetic hyperthermia, a technique in which
cancer cell apoptosis is achieved after an alternating magnetic field (AMF) with high
frequencies, usually ranging between 100 to 700 kHz, is applied on iron oxide magnetic
nanoparticles accumulated at a tumor place, which in turn produce heat in response with the
temperature ranging between 43 and 46 °C [108], [109], [110]. While AMF can enter deep
tissue, the disadvantage of the technique lies on the lack of temperature control and
consequently of uncontrolled necrosis of tissue. On another hand, when a magnetic field with
low frequencies, usually less than 1000 Hz (Figure 30), is applied, iron oxide nanoparticles
present a different response and are able to produce a mechanical force or torque without
producing heat [111].
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Figure 30: A schematic depiction of the frequencies and amplitude required for various techniques involving
MNPs. Reproduced from Golovin et al.[112].

As described by Golovin et al [113], when such low frequencies are applied, MNPs undergo
mechanical rotational oscillations, a process that is named nanomagnetic mechanical activation
(NMMA) and has been reported already in a multitude of studies as described below. The
mechanical torque or rotation moment L (L=p*B) with p the magnetic moment of the
nanoparticles and B the magnetic field amplitude imposed on the MNPs under a uniform AMF
is responsible for forcing the MNPs in a rotational vibrational motion. When the MNPs are put
under a non-homogeneous magnetic field, forces F are produced that can be utilized to create
change and initiate a variety of responses. The later can be exploited for many purposes, such
as targeted cell apoptosis but also other for other applications [114]. For instance, various
studies have explored this motion to know whether it could activate ion channels in cells,
control enzyme catalytic activity, change mechanical properties of cells to detect early stages
of various diseases as well as achieve target drug delivery to cells simply by inducing a force
strong enough to activate specific pathways. It is important to note that to induce any of the
processes above it is imperative to achieve enough force by the MNPs. For example, ion
channel activation dictates forces between 0.2 and 10 pN, activation of cellular membrane
receptors requires 10 to 50 pN while the destruction of cellular membranes requires higher

forces from 60 to 150 pN as tested by single-molecule force spectroscopy techniques [115].

To understand why the MNPs undergo oscillations that can force any type of mechanical
change in a system, it is important to understand how the magnetic field acts on them and their
magnetic moments. When single-domain superparamagnetic MNPs are dispersed in a medium,
their magnetic moments p are randomly oriented but when external AMF is applied, MNPs

begin to perform rotational oscillations to achieve a magnetic ordering. Néel relaxation and
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Brownian relaxation are two competing relaxation pathways for the magnetic moments p when
an AMF is applied [70]. Both produce a different effect on the MNPs and their magnetic
moments. More specifically when the magnetic moment of the nanoparticle rotates without full
rotation of the nanoparticle itself, then Néel relaxation takes place and heat is produced. This

mechanism is the one aimed for magnetic hyperthermia.

On another hand, when the magnetic moment of the nanoparticle remains frozen but the particle
itself rotates, Brownian relaxation takes place, resulting in no heat production and shear stress
in the medium [71]. Both relaxations can occur simultaneously, and their appearance depends
on the size of the MNPs, the viscosity of the dispersed liquid and the frequency of the magnetic

field, due to the relaxation time t favored for each frequency. The relaxation time[28, 29] for

Néel relaxation is stated as tn= %" /nZ—IT/eKV/ kT with K being the anisotropy constant of the

particle and V its volume. While Brownian relaxation time [117] is dependent on the

hydrodynamic volume Vy of the particle and the viscosity of the liquid n with the Brownian

3nVy

relaxation time tg being: T

From Figure 31, it can be seen that Brownian motion favors nanoparticles with larger
hydrodynamic volume while Néel relaxation smaller ones, in constant conditions at room
temperature. As already said, the mechanisms can appear simultaneously and thus the effective
1
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Figure 31: Relation between the effective relaxation time of single-domain magnetite MNPs and their diameter.

Reproduced from [71].
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While Figure 31 demonstrates that smaller MNPs tend to favor Néel relaxation it is
counterintuitive that smaller sizes are mostly utilized in literature for nanomagnetic mechanical
activation, and the opposite would be favorable. But it is important to remember that MNP
relaxation is also dependent on the frequency of the magnetic field. Specifically, for NMMA
the frequencies are much lower, as already discussed above, lower than 1000 Hz and since the
typically Brownian systems are in the order of 10° s for a frequency of 15 kHz it would be
natural to assume that for even lower frequencies as the ones utilized in the NMMA systems
this relaxation motion would be dominant. For example, free MNPs with a radius of 5-7 nm

exhibit Brownian relaxation faster than Neéel relaxation in lower frequency AMF [118].

Various parameters play a role when it comes to cell apoptosis due to magneto-mechanical
response such as the type of magnetic field, i.e. alternating (AMF) or rotating magnetic field
(RMF), the magnitude of the magnetic field (expressed as Haxc in KA-m™ or By in mT) as well
as frequency (in Hz) and time of exposure [119], [120]. Moreover, concentration, size and shape
of the nanoparticles play also a major role. Spherical, rod like, anisotropic or more complex
morphologies [33-35] (Figure 32) result in different outcomes. Whether the nanoparticles are
functionalized with target specific moieties that can offer them better internalization or even
attachment to the cell membrane, such as anchoring to the plasma membrane or cytoskeleton,
could yield better cell apoptosis results due to higher affinity and stronger interactions.[124],
[125].

Topological taxonomy of MNPs
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Figure 32: Demonstration of the variety of shapes for MNPs that can be used for magneto-mechanical actuation

from Golovin ef al.[115].

The physicochemical interactions of the MNPs must be also considered, such as VVan der Waals
interactions or hydrogen and electrostatic bonding. Besides, dipole-dipole moments between
MNPs closely packed in a medium will inevitably affect their acting mechanism and can only
be ignored when the MNPs are coated with a nonmagnetic shell, for example gold shell [126].

It is important to consider the viscosity of the liquid which embeds the MNPs and offers an
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additional viscous resistance. The ways the nanoparticles respond to the field crucially impacts
the outcome, for example, whether the NPs respond in an individual way to the field or
aggregate and give a group reaction would result in a different mechanism of action [39-40].
Finally, the internalization and final placement of NPs in the cells will inevitably affect their

mechanism of reaction [129].

Golovin et al. have published a variety of studies on how magnetic nanoparticles act under an
alternating magnetic field and what are the theoretical forces that can potentially be produced
by a variety of morphologies and conformations [23-25,30,38,42]. The authors have presented
comprehensive explanations and calculations for each morphology. For example, single
nanoparticles with a core size of 10 nm can produce a small force F of around 0.1 pN when
under a non-uniform magnetic field of 0.1 T, which may not be enough for membrane
destruction but can be exploited for other purposes. Of course, it is important to consider here
whether the MNPs are attached to a targeted macromolecule or protein, enzyme etc. and how
this attachment may affect the resulting force. As they suggest, the theoretical contact point
would produce a force with higher magnitudes such as 100-400 pN for same size MNPs and a
magnetic field of 1T. Such an increase is due to the support that the attachment of the MNPs

onto the macromolecule offered, or as the author writes, counter-body.

The forces produced by each morphology differ with each other as can be expected since the
contact points each morphology can offer differ as well. For example, a rod like magnetic
nanoparticle, with a length L and a magnetic moment p along its long axis, when attached to a
membrane can produce forces from its tips [23,25]. The authors describe the motion of the
MNP when a non-homogeneous AMF is applied, as a kayak paddle. Such oscillation will
produce forces on the tips of the particle which will affect the membrane they are in contact
with (Figure 33).
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Figure 33: Rod like MNP attached to a membrane and the forces F produced from [115].

Interestingly according to the equation F,= JspVB,/L the force F, does not depend on the length
of the MNP, with V=D**L with D being the diameter of MNP. Here the calculated pressure
P=F,/D? that was found to be produced by the tips of the MNPs was found to be 40 kPa which
is a lot higher that the stiffness of a cytoskeleton’s membrane, deeming these MNPs capable to

ensue possible damage on attached cells, based on these theoretical values.

To increase the forces produced by magnetic nanoparticles the use of aggregates instead of rod-
like nanoparticles would be better. In this case, the aggregation of MNPs due the application of
a magnetic field would increase the total magnetic moment of the system when compared to a
single MNP. Through theoretical calculations by Golovin et al. [115] closely positioned MNPs
whose magnetic moments are aligned under the AMF will form a worm-like structure due to
their attraction to each other in order to achieve a minimal magnetostatic interaction energy Up.
o. Thus, if the aggregates are stable enough, they could be exploited in order to create a system

that has more potential as mechanical actuators.
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Experimental literature on magneto-mechanical actuation:

From a theoretical standpoint, MNPs can be used as actuators that can cause a variety of
possible mechanical changes or deformations in a system, by the shear strain that is produced
after a magnetic field with low frequencies is applied as already mentioned in many studies.
For instance, ultra small iron oxide magnetic nanoparticles (USPIONSs) small as 6 nm were
combined with a rotating magnetic field (RMF) and were able to cause cell apoptosis up to 34%
rate of cell viability of a specific pancreatic cancer cell line [131]. A low amplitude magnetic
field of 40 mT with 1 Hz frequency was found to offer the best results while higher amplitudes
did not help to increase cell apoptosis. Furthermore, the authors investigated the mechanism
responsible for the observed apoptosis by the mechanical forces produced. Specifically, after
staining cells loaded with USPIONs with Lysotracker, a fluorescent dye which specifically
labels the lysosomal compartments, and applying a RMF, they discovered that a lysosomal

rupture is visible (Figure 34).
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Figure 34: Flow cytometry result quantifying the lysosomal rupture with and without the application of RMF and
USPIONS. Reproduced from [131].

Following the lysosomal rupture, they investigated which enzymes of the inflammatory cascade
were, at least partially, responsible for cell apoptosis and concluded that cathepsin-B plays a
major role. Specifically, they incubated USPIONs functionalized by a targeting ligand (gastrin)
with cells which had an inhibitor for cathepsin-B or not, as well as an inhibitor or not for
cathepsin-D. The results suggested that in the absence of a cathepsin-B inhibitor and the
presence of a RMF, the USPIONs were able to cause cell apoptosis with the produced torque,

whereas when the inhibitor was present, cell apoptosis was prevented (Figure 35).
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Figure 35: Effect of cathepsin-B activity on cell death percentage. Reproduced from [131].

In another study, anisotropic disk-shaped NiFe vortex particles (1 um diameter) were utilized
as mechanical actuators in order to cause cell apoptosis of a human renal cancer cell line in
vitro [122]. Specifically, the main focus was to cause membrane disruption but not destruction,
by attaching the particles onto cancer cell membranes. It was made possible by functionalizing
the particles with an antibody; anti hCA9 rabbit polyclonal 1gG, in order to target one of the
common hypoxia cell markers called Carbonic anhydrase CA9 which has been shown to over
express in tumors but not in healthy cells [44,45]. The disks were incubated with SKRC-59
hCAQ9 cells and an amount of 30 disks was found to be bound per cell. An alternating magnetic
field of 30 mT was applied onto the cells, with a frequency of 20 Hz for 1 h, and finally the
cells were incubated for another 6 h. After the previously described process, renal cell viability
was checked and a decrease by almost 70% of viable cells was observed, when compared to

control cells with no magneto-mechanical treatment (Figure 36).
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Figure 36: a) Optical microscopy results comparing control cells (i), control cells incubated with the
functionalized disks (ii) and cells after the alternating magnetic field treatment (iii). b) Cell counting on control
cells and after the treatment of cells incubated with functionalized disks. Reproduced from [122].

Further confirmation on the apoptosis was observed by flow cytometry where the treated cells
were stained with Alexa Fluor 488 annexin V to target the necrotic as well as the apoptotic cells
and propidium iodide which targets the nucleus region of necrotic cells. Herein, it was observed
an increase of the apoptotic cells while also a visible decrease of viable cells and cell population
in general, confirming the original optical microscopy results. The mechanism of the magneto-
mechanical caused apoptosis was investigated as well and was ascribed to the activation of an
intracellular biochemical response which was triggered by the extracellular membrane
vibrations. The authors suggest that ion Ca channels were activated and resulted in a caspase
activation, which leads to cellular apoptosis.[134]

In another study, a combination of antibody functionalized spherical nanoparticles with a
dynamic field (DMF), which forces the MNPs to rotate around their axes, were utilized in order
to study how DMF affects internalization of MNPs into cells as well as cell apoptosis and their
effect on lysosomes [124]. More specifically, spherical nanoparticles with a size of 100 nm
were divided in two groups with one being functionalized with an antibody specific to the
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membrane of lysosomes, LAMP1 and the second one was left non-functionalized. Both MNPs
were incubated with rat insulinoma cells (INS-1) and studied for the effect of the DMF on their
internalization. LAMP1-MNPs provided a higher internalization, 21.2% compared to non-

functionalized MNPs,13.3% after an application of DMF with 20 Hz frequency.

Further, Zhang et al. studied the effect of the MNPs and DMF on lysosomes and whether this
combination is capable of their disruption. Indeed, after following up with the florescent
intensity of LysoTracker Green, a lysosomal compartment tracker, they observed a decrease of
intensity after another 20 min treatment with DMF in the cells that contained LAMP1-MNPs
compared to non-functionalized MNPs where the intensity drop was not substantial (Figure
13). Such an interesting distinctive behavior between the MNPs effect may be explained by the
fact that the LAMP-1MNPs are attached onto the membrane and thus when rotating under the
DMF the destruction of the membrane is more probable while during the rotation of the
unattached MNPs, the disturbance of the membrane is not as intense. Such a hypothesis is
proven in the same study after testing the pH change of cell compartments. Specifically, after
lysosomal destruction, the acidic compartments in the cell would decrease in volume and to test
such a thing an acidotropic probe was employed to measure the intensity decrease of
LysoSensor green DND 189. Herein, the intensity decreased significantly more with the
combination of LAMP-1MNPs and DMF when compared to bare MNPs and DMF, 368 AU/cell
compared to 769.5AU/cell (Figure 37).
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Figure 37: a) Cells embedded with MNPs stained with Lysotracker Green with and without DMF treatment, b)
fluorescence intensity decrease of Lysotracker Green and c) fluorescence intensity decrease of LysoSensor green.
Reproduced from [124].
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Another study, demonstrating magneto-mechanical actuation, employed small
superparamagnetic iron oxide nanoparticles (SPIONSs) in order to create disruption of cell
membrane facilitated by an AC alternating magnetic field (AMF) with a rather low radio-
frequency of 50 kHz [130]. SPIONs with a size ranging from 7 to 8 nm were functionalized
with a variety of copolymers, with specific emphasis given on PAA-P85-SMNPs Poly(acrylic
acid)-Pluronic P85.They were incorporated in two carcinogenic, MDA-MB-231 and BT474
cell lines as well as a non-carcinogenic cell line MCF10A. Application of a low frequency
pulsed or continuous AMF resulted in a reduction of cell viability for the carcinogenic cell lines
while on the other hand the non-carcinogenic line presented no significant change suggesting
specificity in this method for cancerous cells. Specifically, at a concentration of 0.05 mg/mL of
PAA-P85-SMNPs, both cancerous cell lines presented a reduction in cell viability but reacted
differently depending on the regime that was used. For example, MDA-MB-231 presented 50%
cell viability in the pulsed regime, and no cell viability reduction for the continuous one, while
BT474 presented 25% reduction of cell viability compared to 50% reduction in continuous
flow, suggesting that the pulsed regime yielded better results. On another hand, MCF10A

presented no response to neither pulsed nor continuous regime (Figure 38).
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Figure 38: Cell viability and effect of exposure to alternating magnetic fields with different values and regimes for
a)MDA-MB-231, b)BT474 and c)MCF10A. Reproduced from[130].

The mechanism of cell apoptosis was also investigated. It appeared to be different for the
mechanism described above [124], more specifically no lysosomal rupture was observed, with
the lysosomes remaining intact and no leakage of their acidic compartments to the cytosol. The
reduction of cell viability was attributed to the disruption of actin skeleton, a key element in the
cytoskeleton which is highly intertwined with the lysosomal system of the cells and has been
shown already as an important parameter that could lead to cell apoptosis [135]. It was
confirmed by confocal microscopy which showed a disruption of the actin cytoskeleton of the
cancerous cell lines but not for the control cell line due to the higher fragility of the cytoskeleton
of cancerous cells when magneto-mechanical forces were applied, leading to cell apoptosis
(Figure 39).
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Figure 39: Confocal images of actin (green) disruption before and after the application of alternating magnetic
field. Reproduced from [130].

Another study utilized a low frequency magnetic field (LF RMF) to induce glioblastoma cell
apoptosis both in vitro and in vivo [136]. Disk-shaped microparticles (MP) of 2 pm diameter
(NigoFe20/5 nm Au) were incubated in vitro in human glioblastoma cell line U87 followed by a
treatment with a rotating magnetic field of 1T magnitude and 20 Hz frequency. After 30 min of
treatment, the cells presented evident disruption of their cellular compartments. The
internalization mechanism of the disks which was studied by TEM, suggested that they were
accumulated near the nuclear membrane of the cells yet did not cause any cellular destruction
without any LFMF treatment. After 1 min of treatment, cells exhibited an immediate shape
change and beginning of destruction (Figure 40a). To study whether these MPs can cause cell
apoptosis and tumor growth inhibition in vivo, U87 cells already incubated with MPs were
injected into athymic nude mice. The mice were treated with RMF for 1 h per day for 7 days.
21 days after the treatment, 60% of the treated group appeared to have a controlled tumor size
while 28 days after the treatment, 40% had no tumor signal, as followed by bioluminescence
imaging (BLI) of a luciferase gene capable of tracking tumor growth. On the other hand, the
control group that had not undergone LFRMF treatment but was injected with the U87MPs
showed a little tumor decrease after 50 days (Figure 40b). Such results indicated that that a
combination of the disks with LF RMF treatment could succeed in controlling the growth of

the tumor.
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Figure 40: a) TEM images of U87 cells with or without MPs before and after treatment with LFMF and b)
Bioluminescence imaging of in vivo implantation of MPs in mice and the progress of tumor growth during and
after the LF RLF treatment. Reproduced from [136].

A more recent study also investigated the possible damaging effects of a LF RMF on
glioblastoma cancer cells due to lysosomal membrane disruption [127]. In this case, 62 nm size
cube shaped iron oxide magnetic nanoparticles, dopped with zinc, did not cause disruption by
rotation around their axes as in previous studies but formed anisotropic linear aggregates during
the application of the field. These chains subsequently rotated, creating enough movement that
produced strong enough forces in response to the field causing a disruption of the lysosomal

membrane, leading to cell apoptosis.

The same cancer glioma cell line as discussed above, U87, was utilized to embed nanoparticles
functionalized with the EGF peptide, which made them target specifically the tumor cell
membrane. The nanoparticles were rendered non-toxic up to 200 mg/mL and were found to
accumulate mostly in the lysosomes of the cells. ARMF at low frequency of 15 Hz was found
to be enough to cause aggregation of the nanoparticles inside the lysosomes and damage their
membranes, resulting in a change of cell morphology and in some cases membrane destruction,
with the treated cells to present almost 58% membrane destruction. The process was visualized
via by PI staining, a dye staining cells with compromised membranes [137]. Finally, cell
viability was investigated by staining cells with Annexin V, a protein involved in cell
membrane repair, in order to follow the apoptotic cells, [138] and after a three day treatment of
RMF, 90% of the cells appeared to be damaged (Figure 41).
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Figure 41: Fluorescence micrographs of cells embedded with EGF-MNPs before and after RMF treatment, stained
with Calcein AM for alive cells (green fluorescence) and PI for dead cells (red fluorescence). Reproduced from
[127].

A similar study depicting cell apoptosis via formation of elongated iron oxide nanoparticles
aggregates under the application of an alternating magnetic field was published [128]. An AMF
was applied on breast cancer MDA-MB-231 cells embedding 80 nm diameter
superparamagnetic iron oxide nanoparticles, resulting in linear aggregate formation of the NPs
inside the cells in the direction of the field. The aggregate formation caused significant
movement capable of achieving cell apoptosis in the range of 26% 1 day after treatment with a

very high amplitude (4.7 T) magnetic field at a low frequency of 5.4 kHz (Figure 42).

Figure 42: TEM images of MDA-MB-231 cells embedded with MNPs after the application of 4.7 T magnetic
field. Reproduced from [128].
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Glioblastoma cell membrane destruction was also investigated by utilizing iron-nickel disks
and their response to an AMF [125]. A specific target biofunctionalization of the disks with
anti-human-IL13a2R antibody was performed to specifically target the cells. The anisotropic
disk shape morphology aided the membrane destruction after the application of the field.
Specifically, when a field is applied, the torque created aligned the disks in the field direction
causing rotation of the disks which were anchored onto the membrane. Interestingly, the authors
found that smaller frequencies of 10 and 20 Hz were able to induce higher cell apoptosis results
compared to higher frequencies, 90% compared to 75% and lower. Evident morphological
change, loss of structural integrity as well as “edges” on the cell surface were some of the
observed phenomena.

Multiwalled carbon nanotubes (MWCNTS) exhibiting magnetic properties were also reported
to induce cell apoptosis after an application of a rotating magnetic field to breast cancer cells
MCF-7 [139]. The nanotubes were observed to cause membrane permeabilization and structural
changes after RMF application of minimum 40 mT due to their magnetic nature, which allowed
them to rotate or create aggregates that responded to the field with movement. Such response
was able to cause cell membrane damage and surface roughness, specifically when magnetic
fields higher than 40 mT were applied, together with leakage of lactate dehydrogenase (LDH)

enzyme, which was observed, thereby verifying cell membrane damage [140] (Figure 43).
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Figure 43: LDH leakage from cells. Reproduced from [139].

A more recent study employed anisotropic rectangular Fe-Cr-Nb-B microparticles (MPs) as
magneto-mechanical actuators to cause cell apoptosis to MG-63 human osteosarcoma (HOS)
and Normal Human Dermal Fibroblasts (NHDF), while applying a low frequency rotating
magnetic field [123]. The authors investigated the correlation between concentration,
frequency, and magnitude of magnetic field on cell viability. The highest concentration of 5
mg/mL of MPs presented the highest apoptosis value, while when keeping the concentration at

2 mg/mL and changing frequencies, it was found that above 50 Hz, cell viability increased, a

63



Chapter |

phenomenon which was explained by the MPs inability to react anymore to the rotating field
efficiently (asynchronous rotation). Time of exposure exhibited linear correlation with cell
viability decrease, accordingly. Interestingly, when stable parameters were chosen for cancer
cells and non-cancerous cells, cell viability decreased by 40% for MG-63 while NHDF showed
no decrease, suggesting a difference in the structure between cancerous and healthy cells, which
affects the stability of the membranes a phenomenon which was already discussed above [130]
suggesting the structural weakness of the cytoskeleton of cancer cells to be a possible
explanation. Finally, while investigating the mechanism by which the MPs cause cell apoptosis,
it was observed that the nanoparticles were located mainly on the cell membrane and in the
cytosol, thus when rotating field was applied, their mechanism of rotation impacted cellular

outer membranes and did not involve lysosomal damage as in the studies presented above [124].

As can be seen from the above studies, magneto-mechanical actuation can indeed be achieved
via the utilization of iron oxide nanoparticles and various architectures of magnetic
nanoparticles can be employed to achieve possible cell apoptosis such as spheres, disks, cube
and rods. Smaller frequencies are utilized for magneto-mechanical actuation in order to ensure
heat production but also to induce Brownian relaxation which forces the nanoparticles to
produce a mechanical force which in turn can be utilized. Both rotating magnetic field (RMF)
and alternating magnetic field (AMF) seem to be able to produce the desired torque from
nanoparticles while low frequencies are applied. Via magneto-mechanical actuation, cell
apoptosis was indeed possible but the biological pathways which are followed need further

investigation.
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Conclusion:

In this chapter we have explored the difference between polymersomes and why they are
considered a good alternative to liposomes as to act as drug delivery agents. Mainly
polymersomes exhibit an extraordinary capacity in enclosing both hydrophilic and hydrophobic
cargo simultaneously. It is possible to synthesize polymersomes by utilizing a big range of
polymers thus the final characteristics are easily tunable, such as size, length of membrane and
responsiveness to various stimuli. Furthermore, polymersomes are able to be formed from a
variety of copolymers such as diblock, triblock, brush, graft etc. Further on, stimuli-responsive
polymersomes were discussed with a particular interest in magnetic polymersomes and their
ability in deforming under a magnetic field. To study the advantages of elongated structures we
discussed how various anisotropic morphologies compare to classical spherical morphologies
which are usually chosen as drug-delivery agents. Their advantages are discussed, such as a
longer circulation time, better internalization, and cell uptake. As well as better drug delivery
capabilities due to those advantages. Finally, magneto-mechanical actuation of iron oxide
nanoparticles (IONPs) is discussed as a possible route to cause cell disruption that may lead to
cell death. In this context, the behavior of IONPs under rotating magnetic field is described and

various literature is reported which proves the concept of magneto-mechanical actuation.

The goal of this thesis was to synthesize magnetic polymersomes whose morphology would be
able to shift from spherical to an elongated one under a static magnetic field. Furthermore, the
elongated morphology would be stabilized via cross-linking to ensure its anisotropy once the
field would no longer be applied. The point of creating an anisotropic morphology was based
on the idea of magneto-mechanical destruction, meaning that our system could act as an
actuator of cell destruction ones it was internalized and the static magnetic field was applied.
In this context we first studied the synthesis of two copolymeric systems which could be utilized
in the polymersome formation. A graft copolymer PEG-h-TDOC-g-PI and a triblock copolymer
PEG-b-PTMC-b-Pl were chosen as the two systems whose synthesis and self-assembly
behavior were studied. Furthermore, we synthesized hydrophobically coated iron oxide
nanoparticles and studied the self-assembly behavior of the polymeric system along with the
IONPs, were the polymersome morphology was confirmed. The final magnetic polymersomes
were studied under a static magnetic field of 0.4T were the elongation of the polymersomes
was stabilized via a UV cross-linking of the hydrophobic membrane. The elongated

morphologies were also studied via TEM and SANS analysis were their formation was verified.
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Introduction:

One of the main challenges in our study of elongated magnetic polymersomes was to achieve
an adequate cross-linking of the hydrophobic membrane, capable of keeping the elongation
even after the magnetic field was removed. Many possible solutions were investigated
throughout this PhD project, one of those being the synthesis of a graft copolymer, which would
present a hydrophobic side chain bearing groups with cross-linking potential. This side chain
would act as an element of the hydrophobic membrane of the polymersome system, and due to
the arborescent nature of a graft copolymer, the chains would theoretically intertwine with one
another resulting in a stronger contact after cross-linking and allow a better network formation

than for example a linear block copolymer would offer.

In order to produce polymersomes that were flexible enough to induce elongation when a
magnetic field was applied, elastomeric polymers were chosen. In our case, poly(isoprene) (PI)
was chosen due to its rubbery state (i.e. of low Tg) allowing thus elongation when a magnetic
field of sufficient intensity would be applied and a functionalized PTMC-like polymer with
amine pendant groups, later called poly(amino trimethylene carbonate) (PATC), due to its
similarity to poly(trimethylene) carbonate (PTMC), a polymer very well known for its
elastomeric properties. Thus, this chapter is dedicated to explore the synthesis and
characterization of a variety of graft copolymers, more precisely amphiphilic block-brush
copolymers which self-assembly has been studied, in literature [1]. Under certain
circumstances, comb-like polymers with grafted hydrophobic chains can self-assemble into
vesicular structures, as evidenced by Ibrahimova et al. [2] with fatty chains grafted along the
polypeptide backbone of elastin-like peptides (ELPs). In this work, MeO-PEG114-OH (M, =
5000 g-mol™) was chosen as the macroinitiator of the ring opening polymerization (ROP) to
serve as the hydrophilic block of the graft copolymer due to its known and well-studied
biocompatible properties and stealth effect in biological media (i.e. repelling blood serum

proteins).

In this research project (ANR MAVERICK), the controlled degradation of commercially cis
1,4-polyisoprene resulting in carbonyl ended heterotelechelic poly(isoprene) with a controlled
molar mass has been studied and further verified from previous work in the laboratory [3-5].
This carbonyl end heterotelechelic feature was utilized for the post-polymerization
functionalization of the diblock copolymer via the use of reductive amination reaction, which
includes the formation of an imine between the amine and an aldehyde group and its further
reduction by the use of a reducing agent, which in this case was chosen to be sodium

triacetoxyborohydride (NaBH(OAC)s) [6-8]. This reducing agent offers a less toxic effect when

78



Chapter Il

compared to sodium cyanoborohydride (NaBHs;CN) and is also capable to selectively reduce
aldehydes and not ketone groups [9]. This specific selectivity was crucial for this synthetic

route since the carbonyl ended heterotelechelic poly(isoprene) presents both groups on its end,
an aldehyde and a ketone.

To produce copolymers that would be able to self-assemble into polymersomes, various studies
have concluded that the hydrophilic weight fraction is a key parameter. For example, for PEG-
b-PTMC, the ideal hydrophilic fraction (frz) should be less than 20%, with latest study by
Lebleu et al. [10] presenting a system of PEGas-b-PTMCgs that formed vesicles with a
frec=17%. There is thus a discrepancy with the case of PEG-polydiene block copolymers, for
which Discher & Eisenberg have proven that a hydrophilic weight fraction in the range
0.25<frec< 0.45 is capable of producing vesicles [11],[12].

In this work, a variety of copolymers were synthesized while keeping the hydrophilic PEG

block length at a steady length and varying the degree of polymerization of the PATC block.
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Experimental Section:

Materials:

Tetrahydrofuran (THF), diethylether (Et.O), dichloromethane (DCM), chloroform (CHCls),
methanol (MeOH), heptane, and dimethylformamide (DMF) were purchased from Sigma-
Aldrich. THF, DMF and DCM were dried by a solvent purification system. Chloroform was
dried with CaH, and distilled under vacuum. Triethylamine (EtsN) was purchased from Sigma-
Aldrich and was dried by CaH; and distilled under vacuum. Meta-chloroperbenzoic acid (m-
CBPA), periodic acid (HslOs), sodium carbonate (Na.COs) were purchased from Alfa Aesar
(Thermo Fisher).Celite™ (natural diatomaceous earth), serinol (2-amino-1,3-propanediol), di-
tert-butyldicarbonate, ethylchloroformate, ferz-Butyl (1,3-dihydroxypropan-2-yl), MeO-
PEG114-OH (M= 5000 g-mol™?) was purchased from Alfa Aesar (Thermo Fisher) ,1,8-
diazabicyclo[5.4.0]Jundec-7-ene (DBU) was purchased from Alfa Aesar (Thermo Fisher) and
dried  with CaH; and distilled under  vacuum.  N-cyclohexyl-N'"-(3,5-
bis(trifluoromethyl)phenyl)thiourea (TU), molecular sieves (4A) were activated by flame
drying and left under vacuum overnight and were purchased from Sigma-Aldrich. Sodium

triacetoxyborohydride (NaBH(AcO)s) 97% was purchased from Sigma-Aldrich.

Methods:

Synthesis of heterotelechelic poly(isoprene) oligomer via “one-pot” degradation
method

The following procedure describes the synthesis of a poly(isoprene) oligomer with a DP of 5-
6 units (M,= 340 g-mol™). Such a small DP resulted in a different cleaning process than the one
that was followed for higher molar mass, 1000-35000 g-mol™. The reaction was performed at

room temperature, not under inert conditions.

In a 500 mL round-bottom flask, 5 g of commercial cis-1,4-poly(isoprene) 800000 g-mol™ were
left under stirring overnight in 250 mL THF. The following day, 5.4 g (0.03 mol) of mCBPA
was solubilized in 50 mL THF and added dropwise to the poly(isoprene) solution. The mixture
was left to stir for 2 h before a dropwise addition 7 g (0.03 mol) of periodic acid solubilized in
50 mL of THF, and the mixture was left to stir for another 2 h. Finally, 14 g of sodium carbonate
was added in the reaction to react with the produced acids and the mixture was left to stir for

30 min before filtration through Celite™. The filtrated solution was concentrated under vacuum
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until THF was fully evaporated. The dry product was re-solubilized in heptane, forming a
yellow solution and white precipitate which was filtered off through Celite once more. The
solution was dried again under vacuum before re-solubilizing in heptane and filtering through
Celite™. The previous process was repeated 3 times before the yellow solution was finally left
to dry under vacuum overnight in order to recover the product. The final product had a honey-
like consistency and color with a resulting yield in the range of 60-70%.

Calculations that were followed in order to measure the necessary amount of mMCPBA and

periodic acid following existing measurement in literature by Berto et al.:[4]

For example, if the desired final molar mass of poly(isoprene) is 41000 g-mol™, the theoretical
molar mass is 19430 g-mol™ with an epoxidation rate of 35%. Keeping in mind the correlation
between the final M, and the epoxidation rate, it is possible to calculate values that are outside
of the provided values in Table S1. In our case, we aimed small oligomer with M= 340 g-mol

! thus we calculated the targeted epoxidation rate as so:

If M,\"=2120 g-mol™ leads to M,*"= 3600 g-mol™, then our targeted A,**=340 g-mol™
corresponds to M = 2120 x 340/3600=200 g-mol™. Thus we can calculate the necessary
Epoxyineor(%) by the following equation:

th— 100

= x68, where 68 g-mol™ is the molar mass of the molar unit of PI.
EpOthheor

'H NMR (400 MHz, CDCls), 3(ppm): 9.74 (t, 1H, -CH,CHO), 5.14 (t (broad), 5H —CH,CHv),
2.47 (t, 2H, - CH.CHO), 2.42 (t, 2H, -CH,COCHj3), 2.33 (t, 2H, - CH,CH,CHO), 2.00-2.12
(m (broad), 20H, -CH,CHv and — CH,C(CH3)v), 1.68 (s (broad), 15H —(CH3;)CvCH-).

Synthesis of the tert-butyl-(1,3-dihydroxypropan-2-yl) carbamate (tBS)

The synthesis of the zert-butyl-(1,3-dihydroxypropan-2-yl) carbamate (tBS) was performed
according to literature with minor modifications. [13] First, in round-bottom flask 5 g (0.055
mol) of serinol were solubilized in a 500 mL mixture of Milli-Q and THF (40:10 v/v)
respectively. The solution was cooled down to 0 °C and 11.25 mL (0.0825 mol, 1.5 eq) of
triethylamine (EtsN) was added. Finally,14.5 g of di-fers-butyl dicarbonate (0.066 mol, 1.2 eq)
solubilized in THF was added dropwise over 1 h under stirring. The reaction was left to stir for
another 16 h at room temperature before distilling the THF under vacuum. Furthermore, an
extraction with ethyl acetate (4 times, 50 mL) was performed on the remaining solution and the
organic phase was dried with MgSOs before filtration through a fritted filter funnel and

concentration under vacuum. Finally, to isolate the final product a recrystallization was
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performed with ethyl acetate resulting in a white crystalline solid product with a yield in the
range 60-70% (3.5 g).

'H NMR (400 MHz, CDCls),  ppm:5.18 (s, -CH-NH-CO-C~(CHs)s), 3.77-3.86 (dg, OH-CH.-
CH(-NHCO-C-(CHs)s)-CH>-OH), 3.69 (s, OH-CH,-CH(-NH-CO-C-(CHs)s)-CH2-OH), 1.45
(5,-C-(CH;)3).

Synthesis of the zert-butyl (2-oxo-1,3-dioxan-5-yl) carbamate monomer

The synthesis of tert-butyl (2-oxo-1,3-dioxan-5-yl) carbamate monomer was adapted from
literature with minor modifications.[13] In a round-bottom flask, 3 g (15.6 mmol) of zert-butyl-
(1,3-dihydroxypropan-2-yl) carbamate and 3.73 g of ethyl chloroformate (2.2 eq, 34.4 mmol,
3.29 mL) were solubilized in 30 mL of THF and the solution was cooled down to 0°C. Then
5.44 mL of triethylamine (2.5 eq, 39 mmol) were added dropwise to the solution over a period
of 1 h and the reaction was left to stir for another 16 h at room temperature. The next day, white
salts were produced, and the reaction was filtered off leaving behind a beige solution which
was dried under vacuum resulting in a beige powder which was dried under vacuum overnight.
The solid was washed with a cold mixture of THF:diethyl ether (2:8) respectively, resulting in

the final white powder of fers-butyl (2-oxo-1,3-dioxan-5-yl) carbamate monomer (yield: 66%,
20).

'H NMR (400 MHz, CDCls): & (ppm): 5.38 (s, -CH-NH-CO-C-(CHa)s), 4.37-4.57 (dd, OH-
CH:-CH(-NH-CO-C(CHs)3)-CH-OH), 4.12 (s, OH-CH,-CH(-NH-CO-C(CHz)s)-CH,-OH),
1.44 (s,-C-(CHs)s)

Poly (ethylene glycol)-block-poly(tert-butyl -amino trimethylene carbonate)
(PEG114-b-PATC3)

The synthesis of the poly(ethylene glycol)-block-poly(tert-butyl-amino trimethylene carbonate)
(PEG114-b-PBATC3) diblock was achieved via a ring opening polymerization (ROP) of the
tert-butyl (2-oxo-1,3-dioxan-5-yl) carbamate monomer by initiation with the CHz-PEG114-OH
macromonomer. In a Schlenk tube, 0.17 g (1 eq, 3.45-10° mol) of CH3-PEG11,-OH were
solubilized in dry toluene to remove moisture via the formation of an azeotropic solution. The
solution was left to stir at 40 °C for 1 h before subsequent distillation of toluene and drying
overnight under vacuum. In a vial, 0.3 g (1.38 mmol, 40 eq) of terz-butyl (2-o0xo0-1,3-dioxan-5-
yl) and 0.015 g (4.14-10° mol, 1.2 eq) of TU co-catalyst were solubilized in 2mLof dry THF
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while at 40 °C to aid the solubilization of the monomer, while ImL of THF was added to
solubilize CHs-PEG114-OH. Once both reactants were solubilized, the monomer solution was
added into the CH3-PEG114-OH solution. The temperature was lowered and set to 36 °C. 0.0062
mL of DBU (4.14-10° mol, 1.2 eq) was solubilized in 0.2 mL of THF and added to the reaction.
The reaction was terminated after 2.5 h of reaction at 80% conversion by addition of 0.2 mL of
acetic acid and precipitation in 40 mL cold diethyl ether. The mixture was centrifuged at 4 °C
(10 min, 4000 g) and the precipitate was washed another 2 times to remove the unreacted
monomer and other impurities. The final product was dried under vacuum. The resulting

diblock copolymer was a white powder with a yield of 70% (0.3 g).

IH NMR (400 MHz, CDCls): § (ppm): 5.2 (s, -CH-NH-C-CO-C~(CHs)s), 4.2(m,-CO-OCH.-
CH-(NH-CO-C(CHs)s)-CH2-), 3.6 (m broad, CHz-O-CH,-CH»-0-), 3.3 (5,CH3-O-CHa-CH,-O-
), 1.4 (m broad,-CH-NH-C-CO-C~(CHj)s)

Deprotection of PEG114-b-PATC3o

The deprotection of the amino groups in the diblock copolymer was adapted from literature[13].
100 mg of the diblock copolymer were solubilized in 10 mL of dry chloroform (or
dichloromethane) and the temperature was dropped to 0 °C. 5 eq of trifluoroacetic acid (3.2
mL) was added dropwise and the reaction was allowed to proceed for 1 h to achieve full
deprotection, before termination by precipitation in 40 mL of cold diethyl ether and
centrifugation at 4 °C (10 min, 4000 g). The precipitate was washed another 2 times resulting
in a colorless viscous product, which was dried under vacuum overnight with a yield of 99%

for this deprotection step.

IH NMR (400 MHz, DMSO-d7):3 (ppm): 8.2 ( s, -CH-NH;'TFA), 4.15(d broad,-CO-OCH.-
CH-(NHs")-CH>-), 3.37 (5,-CO-OCH,-CH-(NHs")-CH2-),3.5 (m broad, CHs-O-CH,-CH,-0-),
3.3 (5,CH;-O-CH2-CH-0-)

Reductive amination resulting into PEG114-b-PAT C2o-g-Plx

The synthetic route described herein is the one of the graft copolymers PEG114-b-PATC2o-g-Ply
that was achieved via a reductive amination process between the aldehyde groups of the
heterotelechelic poly(isoprene) Pls(5) and the free amines of the diblock copolymer PEGi14-b-
PAC20(8). Ina Schlenk tube, 0.06 g (1 eq, 0.178 mmol) of PEG114-b-PAC20(8) and 0.49 g (7 eq,
1.44 mmol) of Pls(5) were solubilized in 3 mL of dry toluene and left to stir for 1 h under 40

°C to remove moisture from the system through an azeotrope. Subsequently, the toluene was
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distilled under vacuum and the reactants were left to dry under vacuum overnight. The
following day, 1.2 mL of dry THF and 1.2 mL of dry DMF as well as 0.2 mL (8 eq, 1.44 mmol)
of triethylamine were added to the Schlenk to keep the concentration of the solution at 200
mg/mL. Then molecular sieves 4 A were added to half the volume of the solvents and the
reaction was left to stir for 24 h under 40 °C under stirring, with the aim to eliminate the water
molecules formed by the condensation reaction between the amino and aldehyde groups.
Finally, 0.78 g (5eq) of sodium triacetoxyborohydride were added in 3 dozes of 0.26 g/hour
and the reaction was left to proceed for another day (24 h) before termination by precipitation
in 40 mL of cold heptane. The product was centrifuged for 10 min (4 °C, 4000 g) followed by
removal of the supernatant. The precipitate was re-solubilized in a small volume of
dichloromethane (3mL) and the solution was filtered through 0.45 pm pore size PTFE filter
while being precipitated in 40 mL of cold heptane again. Further centrifugation (10 min, 4 °C,
4000 g), separation of the precipitate, re-solubilization in dichloromethane, re-filtration and re-
precipitation in heptane and final centrifugation and solid pellet separation from the liquid
phase before letting the product dry overnight under vacuum overnight. The resulting graft

copolymer was a viscous orange product with a yield of 54% (0.06 g).

'H NMR (400 MHz, CDCls): § (ppm): 5.2 (m, broad —CH,-CH-CCH;-CHj), 4.2 (m, broad), 3.5
(m, broad CH3-O-CH2-CH2-O-),3.3 (S,CHg-O-CHz-CHz.O-), 2.4 (t, CHs-CO-CHz-), 2.1 (t, -CH>-
CH>-NH-), 2 (m broad, -CH,-CH-CCH3-CH>-), 1.5 (s, -CH»-CH-CCH;-CH>-)

Epoxidation of PEG114-b-PATC20-g-Plx

In a vial, 50 mg of the graft copolymer PEGi14-b-(PATC-g-Pls)15-co-PATCs was solubilized in
2 mL of THF at room temperature. The calculations that took place for the amount of the
epoxidizing agent are described below, so 20 mg of mCBPA was added to the solution in order
to achieve 40% of epoxidation and the reaction was left to stir for 2h before precipitation in
40mL of cold heptane (10 min, 4 °C, 4000 g). Following the separation of the solid from the
supernatant, heptane was added again, and the precipitate was washed another 2 times before
drying under vacuum overnight. The final product was a dry orange solid with a yield of 94%
(0.05 g).

I52X68 _ 2040
(Is2)x68 + (137-6)x44+(147'2)x118.1 10420

%Pl in 'HNMR =

= 0.196, i.e 19.6% of poly(isoprene)

Thus, %P Ixmpelymer=mp1, for 50 mg of polymer, mp;= 9.8 mg

nPF% =0.144 mmol
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Nmcpea= EPOXid% theor.X npi= 40% X% 0.144 mmol = 0.0576 mmol

Mmceea= NmcreaX172.57 g/mol= 0.009 g or 9 mg of MCBPA

IH NMR (400 MHz, CDCls): § (ppm):5.2 (m, broad ~CH,-CH-CCHs-CH), 4.2 (m, broad), 3.5
(m, broad CHz-O-CH,-CH»-0-),3.3 (5,CH3-0-CH,-CH,-0-), 2.69(CH,-CHO-CCHa-CH-), 2.4
(t, CH3-CO-CH.-), 2.1 (t, -CHa-cr>.NH-), 2 (m broad, -CH-CH-CCH3-CH>-), 1.5 (s, -CHo-CH-
CCH;-CH,-), 1.2 (d broad, CHo-CHO-CCH;-CHy-).

Methods of characterization:

Nuclear Magnetic Resonance (NMR):

'HNMR experiments were performed in deuterated chloroform CDCI3 in room temperature
(296K) on a NMR BRUKER AVANCE I spectrometer which was operating at a frequency of
400 MHz. The instrument was equipped with a BBFO probe capable of producing Z-gradient
at all frequencies with strength 50 G-cm™. The spectra were acquired with an acquisition time
of 4 seconds and 32 scans. The concentration of each sample was 10 mg/ml. The NMR spectra

were acquired by Topspin software from BRUKER.
Diffusion-ordered spectroscopy (DOSY):

Diffusion-ordered spectroscopy (DOSY) was performed at room temperature (296K) on a
BRUKER Ascend 400 NMR spectrometer. The spectrometer was equipped with a cryo-
Probe Prodigy. The concentration of the sample was 15mg/ml. The pulse program which
was utilized to acquire the spectra was dstebpgp3s. The spectra were recorded with 16K
time domain data points in the t2 dimension and 16 t1 increments. The compromise

diffusion A was set at 100ms while the gradient pulse length & was set at 2.3ms.
Size exclusion chromatography (SEC):

Size exclusion chromatography (SEC) analysis to determine the molar mass M, and dispersity
D was performed in THF on an UltiMate™ 3000 Standard (SD) HPLC/UHPLC system
produced by Thermoscientific. The system was equipped with a multi angle light scattering
probe (MALS) (Wyatt Technologies), a differential refractive index detector (dRI) (Wyatt
Technologies) and a UV-Vis diode array detector (Thermoscientific). Polymer separation was
performed by a three-column set of TOSOH TSK HXL gel (G2000, G3000 and G4000) the

exclusion limits which were from 200 to 400000 g-mol™. The calibration of the column was
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performed with polystyrene standards of an EasiVial kit of polystyrenes (PS) from Agilent. The
medium molecular weight range was in the range of 162 to 364000 g-mol™. Finally, the analysis

of the chromatograms was performed with Astra software by Wyatt Technologies.

Size exclusion chromatography (SEC) in DMF was performed as well in a similar system as
described for SEC THF. An UltiMate™ 3000 Standard (SD) HPLC/UHPLC system produced
by Thermoscientific was utilized. The solvent solution was DMF+ LiBr 1g-L™. The system was
equipped with a multi angle light scattering probe (MALS) (Wyatt Technologies), a differential
refractive index detector (dRI) (Wyatt Technologies) and a UV-Vis diode array detector
(Thermoscientific). The separation of polymers was performed by a three-set column system,
consisting of Shodex Asahipack columns (GF-1G 7B, GF310 AND GF510). Column
calibration was performed with polystyrene standards as described above and the analysis of

chromatograms was once more performed with Astra software.
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Results and discussion:

Graft copolymer synthesis and characterization

The first step for the synthesis of the graft copolymer was to synthesize a functionalized
monomer capable of post-polymerization modifications. While many trials were performed in
order to synthesize a monomer which was already modified by including a poly(isoprene) side
chain, unfortunately this goal was not achieved. Thus, the idea of synthesizing a monomer
which would still be polymerized via controlled ring opening polymerization, like trimethylene
carbonate (TMC), but which includes a functional group to attach the poly(isoprene) post-
polymerization, was conceived. This thought process concluded in the synthesis of terz-butyl
(2-oxo-1,3-dioxan-5-yl) carbamate (TBDOC) cyclic monomer, which has already been
synthesized and characterized quite well in literature (Scheme 1) [13]. This 6-carbon cyclic
monomer, capable of being polymerized by a macroinitiator bearing an —OH moiety was ideal
in this case due to its amine bearing group which could be further exploited for “grafting to”
reactions. Moreover, one of the reactants to prepare TBDOC is serinol (2-amino-1,3-
propanediol), a molecule potentially derived from glycerol, by chemical or enzymatic reaction
(thus bio-sourced) [14].

0
OH OH, Serinol, Di-tert-butyl dicarbonate, OH  OH Ethyl chloroformate, O JJ\O
. Et;N Et:N
Water: THF (4:1) THF
NH, NH NH

Scheme 1: Schematic representation of the synthetic route of fert-butyl (2-oxo-1,3-dioxan-5-yl) carbamate cyclic

carbonate monomer (TBDOC).

The first step of the synthetic route was the protection of the amine group of bio-sourced reagent
serinol by attaching a BOC protecting group through reaction with di-zerz-butyl dicarbonate
(Scheme 1). Further on, the cyclization process was performed by slow addition of ethyl
chloroformate at 0 °C. Both reactions were characterized by proton nuclear magnetic resonance
(*HNMR) in both deuterated chloroform (CDCls) and deuterated water (D20), depending on
the solubility of each product. As depicted in Figure 44, after the first step, one can see the total
disappearance of the signal at 2.9 ppm and the appearance of a signal at 1.4 ppm for the tert-
butyl group. For the second step, one can see in Figure 45, the shift of the signals at 3.7 and 3.8
ppm towards 4.1 and 4.5 ppm respectively due to the formation of the carbonate monomer. The

overall reaction yield is similar to the one described in the literature, i.e. about ~70%.
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Figure 44: *H NMR spectra in D20of serinol and zer¢-butyl-(1,3-dihydroxypropan-2-yl) carbamate.
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Figure 45:'H NMR spectra in CDClIs of tert-butyl-(1,3-dihydroxypropan-2-yl) carbamate and tert-butyl (2-oxo-
1,3-dioxan-5-yl) carbamate monomer.
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Synthesis of poly(isoprene) oligomer via “one-pot” degradation method

The chosen method to synthesize the poly(isoprene) block followed previous procedures from
literature [3-5, 15], (Scheme 2). The determination of the final M, was achieved by ‘H NMR
spectroscopy and SEC in THF or DMF.

-]
- mCPBA — Hsl0y, L —
—_— =
THF f

Scheme 2: “one-pot” degradation of polyisoprene to yield a carbonyl heterotelechelic PI.

A library of poly(isoprene) blocks was synthesized with targeted molar masses ranging from
Mhn= 300 to 1000 g-mol™ to be utilized in accordance to the need of further reactions. In the
literature,[4] it was confirmed a linear variation between the theoretical and the experimental
epoxidation rates of polydienes, resulting in a slope of 0.96 suggesting that the reaction between
the double bonds and mCBPA happens almost equimolarly. Furthermore, it was also proved a
linear correlation between the M, by *H NMR or by SEC and 1/Epoxyineor(%) ratio, suggesting
that it is possible to have a controlled final molar mass of heterotelechelic polydienes (Figure
46).

as T 60,000 1
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B, Z 30,000 -
220 = a
= =
15 = 20,000 -
10 "-E
10,000
5
= Polyisoprene adm
0 B i g gt 0 ; f ¥
0 5 10 15 20 25 30 35 40 45 0.0 0.1 0.2 0.3 04
Epoxyun, % 1/ Epoxy (%)

Figure 46: a)the correlation between the theoretical epoxidation rate (Epoxy teo%) and experimental epoxidation
rate (Epoxy exp%)using mCBPA and b) the correlation between the resulting molar Mndetermined by NMR or by
SEC and the parameter 1/Epoxy thec% from Berto et al.[4].

Thus, following the experimental values of M, that the authors have provided it is quite easy to
calculate the desired epoxidation degree necessary to achieve the final M, that is targeted for
each case (Table S 1).
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S0, in the case of M,n=200 g-mol™, Epoxyneor=34% and once this value is known it is possible
to calculate the amount of mCBPA needed to achieve the final desired molar mass very simply
by multiplying Epoxymeor%Xnpi and utilizing this value to calculate both the amount of MCBPA
and periodic acid since both reagents required the same equivalents. This method indeed
manages to provide the desired M, with slight discrepancies as can be seen in Table 2 and
Figure 47 which illustrate the molar masses of a library of Pl chains that was synthesized

throughout.

Table 1: Molecular characteristics of synthesized poly(isoprene)(PI) chains obtained by SEC and *H NMR.

Pl MpTheor Mhn 1H NMR DPiHNMR Mhnsec D**
(97% cis-1,4, (g-mol?) (g-mol1)* (g-molt)**
Mn=800 kg-mol?)

Pls(1) 340 410 6 780 1.4
Pls(2) 340 340 5 660 14
Pls(3) 340 540 8 780 1.9
Pls(4) 340 340 5 310 2.4
Pls(5) 340 340 5 460 1.9

“Number-average molar mass (Mn) calculated by *H NMR spectroscopy in CDCls using Mn= I5.14ppm* 68 gxmol™,
“Number-average molar mass (Mn) and dispersity (D) obtained by SEC in DMF, column calibration by polystyrene
standards (PS)

dRI

time (min)

Figure 47: Normalized SEC chromatograms in DMF of poly(isoprene) oligomer chains: Pls (2) (black), Pls (red)
(3), Pl5(4) (blue) and Pls (5) (pink).

As can be seen by the chromatograph in Figure 47 multiple length fractions are visible due to

the low average molar mass of the polymers, which correspond to dimers, trimers etc. This is

91



Chapter Il

an important note for the following reaction of “grafting to”, which will be exploited via
reductive amination, were the smaller fraction will prove to be more reactive and end up being
the ones attached. Nonetheless the polymer synthesis was successful and the *HNMR in CDCls
(Figure 48) confirmed the presence of both heterotelechelic groups, aldehyde and ketone, and
the main number-average M, of the polymer was easily calculated as well by integrating the

aldehyde proton as 1, at 9.74 ppm.

cocl,

S

[ppm]

Figure 48: 'H NMR spectra in CDCls of poly(isoprene) oligomer Pls (1) prepared with the depolymerization

method using mCPBA as epoxidizing agent of double bonds and HslOs for oxidative bond cleavage.

The 'H NMR revealed that the cleaning process of the polymer was not enough to remove the
byproduct of the reaction visible at 7.5-8 ppm, specifically benzoic acid which is being
produced during the degradation reaction, even after multiple re-solubilizations in heptane and
filtering. Although this byproduct could possibly slow down the following reactions due to its
acidic nature, it was decided to use the polymers regardless of this potential issue and
modification in the “grafting to” reaction were made in order to accommodate this presence of

acid in the system by increasing the equivalents of triethylamine.

Poly(ethylene glycol)-block-poly(tert-butyl -amino trimethylene carbonate)
(PEG-b-PBATC)

The synthesis of poly(ethylene glycol)-block-poly(tert-butyl-amino trimethylene carbonate)
(PEG-b-PBATC) copolymers proceeded via the ring opening polymerization (ROP) of the zert-
butyl (2-oxo-1,3-dioxan-5-yl) carbamate monomer TBDOC, which was previously
synthesized. MeO-PEGskpa-OH was utilized as a macroinitiator of the polymerization reaction,
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and N-cyclohexyl-N"-(3,5-
bis(trifluoromethyl)phenylthiourea (TU) as the organic catalytic system (Scheme 3).
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Scheme 3: Synthesis of PEG-5-PBATC in THF with a DBU/TU catalytic system.

In this study, several PEG114-b-PBATC,, copolymers were synthesized to study the rate of
polymerization of the synthesized monomer and its limits. Finally, the diblock with a specific
degree of polymerization (DP) of 20 was chosen to proceed with the “grafting to” to produce
the graft copolymers which will be utilized to further self-assemble into magnetic
polymersomes. MeO-PEG114-OH (M, = 5000 g-mol™) was the only macroinitiator which was
used for the synthetic process and its purity was verified both by *H NMR in CDCI; (Figure
49) and SEC in THF (Figure 51) showing a molar mass of A, = 5000 g-mol™ with no other

visible populations.

The polymerization of the monomer was performed using an organic catalytic system DBU/TU
with 1.2 eq each according to the molar ratio of MeO-PEG:14-OH. This equivalent was chosen
from literature by Lebleu er al.[10] where the ROP of TMC was achieved using the same
catalytic system much faster than just the DBU alone. In our case, 1.2 eq resulted in nice and
controlled polymerizations which lead to very low dispersity, but minor adjustments had to be
made to accommodate to this functional monomer. Firstly, the monomer appeared to be
insoluble in THF in the concentration that was chosen for the TMC system, 230 g/L thus an
increase of solvent was necessary, resulting in a lower concentration of monomer in the system,
of 80 g/L. Moreover, a temperature increase from room temperature to 36°C appeared to allow
a better solubilization of the monomer as well as of the macroinitiator. Under these conditions,
the polymerization reaction reached 80% conversion after 2.5 h for a targeted DP of 30, with a

low molar mass dispersity ranging between 1.02 and 1.10.

The kinetics of the reaction was followed by *H NMR spectroscopy, with aliquots taken every
hour, each aliquot being terminated with acetic acid to stop the reaction. The progression of the
reaction was observed by the decrease of the characteristic peaks of the monomer at 4.37-4.57
ppm and the gradual appearance of the peak at 4.2 ppm corresponding to the peak of the 5
protons of the PBTAC block. The degree of polymerization and molar mass can be easily
calculated while calibrating the peak at 3.3 ppm (CHs-PEG-) as 3 protons each time (Figure
49).
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The equation for the calculation of the molar mass of the diblock copolymer via *H NMR was
then:

I I
Mn = X2PPM 917 97 4 2E5ppm

X 44
5

d)

c)

) :

A | 2

5 4 3 2 1 [ppm]

Figure 49: 'H NMR spectra in CDCls of the kinetics of diblock synthesis a) macroinitiator MeO-PEG114-OH, b)
reaction mixture before DBU addition, c) aliquot after 1h reaction, d) aliquot after 2h reaction. *THF solvent peak

present at 3.8ppm.

While the reaction reached 80% conversion after 2.5 h of reaction, it was terminated by
quenching with acetic acid, followed by the purification of the polymer by precipitation in cold
diethyl ether. The reaction was chosen to be terminated at 80% conversion to avoid possible
side reactions, such as the ones that were observed for the TMC monomer in literature, where
after 80% a coupling reaction was observed. Finally at this stage, the reaction was washed 3
times by re-precipitation in diethyl ether to remove unreacted monomer and the catalysts
DBU/TU. The final product was analyzed by *H NMR and SEC in DMF. An example of such

diblock copolymer is presented in Figure 50 (PEG114-b-PBATCy (7)). The obtained diblocks
are listed in Table 2.

94



Chapter Il

N

3 2 tppim]

216.1090
Lfe a1

Figure 50: 'H NMR spectrum in CDCl3 of PEG114-b-PBATC2s (7) in Table 3 after purification.

The targeted DP for diblock PEG114-b-PBATCy; (1) was 24 for 80% conversion *H NMR
analysis (Table 2) suggested that the resulting DP after 2.5h of reaction resulted to a DP was
very close to the targeted one. For PEG114-b-PBATCH (3), the targeted DP was 32 for 80%
conversion the resulting DP ended up being 36 i.e., close to the targeted DP (reaction time 3.5
hours), but the SEC chromatograms revealed a higher dispersity and a shoulder on the right
indicating smaller populations present. While this could indicate that for higher DPs the control
of the polymerization is lost in these conditions, it was eventually attributed to bad
solubilization of the terminating agent, acetic acid in this particular reaction. To prove this point
PEG114-b-PBATCr (4 and 5) were synthesized with the same targeted DP as PEGiis-b-
PBATC3 (3) in the same conditions, while making sure that the acetic acid had enough time to
properly terminate the reaction. The polymers resulted in high DPs and lower polydispersity in
SEC.
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Table 2: Characteristics of PEG114-b-PBATCn,

MnSEC b* MnHNMRPB MnHNMRPE Targete DP C\/final
(g-mol)* ATC Giu4-b- dDP PBATC
PBATCm | PBATC
(g'mol™** | (g-mol) e

PEG114-b-PBAT C23(1) 8103 1.04 5040 10040 24 23 95%
PEGu114-b-PBATC2s(2) 7130 1.03 4950 9950 32 28 88%
PEG114-b-PBAT C39(3) 10440 1.11 8550 13550 32 39 100%
PEG114-b-PBAT C34(4) 12500 1.09 7380 12380 39 34 87%
PEGu114-b-PBATCas(5) 12700 1.05 6080 11080 32 28 88%
PEGu114-b-PBATC21(6) 12460 1.02 4650 9650 32 21 66%
PEGu114-b-PBATC19(7) 12360 1.07 4170 9170 32 19 60%
PEGu114-b-PBATC2s(8) 11710 1.09 6080 11080 32 28 88%

*Number-average molar mass (Mn) and dispersity (P) measured by SEC chromatography in DMF solvent with PS
calibration; ** Number-average molar mass (Mn), degree of polymerization (DP) and final conversion calculated
by*H NMR spectroscopy inCDCls,

1,0

\ ——  PEGu-OH
/ PEGuu- b-PBATC (1)
1 | ——  PEGus b-PBATC (2)
—  PEGus b-PBATC (3)
i | ——  PEGus b-PBATC (6)
0.8 ——  PEGus b-PBATC (7)
| PEG.u- b-PBATC (8)
0,6
o 1 L
Eo) \
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0,2 1 \
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Figure 51: SEC chromatographs in DMF of the PEG114-b-PBATCmdiblock copolymers with protected amino

groups of a variety of My values.
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Deprotection of PEG114-b-PATCz1 amino side-groups

Following the synthesis of the PEG144-b-PATCr, diblock, the next step was the deprotection of
amines on the poly(amino trimethylene carbonate) block (Scheme 4). The deprotection process
was adapted from literature in order to avoid polymer degradation by the acidic medium as
much as possible. Specifically, the protected diblock copolymers were solubilized in a dry
solvent, either dry chloroform or dry dichloromethane, both performing the reaction with
acceptable results. Trifluoroacetic acid (TFA) was utilized as deprotecting agent, in same
amount whatever the DP. The time of reaction was dependent on the DP. For instance, for a DP
of 30, a reaction time of 40 min was necessary. To purify the deprotected polymer, the solution
was precipitated in cold diethyl ether and washed three more times to eliminate the traces of
the protecting BOC group. While degradation and non-full deprotection was observed in some
cases, it was concluded that the quality of TFA was a major component for the resulting

polymer.

S5eq TFA,

o o o o
CHCI;, 0C
0 0 (] OH — (*) 0 (2] OH
28 40min
NH NH NHy* NH3*

Scheme 4: Deprotection of PEG-b-PATC with TFA.

For example, PEG114-b-PBATC,; (6) with a DP 21 was solubilized in dry chloroform at 0°C.
The volume of added TFA was adjusted accordingly in order to achieve a dilution of 1:3 (v/v)
TFA:CHCIs. The reaction time was 40 min to achieve full deprotection. After deprotection, the
reaction was terminated by precipitation in cold diethyl ether. After deprotection the polymers
become insoluble in deuterated chloroform and their analysis by *H NMR was performed in
deuterated DMSO. The disappearance of the —-BOC peak at 1.5 ppm is visible, allowing to
assume the full deprotection and the adequate purification of the polymers. Moreover, a visible
difference appeared between the peak of the protected amine group at 7 ppm and the

deprotected protonated amine at 8.5 ppm (Figure 52).
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Figure 52: 'H NMR spectra in (CD3)2SO of a) the protected PEG114-b-PBATC21 and b) the deprotected PEG114-b-
PATC1s (PPATC3).

The calculation of the final DP was done by integrating the methyl peak of poly (ethylene

glycol) as 3 and integrating the peak at 3.8 ppm which has been assigned to the methine proton

in each molecular unit in the PATC. While the polymer appeared fully deprotected, some

degradation did take place with the final DP of the being lower after deprotection. This behavior

was observed for all the deprotection reactions were the degradation of the diblock to some

extent could not be avoided (Table 3).

Table 3: Degree of polymerization of the final PEG114-5-PATChx diblocks and the reaction time of the deprotection

DP PBATC* o Reaction time (min)
PATC**
PEG114-b-PATC22(PPATC1) 28 22 40
PEG114-b-PATCa1(PPATC2) 36 31 50
PEG114-b-PATC15(PPATC3) 21 18 40
PEG114-b-PATC17(PPATC4) 19 17 40
PEG114-b-PATC20(PPATC5) 28 20 40

*Degree of polymerization (DP) calculated by *H NMR spectroscopy in CDCIs,,**Degree of polymerization (DP)

calculated by *H NMR spectroscopy in (CD3)SO.
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Reductive amination for the synthesis of PEG-b-(PATC-g-PI)

The synthesis of the graft copolymer was achieved via a reductive amination reaction between
the primary amine groups of the PEG114-b-PATCy diblock and the aldehyde end-group of the
poly(isoprene) block (Scheme 5). Various conditions were implemented for the reaction in
order to increase the grafting density of the copolymer, ideally 100 % of the amine functions
should have reacted at the exception of the temperature that remained the same (40 °C) and the
solvent mixture THF/DMF (1:1 v/v). Both solvents had to be used to allow the solubility of the
diblock, which after the deprotection process was no longer soluble in THF. Moreover, even if
the oligomer of Pl was soluble in DMF, when the reaction was performed strictly in DMF the
functionalization did not seem to improve, thus a mixture of 1:1 in volume was decided as the

most appropriate solvent in order to ensure the best solubility possible for both components.

It is well known that “grafting to” reactions, when it comes to coupling reactions, are not widely
accepted as the best method to achieve high functionalization, and “grafting through” or
“grafting from” are generally accepted as better methods. “Grafting to” has gained popularity
with the introduction of click reactions that allowed for better control in the addition of side
chains [16]. In our case, the reaction utilized, while not being a click reaction, allowed for a
high functionalization due to the nature of the poly(isoprene) that was utilized. Specifically, the
DP of poly(isoprene) is low which increased its reactivity and limited steric repulsions between

the chains when those were close to the backbone site of attachment.

O (0] (0]
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Scheme 5: Reductive amination between the diblock PEG114-b-PATCzs and the aldehyde group of the PI.

The reductive amination between an aldehyde group and an amine is a very well-known
reaction and has been exploited in this study where various conditions were tested.
Furthermore, a reductive amination consists of an intermediate state which includes the
transient formation of an imine before it is reduced by a reducing agent into a secondary amine
(Scheme 6).
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Scheme 6: Reproduced from [7] depicting the step, including the intermediate formation of an imine, in the

reductive amination reaction.

While, literature suggest that with the use of an adequate reducing agent, this step can be
avoided by directly reducing the final product without the formation of the imine step, in our
case it was found that the aldehyde group of the poly(isoprene) would be reduced into an
alcohol only after 2 h of stirring with sodium triacetoxyborohydride, thus the risk of actually
losing one of our reactants was great, if we added the reducing agent to the reaction
immediately. As already discussed above, the ketone group of the poly(isoprene) is not reduced
by our chosen selective reducing agent, which was one of the reasons why it was specifically
chosen, including its reduced toxicity. To return to the point of imine formation, water is being
produced during this intermediate state and the reaction can shift back while the water is still
present in the medium. To limit this possibility, molecular sieves were implemented in the
reaction as well. Their addition limited the moisture presence that could react with the reducing
agent and render it inactive, but also allowed the reaction to go faster. In our case, the reaction
time was reduced to 24 h instead of 6 days without molecular sieves. Furthermore, all reactions

were performed under inert atmosphere (nitrogen gas flow) and all reagents were dried as well.

Triethylamine was added to the reaction as a deprotonating agent of the amines on the backbone
of the diblock copolymer. An excess of triethylamine was found to be necessary (8 eq relative
to the amine moieties was found to be an adequate amount). Such a high amount of
triethylamine was necessary due to the presence of benzoic acid in the poly(isoprene) block and
allowed a higher functionalization by eliminating the acid from the reaction by the formation

of a salt which was precipitated during the reaction.

The kinetics of the functionalization was followed by *H NMR in CDCl; by the decrease of the
peak of the aldehyde proton at 9.74 ppm keeping the integration of the peak at 5.14 ppm at 5,
i.e., the DP of the poly(isoprene). The integration did not change significantly after 4 h

suggesting that the highest functionalization was achieved after that period (Figure 53).
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Figure 53: 'H NMR spectra in CDCls of graft copolymer (G1) at different reaction times a) 4 h, b) 6 h, c) 24 h.

Several tests were performed to know whether the reaction time before the addition of the
reducing agent would change the outcome. Five reactions, with the same conditions were
performed by changing only the time at which the reducing agent was added (2, 4, 6, 8 or 24 h)
for a 24 h reaction. The final products were filtered and precipitated in cold heptane before
being analyzed by *H NMR and SEC in DMF. All reactions produced the same conversion (74

%), thus 2 h is enough for the imine formation (Figure 54).
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Figure 54: 'H NMR spectra in CDCls of 5 graft copolymers (G2) with different times of imine formation steps

before the addition of reducing agenta) 2 h,b) 4 h, c) 6 h, d) 8 hand d) 24 h.

Table 4: Reaction conditions for the graft copolymer PEG114-b-(PATCn-g-Plm) (G1) and PEG114-b-(PATCn-g-Plm)

(G2)
C
PEG11- (mg-mL THF | DMF | ET:N
mg-mL-
b- E
Graft Pln(mDP) | eqPI ) (mb) | (mb) | (mb) a
PTDOC, NaBH(AcO)s
(nDP)
Gl 18 5 7 400 0.6 0.8 02 5
G2 19 5 7 200 0.3 0.3 01 5
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After concluding that the imine formation step is remains stable between 2 and 24 h and no
further addition of poly (isoprene) is achieved after that period of time the following reactions
were performed with a 24 h step of imine formation before adding the reducing agent into the
reaction to perform the reduction. The reduction step seemed to be working well after 24 h
passed as can be seen in Figure 55 were the reaction time was 24 h and no aldehyde group was
present in the final 'HNMR spectra as can be detected by the lack of the characteristic aldehyde
peak of poly (isoprene) at 9.8 ppm in the final graft copolymer when compared to the poly
(isoprene) carbonyl telechelic poly (isoprene). The lack of the peak at 2.5 ppm could also be
observed after the completion of the reaction, which also confirms the lack of any aldehyde
groups present in the final system, as this peak represent the protons on the carbon that is next

to the aldehyde group.
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Figure 55: 'H NMR spectra in CDCls of a) graft copolymer PEG114-b-(PATCn-g-Plm) (G2) after 24 h and b)
carbonyl heterotelechelic poly(isoprene) Pls(4).

The influence of the concentration was also studied. First, reactions were performed at a
concentration of 400 mg.mL™ which lead to a high viscosity issue. Thus, reactions were also
tested at 200 mg.mL. The final polymers exhibited a high functionalization rate similar to the
polymers obtained at a concentration of 400 mg-mL™. It is important to acknowledge again the
fact that the integration of poly(isoprene) at 5.2 ppm cannot be taken into account to calculate
the functionalization, since in reality it seems that the functionalization happens by a variety of
distinct fractions that exist in the produced poly(isoprene) and it is quite possible that the
smaller oligomers of the population are Kinetically faster to react than for example the average

molar mass that has a DP of 5. Indeed, in the case of these reaction the poly(isoprene) that was
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used was Pls (5) with a DP 5 and =1.93 which indeed is a high dispersity and thus provides

the possibility of a non-controlled functionalization.
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Figure 56: 'H NMR spectra in CDCls of the graft copolymer PEG114-b-(PATC-g-Pl3)15-co-PATC1s (G3) a)
integrating the peak at 2.4 ppm as 2H and b) the final polymer integrating the peak of PEG114 at 3.6ppm as 489H.
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Thus, a different peak is used to calculate the functionalization, which is the peak at 2.4 ppm
which represents the 2H on the carbon that is next to the ketone which remains stable
throughout the reaction since the ketone does not react in these conditions. Indeed, when
integrating the peak at 2.4 ppm as 2 protons, it is possible to see the actual DP of the attached
poly(isoprene) sidechains both for the peak at 5.2 ppm and the peak at 1.65 ppm which
represents the methylene protons that each molecular unit of poly(isoprene) is bearing. For
example, for the graft copolymer PEG114-b-(PATC-g-Pl3)15-co-PATC15 (G3), the original DP
of poly(isoprene) was 5 while in tHNMR, after integration of the peak at 2.4 ppm, it was found
that the attached PI had a DP of almost 3, which indeed suggests that the smallest chains of the
population were attached. This can be corroborated by the peak of methylene protons, which
appear to be almost 10 concluding to a DP close to 3 (Figure 56). Through this process, it was
found that the functionalization of this graft was 67%, the poly(isoprene) chains attached being
of 204 g/mol, and the total molar mass of PI being 3060 g/mol.

The calculation of the degree of functionalization (D.F.) was done via the equation:

D.F.9 = —520pm_ o 100

DPp;XDPpyc
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Similar conditions were used for the graft copolymer PEG114-b-PATCyo-g-Pls (G4) with a slight
increase of poly(isoprene) to 8 equivalents. The resulting copolymer exhibited in this case a
100% functionalization (Figure 57). Via the calculations performed in *H NMR it was found
the poly(isoprene) attached had a DP of 5, i.e. 340 g-mol™ and a total molar mass of 7990 g-mol
! Furthermore, the SEC analysis (Figure 58) offered further verification of the
functionalization, both by the shift from the original diblock PEGi14-b-PAC2 and by the
appearance of a UV peak in both graft copolymers due to the attached poly(isoprene). But it is
important to note that free poly(isoprene) was still present in the systems as can be seen in SEC
for the graft copolymer G3 and G4 which could suggest that the calculated via *H NMR degree

of functionalization is not 100% accurate and the actual functionalization is less (Figure S 4).

Another graft copolymer which will be studied in the self-assembly process in Chapter V is
graft PEG114-b-(PATC-g-Pls)20-co-PATC11 (G5). This copolymer had a higher molar mass for
the PATC block, more specifically PEG114-b-PATC31 (PPTAC2) was utilized for the graft to
reductive amination, with a DP of 30. The conditions of the reaction were the initial conditions
with a polymer concentration of close to 400 mg-mL™ and the time before reduction was just 2
hours. This polymer was synthesized before changing the concentration to 200 mg-mL™,
nevertheless the polymer was utilized for many self-assembly procedures in the subsequent
chapter thus it is mentioned as well. The degree of functionalization was calculated to be 67%
from *HNMR (Figure S 2) and had a low polydispersity in SEC THF (Figure S 3). The reaction
conditions of the three main graft copolymers which are utilized in this study are depicted in
Table 5.

Table 5: Reaction conditions for the graft copolymers PEG114-5-(PATC-g-Pl3)1s-co-PATCs (G3), PEG114-b-
PATC20-g-Pls (G4) and PEGu14-b-(PATC-g-Pl4)20-co-PATC11(G5).

PEG114-
Graft Pls C THF DMF EtsN Eq
b-PAC20 eq Pl
copolymer mg-mL*! mg-mL*! mL mL mL NaBH(AcO)z
mg-mL*!
G3 60 490 7 200 1.2 12 0.2 5
G4 60 520 8 200 1.25 1.25 0.5 5
G5 60 400 7 380 0.5 0.5 0.15 5
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Figure 57: 'H NMR spectra in CDCls of the graft copolymer PEG114-b-PATC20-g-Pls (G4) a) the final polymer
integrating the peak of PEGu14 at 3.6ppm as 456H and b) integrating the peak at 2.4 ppm as 2H.

Table 6: Characteristics obtained for the PEG114-b-(PATC-g-Plx)n-co-PATCm copolymers.

Graft Malhnvr Poly(isoprene) Mnsec P
(g-mol)* DPHnmR (g-mol)**
G3 10420 3 11080 1.2
G4 15350 5 10300 1.6
G5 13980 4 10520 1.4

Finally, DOSY NMR analysis was performed for the graft copolymer PEGi14-b-PATC2-g-Pls
(G4) to verify that only one diffusion coefficient is present thus confirming that only one kind
of copolymer is present and that it is different from the original diblock and or the
poly(isoprene) homopolymer. Indeed, in we can verify that the graft copolymer G4 has only
once diffusion coefficient D= 9.3x10"* m2/s, which is smaller than the one of the free diblock
or P1 homopolymer. Thus, confirming once more the success of the grafting reaction (Figure S
1).
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Figure 58: SEC in THF dRI signal of the initial diblock copolymer PEG114-b-PATC20 and the graft copolymers
PEGu14-b-(PATC-g-Pls)1s-co-PATCs (G3) and PEG114-b-PAT C20-g-Pls (G4) and UV signal of the initial diblock
copolymer PEG114-b-PATC20 and the graft copolymers PEG114-b-(PATC-g-Pl3)15-co-PATCs (G3) and PEG114-b-

PATCz0-g-Pls (G4).

The final copolymers that were described above, such as the graft copolymers PEGi14-b-
(PATC-g-Pl3)15-co-PATCs (G3) and PEGai14-b-PATCx-g-Pls (G4) exhibited a good
functionalization as can be seen both by *H NMR and SEC analysis, whose characteristics are
demonstrated in Table 6. The most important parameter though was the hydrophilic ratio freg
which determines the self-assembly behavior of the polymer. In this case frec Was found to be
48% for PEG114-b-(PATC-g-Pl3)15-co-PATCs (G3), 33% for PEG114-b-PATCy0-g-Pls (G4) and
36% for PEG114-b-(PATC-g-Pls)20-co-PATC11 (G5) respectively.

All ratios are quite high if we consider the necessary frec for diblock copolymers such as PEG-
b-PTMC which requires the hydrophilic ratio to be lower than 20% to self-assemble into
vesicles but the grafts G4 and G5 fall into the general parameter for foeg that have been set for
vesicle formation [17]. An important parameter in our system is the fact that the second
hydrophobic block is poly(isoprene) and taking this into account, the necessary hydrophilic
ratio for the copolymers to self-assemble into vesicles increases dramatically[18]. Specifically,
as already mentioned in the introduction following the literature published by Discher &
Eisenberg [19] the necessary hydrophilic ratio for PEO-polydienes to form vesicular self-
assemblies is in the range 0.25<fpec< 0.45. Following this, we can expect that our polymers can

indeed form vesicles, which will be studied in Chapter V.
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Epoxidation of PEG114-b-(PATC20-g-Pln)m

In order to achieve the step involving the permanent deformation of the polymersomes after the
application of a magnetic field, the hydrophobic membrane had to be modified in order to allow
cross-linking which would enable a network formation causing a physical change in the
properties of the membrane, from fluid to solid, elastomeric state. In order to perform the cross-
linking of the PI chains, we decided to use the high reactivity of epoxides. To this end, the
partial epoxidation of the double bonds of the poly(isoprene) blocks was achieved in THF at
room temperature with mCPBA, its amount being calculated to achieve a predetermined

epoxide percentage (Scheme 7).

O @]
#Lo/m\o&o/\’\ﬁ\o H

/\(\ /\(\
MCPBA' 2H
—>
/ /
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Scheme 7: Representation of the epoxidation reaction for the graft copolymer PI side chains.

The percentage of epoxidation was targeted to be around 30-40 % to avoid changing the
hydrophobic nature of poly(isoprene) sidechains. The epoxidized polymer was characterized
by 'H NMR to determine the degree of epoxidation. Two new peaks appeared in 'H NMR,
which were attributed to the epoxidized units of poly (isoprene): the triplet at 2.69 ppm (proton
on the carbon bearing the epoxide group) and a doublet at 1.28 ppm (protons of the methyl
group of the epoxide) (Figure 59). It was thus possible to calculate the epoxidation rate with

the following equation:

12.69

%Epoxidation = ———
5P Ieo + Is

Thus, the final epoxidation of the graft copolymer PEG114-b-(PATC-g-Pl3)15-co-PATCs (G3)
was 40% (Figure 59), 30% for the graft copolymer PEG114-b-PAC20-g-Pls (G4) (Figure 60) and
40 % for PEG114-b-(PATC-g-Pls)20-co-PATC1y (G5) (Figure S 2b).
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Figure 59: 'H NMR spectra in CDCls of the epoxidized graft copolymer PEG114-b-(PATC-g-Pl3)15-co-PATCs
(G3).
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Figure 60: 'H NMR spectra in CDCls of the epoxidized graft copolymer PEG114-b-PAC20-g-Pls (G4).
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Conclusion:

In conclusion, this chapter described the synthesis and characterization of graft copolymers
PEGu114-b-(PATCy0-g-Ply)m via: (i) the synthesis of diblock copolymers by ring-opening
polymerization (ROP) of the tert-butyl (2-oxo-1,3-dioxan-5-yl) carbamate monomer TBDOC,
(i) deprotection of the amino groups, (iii) reductive amination between the aldehyde groups of
a carbonyl heterotelechelic poly(isoprene) and the amine groups of the diblock copolymer

PEG114-b-PATC, and (iv) partial epoxidation of Pl pendant chains.

The ROP proceeded by using CH3-PEG114-OH as a macroinitiator in THF using DBU/TU as
an organic catalytic system. A range of diblock copolymers were synthesized with a variety of
polymerization degrees and low molar mass dispersity values. Following the synthesis of the
diblock copolymers, their deprotection was also described using trifluoroacetic acid as a
deprotection agent. The best conditions, i.e. right amount of TFA and time, to result in a
deprotected copolymer without major degradation were described as well. Furthermore, the
synthesis of a poly(isoprene) with a low DP was described via a “one-pot degradation” of a
high molar mass industrial cis-1,4-poly(isoprene) 800000 g-mol™ using mCBPA and periodic

acid as oxidative double-bond cleavage agents.

The final poly(isoprene) exhibited a small average DP ranging from 5 to 8 but with a “broad”
dispersion of oligomer sizes, which affected the final functionalization of the graft copolymers.
Consequently, various conditions were studied for the synthesis of the graft copolymers, using
reductive amination as the “coupling” reaction with sodium triacetoxyborohydride
(NaBH(AcO)3) as the reducing agent in order to find the best conditions. Finally, graft
copolymers such as PEGis-b-(PATC-g-Pl3)1s-co-PATC1s (G3) and PEG114-b-PATCyo-g-
Pl5(G4) were epoxidized to produce polymers that could be cross-linked in further reactions

with an epoxidation of 40% and 30% respectively.

Three of the synthesized herein copolymers G3, G4 and G5, while exhibiting a frec>20%, will
be further studied for their self-assembly properties, in presence of hydrophobically coated
magnetic iron oxide nanoparticles (IONPs) in order to observe their reaction to magnetic field

as well as their cross-linking properties (Chapter V).
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Supplementary Information:

One-pot degradation results for the synthesis of CTPI (EPI cleaved by periodic acid).

Table S 1: Theoretical and experimental Mn values for each epoxidation condition from [5]

entry Epoxyu % My o' (g.mol™") M, nvr” (g-mol ™) M, sect (gmol™") ! Calculated Functionality”
27 0.26 26 150 52800 57 000 15 1.82
28 0.35 19430 41 000 37000 1.5 1.88
29 039 17440 37400 33500 15 1.89
30 0.54 12590 23000 28 500 15 191
31 0.74 9190 20200 15100 15 195
32 1.06 6410 14700 12400 14 1.96
33 117 5810 12500 10200 14 197
34 1.30 5230 9700 12 000 13 1.96
35 1.60 4250 9400 7100 1.5 1.98
36 2.10 3240 4800 6400 1.5 198
37 3.20 2120 3600 4800 1.3 1.98
I q
| o
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Figure S 1: DOSY NMR spectra of poly(isoprene) (gray), graft copolymer G3 (blue) and the diblock copolymer

(pink) along with their measured diffusion coefficients.
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Figure S 2: a) THNMR graft copolymer PEG114-b-(PATC-g-Pl4)20-co-PATC11 (G5) and b) the epoxidized graft
copolymer G5, Ep%=40.
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Figure S 3: SEC chromatogram in THF of the diblock copolymer PPTDOC (3) (light blue), graft copolymer G1
(pink) and graft copolymer G5 (dark blue).
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Figure S 4: SEC in THF of the diblock copolymer PPATC1 (blue), poly(isoprene) PI (5) (green), the graft
copolymer G3 (red) and the graft copolymer G4(black).
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CHAPTER I11: SYNTESIS OF TRIBLOCK COPOLYMERS
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Introduction:

This chapter describes the synthesis and characterization of the triblock copolymer PEG114-b-
PTMC00-b-Plao, which was chosen as a possible component to be later self-assembled into
magnetic polymersomes capable to be elongated under the magnetic field and sustain an
anisotropic morphology by cross-linking even after the removal of the field. The PI block was
attached onto the initial diblock copolymer of PEGi114-b-PTMCyq0 in order to introduce a cross-
linkable moiety into the system, specifically the double bonds of the PI that were transformed
into epoxides capable to undergo cross-linking with a cationic photoinitiator or via diamine
cross-linking. Both ideas were investigated, yet the cationic initiator path was the most utilized

as it can be delayed until UV illumination at a controlled dose.

Poly(ethylene glycol) (MeO-PEG11s-OH of M, = 5000 g-mol™) was chosen as the hydrophilic
block due to its biocompatible and stealth properties and was used as a macroinitiator for the
polymerization of trimethylene carbonate monomer (TMC) via ring opening polymerization
(ROP). PTMC, a biocompatible and biodegradable polymer, was chosen as one of the
hydrophobic blocks due to its rubbery state that would allow the magnetic nanoparticles to
move with no restrain when the magnetic field is applied resulting in an elongation of the
vesicles. The controlled polymerization of TMC, with the use of DBU as an organic catalyst
and TU as a co-catalyst, has already been studied extensively and the reaction conditions were
adapted in this synthesis in order to reach the desired molar mass faster with low dispersity of

the resulting copolymer.[1]

In order to produce polymers that can be self-assembled into vesicles, the hydrophilic fraction

frec Needs to be in a specific range [2,3]. Indeed, following various publications in particular
the ones by Lebleu er al.[1,4], it was found that PEG-b-PTMC diblock copolymer with a
fraction as low as 17% is requested to self-assemble into vesicles. Since our system has PTMC
as the main hydrophobic block and the poly(isoprene) block was a secondary component, we
aimed to produce polymers with a hydrophilic fraction ranging between 15 and 17% rather than
following the publications by Discher & Eisenberg suggesting the hydrophilic fraction to be in
the range 0.25<fpec< 0.45 to produce polymersomes for polydiene based copolymer systems
[5,6].

A heterotelechelic poly(isoprene) with a small molar mass 2000 g-mol™*<,<4000 g-mol™ was
synthesized via a “one pot” degradation of a high molar mass PI 800 kg-mol™ [7, 8]. The
reaction is well documented in the literature via the use of mMCBPA as an epoxidation agent and
periodic acid as the ring opening agent in order to result in a well-controlled molar mass of the
final polymer. Finally, one of the carbonyl end-groups of the poly(isoprene), specifically the

aldehyde group, was transformed into a carboxylic group for further functionalization.[9] The
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reaction utilized to yield the final triblock was a Steglich esterification between the hydroxyl
end-group of PEG114-b-PTMC200-OH and the carboxylic group of the low molar mass PI [10-
12]. As final step in order to produce a polymer capable of being cross-linked, epoxide groups
were introduced onto the chain of Pl with mCBPA in a controlled manner to result in an

epoxidation rate ranging from 7 to 20% (Scheme 8).
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Scheme 8: Visual representation of all the reactions which are explored in this chapter in order to synthesize the
final epoxidized triblock copolymer PEG114-b-PTMCn-b-Plm.
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Experimental Section:

Materials:

Tetrahydrofuran (THF), dichloromethane (DCM), methanol (MeOH), toluene and heptane
were purchased from Sigma-Aldrich. THF, toluene and DCM were dried by a solvent
purification system. Meta-chloroperbenzoic acid (m-CBPA), Periodic acid (HsIOg), sodium
carbonate (Na.COs) and Celite™ (natural diatomaceous earth) were purchased from Alfa
Aesar, Thermo Fisher. MeO-PEG;14-OH (M,= 5000 g-mol™) was purchased from Sigma-
Aldrich. 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) was purchased from Sigma-Aldrich and
distilled under vacuum before use. Trimethylene carbonate (1,3-dioxane-2-one, TMC) was
purchased from TCI Europe and was purified by three successive recrystallizations in ethyl
acetate. Commercial cis-1,4-poly(isoprene) 800000 g-mol™* was purchased from Scientific
Polymer products, N-cyclohexyl-N’-(3,5-bis(trifluoromethyl)phenyl)thiourea (TU) was
synthesized previously in the laboratory [4]. 4-(Dimethylamino)pyridinium 4-toluenesulfonate
(DPTS),  N,N’-diisopropylcarbodiimide  (DIC), N,N’,N’-triethylamine  (Et:N), 4-
(Dimethylamine)pyridine (DMAP) was purchased from Sigma Aldrich, 1,4-dioxane. EtsN was

dried with CaH, and distilled under vacuum before use.

Methods:

PEG114-b-PTMCmblock copolymer synthesis:

The reactions were performed under inert atmosphere (nitrogen flow) and the trimethylene
carbonate monomer was stored in a glove box before, to avoid degradation. The syntheses of
the PEG114-b-PTMC,, diblock copolymers were achieved by ring-opening polymerization
(ROP) using MeO-PEG114-OH (M= 5000 g-mol™) as macroinitiator. The aimed degree of
polymerization (DP) for the TMC block was 196 at a conversion of 80%. In a Schlenk tube, 0.1
g (1 eq, 0.02 mmol) of MeO-PEG114-OH was dried via the formation of an azeotropic solution
using dry toluene and left to stir for 1 h at 40 °C before the distillation of toluene under reduced
pressure. The polymeric initiator was left to fully dry overnight under dynamic vacuum before
proceeding with the polymerization. In a separate vial, 0.5 g (196 eq, 4.89 mmol) of previously
recrystallized TMC monomer was weighted in the glovebox together with 0.022 g (3 eq, 0.06
mmol) of N-cyclohexyl-N’-(3,5-bis(trifluoromethyl)phenyl)thiourea (TU) and the vial was
sealed with a septum. In another wvial, 89 puL (3 eq, 0.06 mmol) of 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) was added and the vial was sealed with a septum as

well.
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The reagents were taken out of the glovebox. In the Schlenk containing the macroinitiator,
almost half of the dry THF volume (1 mL) was added to pre-solubilize it while another 1 mL
of THF was added via a flushed syringe through the septum to the vial containing the monomer
and TU mixture. Once both reactants were solubilized, the monomer/TU solution was added to
the macroinitiator solution. A small amount of 0.1 mL of THF was added into the DBU vial
before aspirating the solution of the catalyst with a syringe and adding it into the Schlenk,
marking this moment as the beginning of the reaction. The reaction proceeded at 30°C for 5 h
under magnetic stirring before termination by addition of an excess of acetic acid (0.02 mL).
The polymer mixture was precipitated into cold methanol and centrifuged at 4 °C (10 min, 4000
g) resulting in a white precipitate. The polymer was washed with methanol and centrifuged 3
more times to remove unreacted monomer and impurities. The product was left to dry overnight

under vacuum. The final polymer was a white product, with a weight yield of around 60-70%.

'H NMR (400 MHz, CDCls): & (ppm): 4.25 (t, -PTMC-CO-O-CH>-CH,-CHo-OH),4.2(m broad,
-CO-0-CH-CHy-CH>-0-), 3.15 (-PTMC-CO-0-CH,-CH,-CH>-OH), 3.6 (m broad, CH3-O-
CH»-CH»0-), 3.3 (5,CH3O-CHp-CHp-0-), 2.0 (m broad, -CO-O-CHp-CH>-CH,-0-), 1.8
(quint, -PTMC-CO-0-CH,-CH,-CH,-OH)

Synthesis of hetero-bifunctional poly(isoprene)via “one-pot” degradation method

The following procedure was utilized to synthesize a small molar mass poly(isoprene)as
described in the literature[8,13,14]. The targeted DP for this poly(isoprene) was 40. In a round
bottom flask of 0.5 L, 5 g of a commercial high molar mass 1,4-cis-poly(isoprene) (800000
g-mol™) was left to solubilize in 250 mL THF overnight under stirring. 1.06 g (6.13 mmol) of
mCBPA was solubilized in 50 mL of THF and added dropwise over a period of 15 min onto
the poly(isoprene) solution. The mixture was let to react for 2 h before 1.67 g (7.36 mmol) of
periodic acid which was pre-solubilized in 50 mL of THF was added dropwise in the solution,
and the reaction was left to stir for another 2 h. Finally, 5 g of sodium carbonate was added into
the reaction in order to react with the produced acids and left to stir for 20 min before the
solution was filtered through Celite™. Next, the THF was distilled under vacuum to a smaller
volume ~10 mL, which was precipitated in 100 mL of cold methanol under vigorous stirring.
A viscous precipitate was formed, which was solubilized in diethylether and filtered through
Celite™, Excess diethylether was distilled again under vacuum and the remaining solution was
precipitated again in cold methanol. The precipitate was solubilized again if THF, the THF was
distilled, and the final product was dried under vacuum overnight. The final product was a

viscous polymer, with the reaction weight yield of ~70%.
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'H NMR (400 MHz, CDCls): & (ppm): 9.74 (t, 1H, -CH,CHO), 5.14 (t (broad), 5H —CH,CHv),
247 (t, 2H, - CH>,CHO), 2.42 (t, 2H, -CH,COCHj3), 2.33 (t, 2H, - CH>CH,CHO), 2.00-2.12
(m (broad), 20H, —-CH,CHv and — CH>C(CH3)v), 1.68 (s (broad), 15H —(CH;)CvCH-).

Synthesis of carboxylic-ended bifunctional poly(isoprene)

The first step for the synthesis of carboxylic-ended poly(isoprene) is to convert the aldehyde
group of the carbonyl-ended poly(isoprene) by reducing the aldehyde group into a hydroxyl
group. This step was done according to literature [8]. In a 250 mL round bottom flask, 1.1 g of
carbonyl poly(isoprene) was solubilized in 50mL of THF, followed by the addition of 4eq of
reducing agent NaBH(AcO); (0.57 g, 2.68 mmol) and 1.2 eq of acetic acid (0.87 mmol, 50 uL).
An excess of acid should absolutely be avoided to preserve the double bonds of PI. The reaction
was left to stir overnight at room temperature. The reaction was then precipitated in cold
methanol, re-solubilized in diethylether and filtered through Celite™. The diethylether was
distilled under vacuum until final volume ~10 mL followed by precipitation in cold methanol.
The final polymer was solubilized in THF and dried under vacuum overnight. The final product

was a viscous polymer with a weight yield of ~80%.

'H NMR (400 MHz, CDCls): § (ppm): 5.14 (t (broad), 1H ~CH,CHV),3.64(t,2H, -CH,COH)
2.42 (t, 2H, -CH,COCHz), 2.44 (t, 2H, — CH,CH,COH), 2.00-2.12 (m (broad), 4H, —-CH,CHv
and — CH,C(CHa)v), 1.68 (s (broad), 3H —(CH3)CvCH-).

The next step is the conversion of the hydroxyl moiety into a carboxylic group adapted from
literature [9]. 0.13 g (0.045 mmol, 2900 g-mol™) of —OH terminated poly(isoprene) was
solubilized with dry toluene to be dried via an azeotropic solution. The toluene was distilled,
and the polymer was dried overnight under vacuum overnight. The same procedure was
performed for 0.0089 g (2 eq, 0.089 mmol) of succinic anhydride in a different Schlenk tube.
The following day, 0.4 mL of dry 1,4-dioxane was added under nitrogen flow into the polymer
together with 6.2 uL (1 eqg, 0.045 mmol) of dry trimethylamine. The mixture is then added into
the succinic anhydride. Finally, 5.5 mg (1 eq, 0.045 mmol) DMAP was added into the reaction.
The reaction was left to stir under room temperature overnight before precipitation in cold
methanol. The reaction was centrifuged at 4°C (10 min, 4000 g) and the precipitate was washed
another 4 times to remove the excess of succinic anhydride and other impurities. The final yield

was ~50% in weight, with a conversion rate of the carboxylic group ~80%.

IH NMR (400 MHz, CDCls): & (ppm): 5.14 (t (broad), 1H ~CH,CHvV), 4.07 (t, 2H,-CH>CO-
CO-CH,CH,COOH), 3.64(t,2H, - CH,COH), 2.65 (m, 4H,-CO-CH,CH2COOH), 2.42 (t, 2H,
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—CH,COCH3), 2.44 (t, 2H, — CH,CH2-CO-CH,CH,COOH), 2.00-2.12 (m (broad), 4H, —
CH,>CHv and — CH>C(CHs)v), 1.68 (s (broad), 3H —(CH3;)CvCH-).

Final synthesis of the PEG114-b-PTMCm-b-Pl, triblock copolymer

The synthesis of the triblock copolymer was adapted from literature[11]. The reaction utilized
for the synthesis of the triblock was a Steglich esterification between the carboxylic end-group
of the poly(isoprene) chain and the hydroxyl end-group of the diblock copolymer PEG114-b-
PTMCn,-OH.The procedure was the following: in a Schlenk tube, 0.1 g (1 eq, 0.0059 mmol) of
the diblock copolymer was solubilized in dry toluene in order to remove moisture from the
system through an azeotrope solution formation. The solvent was then distilled under vacuum,
and the diblock copolymer was dried overnight. A similar procedure was followed for 50 mg
(3 eq, 0.0176 mmol) of polyisoprene and 17.3 mg (10 eq, 0.0588 mmol) of DPTS in a different
Schlenk. The following day, both mixtures were solubilized in 2 mL of dry DCM, equally, and
the solutions were combined. After 15min of stirring at 40°C, 9.1 uL (10 eq, 7.4 mg, 0.0588
mmol) DIC was added into the reaction. After 48 h stirring at room temperature, the reaction
was terminated by precipitation in cold heptane to remove the excess of poly(isoprene) and
centrifuged at 4°C (10 min, 4000 g). The precipitate was re-solubilized in a small amount of
THF (~2 mL) and filtered through a 0.45 um pore size PTFE filter in order to remove the DPTS
solid and re-precipitated in cold heptane again. The product was separated, solubilized,
centrifuged 2 more times before finally being dried under vacuum overnight. The final product

had a white powder solid-like consistency.

IH NMR (400 MHz, CDCls): & (ppm): 5.14 (t (broad), 5H ~CH,CHV), 4.25 (t, -PTMC-CO-O-
CH,-CH,-CH,-OH), 4.2 (m broad, -CO-O-CH,-CH,-CH;-0-), 3.15 (-PTMC-CO-0-CH,-CHo-
CH,-OH), 3.6 (m broad, CHs-O-CH,-CH»-0-), 3.3 (5,CH3-O-CH2-CH,-0-), 2 (m broad, -CO-
O-CH,-CH,-CH,-0-), 2.00-2.12 (m (broad), 4H, ~CH>CHv and — CH>C(CHs)v), 1.8 (quint, -
PTMC-CO-0-CH-CH»-CH2-OH), 1.68 (s (broad), 3H —(CH;)CvCH-)

Epoxidation of the PEG114-b-PTMC-b-Pl,, double bonds

In a vial, 100 mg of the triblock copolymer PEG114-b-PTMCn-b-Pl, were solubilized in 3mL
of THF. The epoxidation reactant was mCBPA and its amount was calculated for each
epoxidation percentage targeted. For example, for an 20% epoxidation rate of a triblock
copolymer containing a poly(isoprene) block of DP=44, the amount of mCBPA used was 0.6
mg (0.00347 mmol). The reaction was left to stir at room temperature for 2 h before
precipitation in cold heptane and centrifuged at 4°C (10 min, 4000 g). The precipitate was

washed 3 more times with heptane and centrifuged.
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For example, for the triblock copolymer PEGi114-b-PTMC20-b-Plso (PP14P17) the calculations
were as such:

I5.2X68 _ 3400

(Us2)x68 + (126)xaa+(142)x102 ~ 28800

%P1 by *HNMR = =0.118, i.e 11.8 % of poly(isoprene)
where the 7 values are peak integrations at 5.2, 3.6 and 4.2 ppm respectively, corresponding to
characteristic protons of PI, PEG and PTMC. Thus, %PI1Xmpolymer=mpi, for example 0.1g of
polymer results into me= 0.0118 g.

np|=@ =0.173 mmol
68

NmCPBA — % Theor_epoxidationxnpl = 20 % X 0173 mm0| = 000347 mm0|

mmcpea= Nmcpeax172.57 g/mol=0.0006 g or 0.6 mg of mMCBPA

'H NMR (400 MHz, CDCl3): § (ppm): 5.14 (t (broad), 5H —CH,CHv), 4.25 (t, -PTMC-CO-O-
CH>-CH2-CH2-OH), 4.2 (m broad, -CO-O-CH>-CH>-CH-0-), 3.15 (-PTMC-CO-0-CH:-CH:-
CH>-OH), 3.6 (m broad, CHs-O-CH,-CH,-O-), 3.3 (s,CH3-O-CH»-CH>-0O-), 2.68 (t, 1H,-CH,-
CHO-CCH3-CH3-), 2 (m broad, -CO-O-CH>-CH,-CH,-0-), 2.00-2.12 (m (broad), 4H, —
CH,CHyv and — CH,C(CHs)v), 1.8 (quint, -PTMC-CO-0O-CHj-CH>-CH,-OH), 1.68 (s (broad),
3H —(CH;3)CvCH-), 1.28 (d broad, CH,-CHO-CCH;-CHy-).
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Methods of characterization:

Nuclear Magnetic Resonance (NMR):

'HNMR experiments were performed in deuterated chloroform CDCls in room temperature on
a NMR BRUKER AVANCE | spectrometer which was operating at a frequency of 400 MHz.
The instrument was equipped with a BBFO probe capable of producing Z-gradient at all
frequencies. The spectra were acquired with an acquisition time of 4 seconds and 32 scans. The
concentration of each sample was 10 mg/ml. The NMR spectra were acquired by Topspin
software from BRUKER.

Diffusion-ordered spectroscopy (DOSY):

Diffusion-ordered spectroscopy (DOSY) was performed in room temperature on a
BRUKER Ascend 400 NMR spectrometer. The spectrometer was equipped with a cryo-
Probe Prodigy. A relaxation delay D1 of 5 sec was set and the number of scans NS was 16.
The acquisition of the spectra was done with the dstebpgp3s pulse program. The time
domain points in the t2 were 16K and 16 t1 increments. A compromise diffusion A of
100ms was set for all measurements. 95% of the maximum gradient strength was linearly
incremented | 16 steps from 5%. Finally, 3, i.e., the gradient pulse length was 2.3ms. The

concentration of the sample was 15mg/ml.

Heteronuclear Single Quantum Coherence (HSQC) and Heteronuclear Multiple Bond
Correlation (HMBC):

HMBC and HSQC experiments were performed in deuterated chloroform CDCls; in room
temperature on an NMR BRUKER AVANCE | spectrometer which was operating at a
frequency of 400 MHz. The instrument was equipped with a BBFO probe capable of producing
Z-gradient at all frequencies. The NMR spectra were acquired by Topspin software from
BRUKER.

Size exclusion chromatography (SEC):

Size exclusion chromatography SEC) analysis to determine the molar mass M, and dispersity
b was performed in THF on an UltiMate™ 3000 Standard (SD) HPLC/UHPLC system
produced by Thermoscientific. The system was equipped with a multi angle light scattering
probe (MALS) (Wyatt Technologies), a differential refractive index detector (dRI) (Wyatt
Technologies) and a UV-Vis diode array detector (Thermoscientific). Polymer separation was
performed by a three-column set of TOSOH TSK HXL gel (G2000, G3000 and G4000) the

exclusion limits of which were from 200 to 400000 g-mol™. The calibration of the column
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was performed with polystyrene standards of an EasiVial kit of polystyrenes (PS) from
Agilent. The medium molecular weight range was in the range of 162 to 364000 g-mol-.
Finally, the analysis of the chromatograms was performed with Astra software by Wyatt

Technologies.

Fourier transform infrared spectroscopy (FTIR):

FTIR was performed in order to determine the successful grafting of IONPs either by oleic acid
or by poly(isoprene). The absorbance spectra were performed with a Bruker Vertex 70 FT-IR
spectrometer by addition of a droplet of the IONPs solution on the crystal plate and evaporation

of the solvent.
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Results and discussion:

Triblock copolymer synthesis and characterization:

The first step for the synthesis of the triblock copolymer was to synthesize a diblock copolymer
with a specific hydrophilic weight ratio frec that would result in vesicle formation post self-
assembly. Following previous publications in the group, PEG-»-PTMC tends to form vesicles
when freg is less than 20%, for example in Lebleu er al. [1] a diblock system of PEGas-b-
PTMCgs formed vesicles when frec=17%. Due to the size of the PEG block (5000 g-mol™) and
of the poly(isoprene) chain that would be attached onto the diblock, which was chosen to be
2900 g-mol™ (DP=44), the poly(trimethylene carbonate) block of the initial diblock had to be
around 20000g/mol in size in order to achieve the low hydrophilic ratio needed (frec<20%)
once the third block, i.e. poly(isoprene) would be attached. The ring opening polymerization
(ROP) of TMC monomer had already been studied in the laboratory and specific conditions
were already known. But in this case a change in the equivalent of the catalysts was performed

in order to increase the rate of reaction and achieve the desired molar mass faster than before.

Synthesis of PEG114-b-PTMC, by ring opening polymerization:

The synthesis of the poly(ethylene glycol)-block-poly (trimethylene carbonate) PEGi14-b-
PTMC was achieved via ring-opening polymerization (ROP) with the use of MeO-PEG114-OH
(M= 5000 g-mol™) as a macroinitiator, 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) as catalyst
and N-cyclohexyl-N"-(3,5-bis(trifluoromethyl)phenyl)thiourea (TU) as co-catalyst (Figure
61,Table 7).

0 H 0
HSCL \/\}O' — > chL \/%o

114 14

Figure 61: Schematic representation of the ROP of the diblock PEG114-b-PTMChn.
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Table 7: Reaction conditions and reagents used for the synthesis of PEG114-b-PTMCndiblock before improving

the reaction conditions.

Reagent mmol eq g THF (mL)
MeO-PEG114-OH (M,
5.000g/mol) 0.05 1 0.25 134
TMC 9.80 196 1 3
TU 0.065 1.3 0.024
DBU 0.065 13 0.0099 (9.9uL)

The only macroinitiator that was used for all the reactions was MeO-PEG114-OH, with a M,=

5000 g-mol™. Two different conditions regarding the catalytic system were utilized, specifically

the second conditions were modified in order to decrease the reaction time. The initial synthetic

route utilized 1.3 eq of the catalyst/co-catalyst system of (DBU/TU)/initiator ratio to achieve

the targeted DP=196 of the trimethylene carbonate block.

The kinetics of the reaction were investigated and followed by proton nuclear magnetic
resonance (*H NMR) in deuterated chloroform (CDClIs) through the decrease of the peak at 4.43

ppm of the 4H of the monomer and the appearance of the triplet at 4.2 ppm which was attributed
to the 4H of the PTMC block. By integrating steadily the peak at 3.3 ppm of the methyl end-

group (CHs-) of poly(ethylene glycol) (MeO-PEG114-OH) as 3H, it was possible to directly

calculate the conversion and the degree of polymerization at each step of the reaction (Figure

62, Figure 63).
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Figure 62: THNMR kinetics in CDCls of the diblock PEG114-b-PTMCn in the initial conditions (i.e. 1.3 eq.
catalysts). (*THF solvent peak is present at 1.8 and 3.8ppm).
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Figure 63: 'H NMR in CDClIs of the final diblock PEG114-5-PTMCi1os (1).

Previous reports on the synthesis of this diblock copolymer have suggested that at a conversion
higher than 80% the reaction produced side reactions that were attributed to intermolecular
reaction that resulted to triblock of PEG-b-PTMC-b-PEG[4]. Thus, molar mass increase was
followed by size exclusion chromatography (SEC) in THF (Figure 64 and Table 8). It is worth
mentioning that after almost 60% conversion, a tail had started to appear in the SEC
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chromatograms but on the left side, suggesting smaller mass chains were present in the reaction.
Nevertheless, when the reaction was analyzed by *H NMR at 6 h of reaction having reached an
experimental conversion of 85% and the final SEC results at that time resulted in a low p of
1.14 suggesting that the reaction can reach over 80% conversion without major side reactions.
The reaction was terminated after 8.5h by addition of an excess of acetic acid and precipitation

in cold methanol, followed by centrifugation.

The precipitate was washed with methanol 3 times to remove the unreacted monomer and other
impurities. For these conditions, the reaction lasted 8.5 h with a targeted conversion of 100%
(Table 9). The final DP for these conditions was 193 with an experimental conversion of 95%
for the poly(trimethylene carbonate) block and the final hydrophilic ratio of the diblock
copolymer frec=20% (Figure 63).

dRlI

18 19 20 21 22 23 24
Retention time (min)

Figure 64: Kinetics of the PEG114-b-PTMCm diblock copolymer in SEC THF throughout different times from 1 to
6 h.

The final conversion was approximately 100% and yet the final diblock PEG114-6-PTMCi93 (1)
did not present any side reactions as already mentioned which concluded that this conversion

was reachable and could produce a well-defined polymer (Figure 63,Figure S 5 and Table 9).
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Table 8: Characteristics obtained by SEC THF during the kinetics reaction of diblock formation.

Time of
reaction M, SEC (g/mol)* b* Conversion (%) **
(h)
1 7290 1.02 11
2 8300 1.02 12
3 9740 1.03 40
4 10020 1.10 59
5 12530 1.09 69
6 13280 1.14 89

*Number-average molar mass (Mn) and dispersity (P) obtained by SEC in THF; **Conversion calculated
viatHNMR in CDCls

While the resulted diblock PEG114-b-PTMCies (1) had good characteristics in both *HNMR and
SEC and the reaction had reproducibility as can be seen in Figures S1 and S2 which represent
the *H NMR and SEC of another diblock with the same conditions and reaction time PEGj4-
b-PTMC101(2), an effort to optimize the reaction time was done by increasing the amount of
catalysts in the system. Thus, the same reaction conditions remained while the amount of the
catalyst/co-catalyst changed from 1.3 to 3 eq. This resulted in a shorter reaction time, which
decreased from 8.5h to 5h for a targeted conversion of 100%. Furthermore, to create a diblock
with a lower fpeg the targeted DP increased to 245, which would result in an fpec=16.6%, a lot
closer to the necessary hydrophilic fraction for vesicle formation. Both *H NMR (Figure 65)
and SEC analyses (Figure 66) suggested that this change in the system did not cause any side
reactions and the control of the polymerization remained, resulting in a low dispersity diblock
copolymer, with a higher DP of 200 as calculated by *H NMR in CDCl; (Figure 65).
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Figure 65: THNMR in CDCIs of the final diblock PEG114-5-PTMC200 (3).
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Figure 66: SEC in THF of diblock PEG114-b-PTMC200 (3).

Table 9: Characteristics obtained by SEC and *H NMR for the three versions of diblock copolymer.

Mn SEC D* M*HNMR(g/mol)* DP
(g/mol)*
PEG114-b-PTMC93 (1) 13500 1.13 22850 193
PEG114-b-PTMCa196 (2) 15400 111 24300 196
PEG114-b-PTMC200 (3) 18550 1.05 25400 200

The final hydrophilic ratio of the PEG114-b-PTMCoq (3) diblock copolymer was fpec=19%,
similar to the diblock copolymers that were synthesized previously with a final conversion of
82%. In conclusion, in this study, the synthesis of the diblock copolymer PEG114-b-PTMCh, it
was possible to achieve a high conversion of the PTMC block with a good polymerization
control and well-defined characteristics. The reactions that were done with a smaller amount of
the catalytic system DBU/TU reached high conversions close to 100% without losing the

control of the polymerizations but the reaction time appeared to be long, 8.5 h. After changing
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the conditions of the reaction by increasing both the targeted DP as well as the amount of the
catalyst in the system to 3 eq the reaction was able to reach 82% experimental conversion
resulting in polymers with similar characteristics as the original ones but with the reaction
taking 5 h. Thus, it was possible to achieve a controlled polymerization for both systems but
obviously the system with a higher equivalent of DBU/TU was preferable due to the reduced

time of reaction.

Synthesis of carboxylic end-functionalized poly(isoprene):

The synthesis of a small molar mass poly(isoprene) was already discussed in detail in Chapter
2 and the experimental procedure remained almost unchanged with small modifications in the
cleaning process of the final polymer. In this case the targeted DP of poly(isoprene) was 40 in

order to achieve a final triblock that would result with a frec<20%.

H 4eq NaBH(AcO)3
o - © —) (@) OH
THF, 24h —
40 o

©)
[e) OH 2eq succinic anhydride e) o)
=<_|_/_<_|_/_ oo OWAP > =<-|-/:<'|—/_ T(\)LOH
40 O

40 1leq EtgN

Figure 67: Synthetic route of the carbonyl functionalization of poly(isoprene).

The first step was to retrieve the carbonyl telechelic poly(isoprene), the characteristics of which
were determined by *H NMR and SEC analyses (Figure 68, Figure 71). The following was to
reduce one of the carbonyl groups selectively, i.e. the aldehyde only into a hydroxyl group via
the use of sodium triacetoxyborohydride (NaBH(AcO)s) [8]. This reducing agent was
specifically chosen due to its selectivity in reducing only the aldehyde groups and not the
ketones, thus ensuring than only one chain end could be further functionalized. The reaction
was already studied and described in literature and was followed accordingly [9]. The transition
from an aldehyde group into a hydroxyl group was determined by the disappearance of the
characteristic aldehyde proton at 9.7 ppm and the appearance of a triple peak at 3.64 ppm
attributed to the 2H residing on the carbon which bears the hydroxyl group. The conversion of
the aldehyde into the hydroxyl group was always 100% and the ketone moiety was still present

and non-modified (Figure 69).
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Figure 69:'HNMR in CD2Cl: of a) carbonyl telechelic poly(isoprene) and b) hydroxyl-ended poly(isoprene).

The third and final step to create a poly(isoprene) block capable of being coupled with the
diblock PEG114-6-PTMC193 Was to modify the hydroxyl moiety into a carboxylic moiety which
would be able to react with the already existing terminating hydroxyl group of the diblock
PEG114-b-PTMC193-OH via a Steglich esterification reaction which will be described further
on. The synthesis of the carboxylic-ended poly(isoprene) was done by following existing
literature with slight adaptations [10,11,13]. Succinic anhydride was utilized as the coupling
agent which after its ring-opening by the hydroxyl group would produce a carboxylic group on
the poly(isoprene) (Figure 70). The reaction was terminated after 22 h because, when monitored
by 'HNMR, it was found that even if the reaction was left for 48 h the reaction remained
unchanged and 100% conversion was not possible to be reached. Thus, it was concluded that

the reaction was not necessary to continue further than 22 h.
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The attribution of the proton was further verified with HSQC and HMBC NMR analyses
(Figure S 8). In the *H NMR spectrum (Figure 70), it is possible to determine that the conversion
from a hydroxyl group to carboxylic group was not 100% due to the presence of the triple peak
at 3.64 ppm which remained there even after a longer reaction time. Due to the integration of
the peak at 3.64 ppm being 0.3, it was possible to determine that the final conversion rate of the
carboxylic functionalization by determining how much of the non-functionalized
poly(isoprene) was still in the system. If the Pl had not been functionalized at all this peak
would be integrated as 2, thus after functionalization with carboxylic acid we had 15% of PI-

OH left in the system, i.e., the carboxylic functionalization was 85%.
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Figure 70: 'H NMR in CD:Cl: of a) hydroxyl-ended poly(isoprene) and b) carboxylic-ended poly (isoprene) after

11473
a

22 h reaction.

The final polymer was analyzed by SEC in THF and compared to the poly (isoprene) prior to
the functionalization (Figure 71). It was possible to see a shift in the carboxyl functionalized
poly(isoprene) when compared to the PI-OH and can be attributed to the difference in the
interaction of each functional group with the column. The resulted molar mass was higher by
1000 g-mol'l, but the measurement of the molar mass in SEC cannot be taken as conclusive due

to the use of polystyrene standards and *H NMR produced more accurate results as can be seen
in Table 10.
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Figure 71: SEC in THF of three different versions of end-functionalized poly(isoprene) chains.

Further verification of the functionalization was provided by FT-IR where the appearance of a
classic C=0 stretch at 1750 cm™ was observed for PI-COOH as well as the decrease of the O-

H stretch was visible (Figure 72). While the lack of the C=0 stretch and the presence of the O-
H stretch is visible for the PI-OH spectra.
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Figure 72: FT-IR spectra of PI-COOH and PI1-OH.

Table 10: Characteristics obtained by SEC and *H NMR for the three versions of functionalized poly(isoprene).

M, SEC (g/mol)* D* MytH NMR(g/mol)* DP

PI (7) 2800 1.45 2720 40
PI-OH (7) 3430 131 2720 40
P1-COOH (7) 4250 1.23 2420 40
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Synthesis of PEG114-b-PTMCm-b-Pln triblock polymer

The final synthetic step in order to obtain the triblock copolymer is a Steglich esterification
between the hydroxyl group of the diblock copolymer PEGi14-b-PTMCzq0 and the carboxylic-
functionalized poly(isoprene) PI-COOH chains with the use of DPTS and DIC as the catalytic
system. Pli-COOH(7) was utilized as the second hydrophobic block, which if attached
properly would result in a triblock with a hydrophilic ratio frec= 17.8%, which falls into the

limits of necessary ratio to form vesicles [5, 6].

Usually, Steglich esterification requires DMAP and DCC [12] but after various attempts, the
system DMAP/DCC revealed unsuccessful. Therefore, following published literature which
already showcased a successful system for coupling poly(isoprene), the choice to change the
catalytic system to DPTS/DIC was made. In the referred literature work by Antoine et
al.[10,11,13], the reaction required 3 days but in our case, such long time produced a side
reaction, which was attributed to the presence of free non-functionalized PI-OH, thus the
reaction time was decreased to 48 h, which produced better results (Figure 73).
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Figure 73: Schematic representation of the Steglich esterification to produce the triblock.

48h

The reaction was done in moisture-free conditions by first drying all the reactants with dry
toluene and further drying under vacuum overnight. Both the diblock and poly(isoprene)/DPTS
systems were then solubilized in dry dichloromethane, due to the limited solubility of DPTS in
THF, and then combined. The reaction temperature was chosen to be 40°C following literature,
and after 15 min of stirring, DIC was added. DIC reacts with the carboxylic acid moiety by

forming an O-acylisourea intermediate which increases its reactivity.

During this step, DPTS reacts with the intermediate, due to it being a stronger nucleophile,
which results in the formation of a reactive amide. This reactive species can then react with the
alcohol bearing diblock copolymer, resulting in an ester bond formation. The mechanism
described is a standard mechanism of Steglich esterification modified due to the change of the
catalytic system from DMAP/DCC to DPTS/DIC (Figure 74).
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Multiple attempts to synthesize the triblock were achieved, first by following the reaction time
described in literature, i.e., 3 days. These conditions did successfully produce the triblock but
due to the presence of the non-functionalized PI-OH in the system, a shoulder at shorter elution
times was observed, which suggested a side reaction which was attributed to a reaction between
the ketone group of the attached poly(isoprene) and the alcohol group of the non-functionalized
P1-OH, forming an intermediate acetal, which would double the amount of P1 units incorporated
in the copolymer chain (Figure 75).
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Figure 74: Scheme of the Steglich esterification reaction mechanism from S. Antoine,PhD thesis, U.
Bordeaux[15].
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Figure 75: Possible side reaction during the esterification.
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Figure 76: *H NMR in CDCls of PEG114-b-PTMCug3-b-Plog (PP3P17(4)).
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Limiting the reaction time to 48 h still led to the success of the coupling without, as verified by
'H NMR in CDCl; (Figure 76) and SEC in THF (Figure 77) as well as HSQC and HMBC
analysis (Figure S 9). Specifically in SEC, it was possible to observe the shift to shorter elution
times for the triblock when compared to the diblock PEG114-6-PTMCigs. Furthermore, the
triblock presented a UV response while the diblock did not, which was attributed to the presence
of the poly(isoprene) block which exhibits such characteristics that neither PEG nor PTMC do
as can be observed in Figure 77b were the triblock copolymer exhibits a UV response while the
diblock PEG-5-PTMC does not.

a) 104 ——PEG-b-PTMC (3)
——PPIPIT (4)

b) o
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Figure 77: SEC elution curves in THF of a) PEG-b-PTMC (3), PEG114-b-PTMC196-b-Ples (PP3PI17(4)), and PI-
COOH(7) according to the dRI detector and b) of PEG114-b-PTMCio6 (3) and PEG114-5-PTMC106-b-Plos (4)
(PP3PI7) according to both the dRI and UV detectors.
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As it is visible in both *H NMR and SEC analyses, the esterification coupling reaction did work.
In SEC, the elution appears at shorter elution times suggesting a higher molar mass when
compared to the diblock PEG-5-PTMC (3), but a shoulder is visible, which in turn suggests that
a side reaction occurred. This can further be verified by the *H NMR spectrum where the molar
mass of the poly(isoprene) after proton integration seems higher than that of the original block
of poly(isoprene), which had a #4,=2900 g/mol and DP=40. In this case the DP seems to be 80
when integrating the peak characteristic for poly(isoprene) at 5.2 ppm, which is the double of
the original. In the SEC chromatograms (Figure 77), it is visible that there is no free
poly(isoprene) remaining in the system, thus we can conclude that double of the poly(isoprene)

chains has been attached.

This side reaction was confirmed by addition of acetic acid to the final polymer and was
observed by *H NMR with the disappearance of the peak at 4 ppm. It was further verified by
SEC, after addition of acetic acid to the solution it was visible that free poly(isoprene) appeared
in the system without shifting the main peak of the triblock to the original diblock (Figure 78).

——PP3PIT (4)
104 ——PP3PIT A A (4)

0.8 4

0.6+

dRl

0.2

0.0

T T T T T T
16 18 20 22 24 26
Retention time (min)

Figure 78: SEC in THF after the addition of acetic acid in the vial of the original triblock PEG114-b-PTMC193-b-
Plog (PP3PI7(4)).

To try to eliminate the side reaction various attempts were made by adjusting parameters of the
reaction. First, a decrease of the equivalent of poly(isoprene) was attempted, from 3 to 1.5 and
1.2. In *H NMR spectra of the final triblock copolymers with lower equivalents of Pls-COOH
(7) (Figure 79), it is visible by the integration of poly(isoprene) peak that its molar mass is
closer to the actual M, of the poly(isoprene) block, with a DP 40. This result is better visible
for PP1PI7 (7), while PP3PI7 (5) has still a small peak of the characteristic side reaction at 4
ppm. To further confirm how the decrease of equivalents affected the reaction, SEC analysis in

THF was performed. The shoulder on the SEC chromatogram remained (Figure 80).
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Figure 80: SEC in THF of the triblocks with lower equivalents of poly(isoprene).

All the SEC traces appear to have shifted from the original diblock PEG114-b-PTMC, while a
shoulder on the left is still present in all of them. PEG114-b-PTMCag3-b-Plss (PP3PI17 (5)) and
PEG114-b-PTMC195-b-Plsg (PP1PI7) with 1.5 and 1.1 eq. respectively, presented better results
in SEC. In total, PP3PI17 (5) with 1.5 eq. of poly(isoprene) appears to have the best results while
the side reaction still occurred. This brings us to conclude that the decrease of equivalents did
not help to completely eliminate the side reaction, but it was helpful to minimize it for the final

polymer.
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After trying to reduce the equivalents of poly(isoprene), a final attempt to eliminate the side
reaction was done by simply decreasing the reaction time. Following the reaction by SEC, it
was observed that after 2 days of reaction the elution trace did not appear to have a shoulder
(Figure 82) but the side reaction was still present in *H NMR, yet decreased compared to the 3
days (Figure 81). The *H NMR spectrum reveals that the integration of poly(isoprene) at 5.2
ppm is slightly higher than the original DP by 10 molecular units, resulting in a DP of 50 instead
of the original DP of 40. This is confirmed by the appearance of the peak at 4 ppm, characteristic
peak of the side reaction. While the DP of PEG and PTMC remain as they were originally in
the diblock. Indeed, the side reaction was not able to be eliminated but it was again minimized
compared to the original 3 days reaction. Since the side reaction could be reversed by a simple
addition of acetic acid and re-precipitation in heptane, these copolymers were utilized as such

for the following reactions.

Finally, DOSY NMR analysis was performed in order to verify that the triblock has indeed
been formed. The triblock copolymer PEG114-b-PTMC193-b-Plss (PP3PI7 (5)) was analyzed
against the diblock copolymer PEG114-b-PTMC2o and the carboxylated poly(isoprene). It was
found that the triblock exhibited only one diffusion coefficient D = 8,5.10™* m?/s lower than
the diffusion coefficient of the original diblock D = 9,9.10* m2/s, verifying the integrity of the
triblock (Figure S 10).
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Figure 81: 'H NMR spectrum in CDClIs of the triblock copolymer PEG114-b-PTMC200-b-Pl33 (PP14PI17) with

reduced reaction time.
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Figure 82: SEC trace in THF of the triblock PEG114-b-PTMC200-b-Plss (PP14P17) and the diblock PEG114-b-
PTMCao0 (3).

In conclusion, it was possible to synthesize a triblock copolymer PEG114-b-PTMC200-b-Plag via
a Steglich esterification which exhibited low dispersity and controllable characteristics in *H
NMR as well. While some side reactions did occur, it was possible to minimize them and
control the outcome.The molecular characteristics of the produced triblock copolymers are
depicted in Table 11. Finally, when discussing the synthesis of the triblock copolymers one
should not forget the end goal of the project, which was the synthesis of copolymers that could
self-assemble in polymersomes. In this case, the diblock copolymers PEG114-b-PTMCzq that
were synthesized in the above section had already a hydrophilic weight ration fpec<20, which
was already low enough but with the addition of the poly(isoprene) of a DP=40, with a molar
mass M,=2900 g-mol™ lowered the fpec even more and if it is calculated for a functionalization
of one poly(isoprene) block and no side reaction occurred it would be fpec=17.8%. Such a
hydrophilic ratio is closer to the fpec that was found necessary for the PEG-5-PTMC copolymer

to self-assemble into vesicles.
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Table 11: Table of molecular characteristics of the four triblock copolymers synthesized.

eq of Plao- M, SEC pe MHNMR DP of PI-
COOH(7) (g-mol)* (g-molt)** COOH(7)**
PEGu114-b-
PTMC193-b-Ples 3 20980 1.2 32000 98
(PP3PI17(4))
PEGu14-b-
PTMC193-b-Pl33 15 20770 1.18 27600 33
(PP3PI7 (5))
PEGu114-b-
PTMC200-b-Pls3 3 21140 1.1 29000 52
(PP14P17)
PEGu114-b-
PTMCu195-b-Plao 1.1 14500 1.2 28100 41
(PP1PI7)

*Obtained by SEC characterization in THF**obtained by tHNMR measurements in CDCl3

Epoxidation of PEG114-b-PTMC-b-Ply:

In order to render the triblock copolymer capable of being cross-linked it was imperative to add
a cross-linkable moiety, which was chosen to be epoxides. The reaction is easy to handle and
is easily reproducible (Figure 83). The amount of epoxidized double bonds on the
poly(isoprene) block was chosen to remain low to not alter the hydrophobicity of the block,
which would result in affecting the self-assembly process by perhaps changing the hydrophilic

ratio. Thus, the targeted range of epoxidation degree was between 7 % and 20%.

O ¢} O
O
m'1 n1 m O e

Figure 83: Representation of the epoxidation reaction of the triblock copolymer via mCBPA.

The epoxidizing agent was mCBPA as previously used for poly(isoprene) during the
degradation process. The calculation of the theoretical epoxidation is described in the methods
section, and it includes first the determination of the amount of poly(isoprene) in each system

and then the calculation of epoxidation percentage.

The occurrence of the epoxidation can be observed in *H NMR spectroscopy with the

appearance of two characteristic peaks attributed to the molecular units that were bearing the
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epoxides at 2.68 ppm and 1.27 ppm (Figure 84). The characteristic peak at 2.68 ppm is used to

calculate the epoxidation rate (% Ep) via the following equation:

I I
% Epoxidation = %
2.68 5.2

And in the case below the % Ep= 9%
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Figure 84: THNMR in in CDClIs of the epoxidized triblock copolymer PEGu114-b-PTMCz200-b-Plso.

A variety of different experimental epoxidations were achieved for different triblock
copolymers can be seen in Table 12. In most of the cases the experimental epoxidation was
close to the theoretical epoxidation while other times, for example for a theoretical epoxidation
50% the resulting amount was a lot lower, in the range of 20%, this was not expected and can
be attributed either to an inadequate reaction time or miscalculation of the amount of
poly(isoprene) in the system.
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Table 12: Theoretical and experimental values of the epoxidation rate for the triblock copolymers

synthesized.

Plao (PP1PI7)

Sample Theor. % Epoxidation mCBPA mg Exper. % Epoxidation*
AL .
PE&?&?L\?%;;-I’ " 20 50 50 | 06 | 38 | 38 7 16 23
o PR 2 = :
PEG114-b-PTMCs-b- 20 06 15

*Calculated via tHNMR in CDCls according to the equation: % Epoxidation = oo

12.68 +I5.Z
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Conclusions:

In conclusion, this chapter described the synthesis of a series of amphiphilic ABC triblock
copolymers PEG114-b-PTMC-b-Pl,. The first step in the synthetic process was to synthesize
diblock copolymers of PEG114-6-PTMC200 by ring-opening polymerization of TMC monomer
using MeO-PEGi14-OH (M,= 5000 g-mol™) as a macroinitiator. DBU/TU were used as an
organic catalytic system with an equivalent of 1.3/1.3 respectively which resulted in polymers
with low dispersity and a desirable DP close to 200 in 8.5h at a conversion of almost 100%. An
increase to 3 equivalents of the catalytic system was utilized in order to decrease the reaction
time. This resulted in diblock copolymers that had also low dispersity and the desired DP of

200 in 5 h with a lower experimental conversion, 82% conversion.

Further on, the third block of the ABC terpolymers was a poly(isoprene) block with a targeted
DP of 40 which was synthesized via a one pot degradation process of a high molar mass
“industrial grade” 1,4-cis-poly(isoprene) M,~800000 g-mol™. The obtained carbony! telechelic
poly(isoprene) was modified further, by reducing its aldehyde end-group into a hydroxyl group,
and finally into a carboxylic group that was used for the final esterification coupling reaction.
The modification reaction was made at a high conversion of carboxylic group of 85%,

consistently.

Finally, the triblock formation was investigated and characterized by *H NMR and SEC. The
synthesis of the triblock copolymers proceeded via a Steglich esterification between the
terminal hydroxyl group of the diblock copolymers PEGi14-b-PTMCy00 and the carboxylic
group of Plyp-COOH, by utilizing DPTS and DIC as the catalytic system. A variety of
conditions were investigated in order to improve the characteristics of the final copolymers,
such as change of the equivalents of the carboxylic group in the reactions from 3to 1.5and 1.1.
The lowering of the equivalents resulted in better control of functionalization with less side-
reactions. The time of the reaction also was modified from 3 days to 2 days. It resulted in an
amphiphilic triblock copolymer that has a hydrophilic ratio frec<20%, and which self-assembly

in water will be studied in the next chapter.
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Figure S 6: SEC in THF of PEG114-b-PTMCago (1), PEG114-b-PTMCag0 (2) and PEG114-6-PTMCa00 (3).
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Figure S 7:'H NMR in CDCls of the hydroxyl modified poly(isoprene) Plao-OH (7).
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Figure S 8: HSQC (blue spot) and HMBC (red spot) NMR analysis in CDCls of carboxylic functionalized
poly(isoprene) Plso-COOH (7).
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Figure S 9: HSQC (blue spot) and HMBC (red spot) NMR analysis in CDCls of the triblock copolymer

PEGu14-b-PTMCes-b-Pl3s (PP3PI7) (5).
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CHAPTER IV: SYNTHESIS OF HYDROPHOBIC IRON OXIDE
NANOPARTICLES (IONPs)
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Introduction:

This chapter describes the synthesis of hydrophobic chain coated iron oxide magnetic
nanoparticles capable of being incorporated within the hydrophobic membrane of
polymersomes to produce magnetic polymersomes that elongated under a static magnetic field
under the action of dipolar interactions. Iron oxide magnetic nanoparticles (IONPs) have been
widely used over the last decades in a variety of systems for medical applications due to their
biocompatibility and variety of characteristics [1]. So far, they have been utilized as contrast
agents in magnetic resonance imaging (MRI) [2-4], as guided drug delivery systems [5,6], as
biosensors and in magnetic hyperthermia [7-10]. More specifically, magnetic hyperthermia is
a technique used for cancer treatment, which takes advantage of the ability of IONPs to produce
heat while under the application of a high frequency alternating magnetic field (AMF) [11-13].
The local temperature increase can in its turn increase locally the permeability of polymer
nanocarriers [14] or trigger the thermal transition of a thermosensitive hydrogel [15]. Recently,
more and more literature is being published on another application of IONPs which is magneto-
mechanical cell disruption or membrane disturbance by application of a lower frequency
magnetic field, which would induce movement of IONPs that were internalized into cancerous
cells, for example, and this movement would create targeted lysis of cell membranes due to

production of mechanical forces without a production of heat [16-19].

The last example, i.e. magneto-mechanical actuation was the goal of this study as presented in
Chapter 1, but not directly by introducing free IONPs into a biological system, but by
incorporating them into polymersomes that in turn would be able to act as the mechanical-
actuators [20-22]. A system as such, has a lot of potential since it is capable of combining
magneto-mechanical actuation and drug-delivery [7]. Of course this depends on the properties
of the IONPs used, such as their size and morphology which would affect their response to the
magnetic field but also first and foremost, their incorporation into the polymersome membranes
[23-24].

With this idea in mind, spherical IONPs were synthesized in this study with a small diameter
which would allow them to be incorporated into the hydrophobic membrane made of either the
triblock copolymer that were described in Chapter 3 or in the graft copolymers, described in
Chapter 2. Their size had to be small to ensure a high volume fraction and close packing inside
the membrane, furthermore in order for the IONPs to be introduced into the hydrophobic
membrane they needed to have a hydrophobic surface [25-26]. Thus, their synthetic process
included a functionalization with either oleic acid surfactant molecules, or poly(isoprene)

chains with a low molar mass functionalized by an iron-chelating anchor.
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To achieve the synthesis of IONPs with a small size polyol route was the main synthetic route
that was utilized. The polyol route applied to the production of iron oxide NPs was first
introduced by Caruntu et al.[25] where the polyol solvent was utilized as a chelating agent and
a solvent of high boiling point, around 220 °C. The process described in this chapter results in
single-domain superparamagnetic iron oxide nanoparticles, but the polyol route in general can
produce a variety of morphologies depending on the parameters of the reaction such as the
choice of polyol solvent (pure or mixture), amount of water in the system and the moment when
it is introduced in the system, as well as the duration and temperature of reaction and how fast

the heating occurs (i.e. what is the heating ramp applied) [27-30].

The functionalization of the IONPs occurred either directly with oleic acid or a dopamine
functionalized short poly(isoprene), whose synthetic route is described in this chapter as well.
Alternatively, the functionalization of IONPs occurred via a ligand exchange, i.e., exchange
between the oleic acid functionalized IONPs to dopamine functionalized poly(isoprene)
according to existing protocol in literature with slight adaptations. The final IONPs were
characterized via dynamic light scattering (DLS), magic angle spinning (MAS) solid state
NMR, thermogravimetric assay (TGA), TEM, FT-IR, static and dynamic magnetization curves

(DC and AC magnetometry) and UV spectrometry.
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Experimental Section:

Materials:

Iron (I1) chloride tetrahydrate (FeClz-4H20, 98%), Diethylene glycol (DEG, 99%), sodium
hydroxide micropills (NaOH, 98%), were purchased from Alfa Aesar. Iron (I1) chloride
hexahydrate (FeCls-6H20, >97%) was purchased from Panreac. Ethyl acetate (>99.5%) was
purchased from Fisher Chemicals. Acetone (technical grade) was purchased from Acros
Organics. Ethanol (96%), toluene and methanol were purchased from VWR. Oleic acid >99%
was purchased from Sigma Aldrich. Tetrahydrofuran >99.6% (THF) was purchased from
ThermoFisher scientific and dimethylformamide (DMF) was purchased Alfa Aesar. Dopamine
hydrochloride was purchased from Fisher Chemicals. Cis-1,4 poly(isoprene) 96% with an
average M= 800.000 g-mol™ was purchased from Scientific Polymer Products. Triethylamine
(EtsN) was purchased from Sigma-Aldrich and was dried by CaH; and distilled under vacuum.
Meta-chloroperbenzoic acid (m-CBPA), periodic acid (Hs1Os) and sodium carbonate (NaCOs)
were purchased from Alfa Aesar (Thermo Fisher). Celite™ (natural diatomaceous earth) was
purchased from Alfa Aesar (Thermo Fisher). Sodium triacetoxyborohydride (NaBH(AcO)s)
97% was purchased from Sigma-Aldrich. All solvents were utilized as they were unless
previously stated. THF and DMF that were dried by a solvent purification system were utilized

when inert atmosphere was required.
Methods:

Synthesis of hydrophobic IONPs functionalized with oleic acid:

Polyol method:
The synthesis of oleic acid functionalized magnetite IONPs was done by following existing
report by Caruntu et al. [25] to achieve single domain small superparamagnetic iron oxide

nanoparticles.

In a 250 mL three-neck round bottom flask, 0.4 g of FeCl;-4H,0O (2 mmol) and 1.08 g of
FeClz-6H,0 (4 mmol) salts were dissolved in 80 mL of diethylene glycol (DEG) and the
solution was flushed with nitrogen for 1h. Simultaneously, in a different flask, 0.64 g (16 mmol)
of NaOH were dissolved under magnetic stirring in 40 mL of DEG and flushed with nitrogen
as well. The NaOH solution was transferred into the iron salts solution at room temperature,
changing its color from a dark orange to a deep brown-green. The mixture was left to bubble
with nitrogen flow and magnetic stirring for 2 h following a steady increase of temperature over

1.5 h until the final temperature was 210 °C. Once the temperature was reached, it was left at
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210 °C for another 2 h. The mixture was left to cool to room temperature and the solid product
was separated over a strong permanent ferrite magnet. Following decantation of the phase-
separated solution, the black solid was washed with 50 mL of ethanol twice. Finally, the solid
was washed with 100 mL of 1:1 (v/v) mixture of ethanol and ethyl acetate another three times.
The reaction yield was ~90% (1.8 mmol Fes3O4 ie., ~300 mg, as assessed by UV-vis
spectroscopy). At this stage in order to functionalize them with oleic acid, the produced iron
oxide nanoparticles were re-solubilized in 20 mL of diethylene glycol and the suspension was
heated. At 90 °C, 0.825 mL (2.6 mmol) of oleic acid were added to the colloidal solution. Once
the addition was done, the nanoparticles precipitated from the solvent almost immediately and
the reaction was left to cool to room temperature again. Following the decantation of the
suspension in DEG solvent, the oleic acid capped IONPs were washed with methanol 3 more
times by separating them from the supernatant with the help of a permanent magnet, then they
were re-suspended in 20 mL of toluene and re-precipitated by 3:1 (v/v) of methanol. Finally,

they were re-suspended in THF, resulting in a true (i.e. stable) ferrofluid.

FT-IR (cm™) of IONPs-O. A: broad 3380 v (OH), 3000 v (=CH) vinyl, 2954 v, (CH3), 2923
vas (CHo), 2858 vs (CH2), 1520 v4s (COO"), 1428 v, (COO"), 550-580 v (Fe-O).

Co-precipitation method:
The synthesis of IONPs with the co-precipitation method was not performed in this study but

the IONPs produced by a previous student with this method were utilized and further
functionalized [31,32]. Briefly, the co-precipitation reaction between 2 Fe**, 1 Fe*" and 8 OH
ions (basically the same as in the polyol method) performed in water at room temperature is
quasi-instantaneous, but it leads to a very broad distribution of IONP diameters, from very
small (2-3 nm) to very large ones (15-20 nm). Therefore a size-sorting process is necessary to
reduce the dispersity of diameters, based on multiple phase-separations induced by ionic
strength increase, through addition of HNOjs in excess, followed by washing steps [33]. After
this efficient yet time consuming process, a fraction of IONPS with diameters centered around

8-10 nm was isolated and used for this work.
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Synthesis of carbonyl heterotelechelic poly (isoprene):

The synthesis of a low molar mass carbonyl heterotelechelic poly(isoprene) followed a protocol

published in literature, with a targeted DP =20 (M,= 1360 g-mol™) [34].

In a 0.5 L round bottom flask, 5 g of commercial high molar mass cis-1,4-poly(isoprene)
800000 g-mol™ was left to solubilize in 250 mL THF overnight under stirring. 2.7 g (14.7 mmol)
of metachloroperbenzoic acid (MCBPA) was solubilized in 50 mL of THF and added dropwise
over a period of 15 min into the poly(isoprene) solution. The mixture was left to react for 2 h
before 3.5 g (15.4 mmol) of periodic acid (HsIOg) which was pre-solubilized in 50 mL of THF
was added dropwise in the solution and the reaction was left to stir for another 2 h as well.
Finally, 7 g of sodium carbonate (Na.COs) was added into the reaction to react with the
produced acids and left to stir for 20 min before the solution was filtered through Celite™ to
remove the salts. Next, the THF was distilled under vacuum until the solution reached a smaller
volume ~10 mL, which was then precipitated by adding 100 mL of cold methanol under
vigorous stirring. A viscous light-yellow precipitate was formed, which was solubilized in
diethyl ether and re-filtered through Celite™. Excess diethyl ether was distilled again under
vacuum and the remaining solution was precipitated again in cold methanol. The precipitate
was solubilized again in THF, the THF was distilled, and the final product was dried under
vacuum overnight. The final product was a light yellow, almost transparent viscous polymer,

with the weight yield of the reaction ~70%.

'H NMR (400 MHz, CDCls): 6 (ppm): 9.74 (t, 1H, -CH,CHO), 5.14 (t (broad), 5H —CH,CHv),
247 (t, 2H, - CH>,CHO), 2.42 (t, 2H, -CH,COCHj3), 2.33 (t, 2H, - CH>CH,CHO), 2.00-2.12
(m (broad), 20H, —-CH,CHv and — CH>C(CHs)v), 1.68 (s (broad), 15H —(CH;)CvCH-).

Synthesis of dopamine functionalized poly (isoprene):

The dopamine functionalization of the carbonyl heterotelechelic poly(isoprene) was achieved
via reductive amination between the aldehyde end-group of the poly(isoprene) and the primary
amine group of dopamine (5-aminomethyl catechol), initially under hydrochloric salt form [35,

36]. The reaction proceeds as follows:

In a Schlenk tube, 0.406 g (1 eq, 0.289 mmol) of carbonyl heterotelechelic poly(isoprene) was
solubilized under a nitrogen flow with 5 mL of dry toluene for 1 h to remove moisture from the
system via the creation of an azeotrope between the moisture and toluene. In a different
Schlenk, similar procedure was applied for 0.06 g (~1.2 eq, 0.338 mmol) of dopamine
hydrochloride. After 1 h of stirring for both solutions, the toluene was distilled under vacuum

and the reagents were left to dry under vacuum overnight. The following day, carbonyl
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heterotelechelic poly(isoprene) was solubilized in 1 mL of dry THF and dopamine
hydrochloride was solubilized in 1 mL of dry DMF and 0.05 mL (~1.2 eq, 0.338 mmol) of dry
EtsN, in order to deprotonate the amino group of dopamine, resulting into 1:1 THF: DMF
volume ratio in the final reaction. Both solutions were combined under inert atmosphere and
the final reaction was left to stir for 2 h under gentle heating at 40 °C. After 2 h, 0.2 g (3.3 eq,
0.986 mmol) of sodium triacetoxyborohydride (NaBH(AcO);) was added to the reaction
mixture, which was left to stir for another 2 h before termination by precipitation in an excess
of cold methanol (40 mL). The product was centrifuged at 4 °C (10 min, 4000 g) and the
precipitate was washed another 3 times in order to remove the unreacted dopamine
hydrochloride and other byproducts. The final product had a foamy consistency and a yellowish

color due to the poly(isoprene) content. The weight yield of the final product was ~70%.

'H NMR (400 MHz, CDCl): J (ppm): 6.8-6.2 (wide, 3H, —NH,CH,CH,-Ph(C-
CHCHCOHCCOHCH)), 5.14 (t (broad), 5H -CH2CHv), 2.47 (t, 2H, - CH,CHO), 2.42 (t, 2H,
—-CH,COCH3), 2.33 (t, 2H, - CH.CH,CHO), 2.00-2.12 (m (broad), 20H, -CH.CHv and -
CH,C(CHa)v), 1.68 (s (broad), 15H —(CH3)CvCH-).

Methods of characterization of hydrophobically modified IONPs:

Dynamic light scattering (DLS):

Dynamic light scattering was utilized to determine hydrodynamic radius (Rx) and the
polydispersity (PDI) of the synthesized IONPs suspensions. A Vasco Flex instrument from
Cordouan technologies was utilized for this purpose at an angle of 165° (backscattering angle).
The polydipersity (PDI) of the systems was analyzed via a 2" order Cumulant fit while multi-

modal distribution diameters were analyzed by a Pade-Laplace fit.

Transmission electron microscopy (TEM):

A Hitachi H7650 electron microscope with an accelerating voltage from 80 to 120kV was
utilized for the determination of the morphology of iron oxide nanoparticles (IONPs). Two
different operation modes were utilized i.e., High Contrast Mode (HC) where the magnification
could be set between 2000 and 200000 or High Resolution Mode (HR) which could reach
higher magnification ranging between 4000 and 600000. The images were captured by a camera
SC1000 ORIUS 11Mpx (GATAN). The instrument was provided by the Bordeaux Imaging
Center (BIC).

The samples were prepared by depositing dropwise 10 pL of the IONPs sample onto formvar
and carbon coated TEM 200 Mesh copper (Cu) grids by Agar Scientific until solvent

evaporation with no additional staining.
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Thermo-gravimetric analysis (TGA):

The grafting density of the IONPs was calculated via thermo-gravimetric analysis using a Q50
thermogravimetric analyzer (TA Instruments). A sufficient volume of IONPs solution was
deposited in a platinum TGA ample pan and dried via a flow of nitrogen until solvent
evaporation. The first cycle was performed under nitrogen gas N, the heating ramp was
10°C/min from 20°C to 115°C followed with an isothermal heating for 30 min at 115°C. the
second cycle continued with an increase of temperature to 450°C at a rate of 10°C/min. Finally,

the gas was changed to oxygen and the temperature was increased up to 650°C at 10°C/min.

AC magnetometry:

The mass magnetization in A-m*kg? was calculated for IONPs solutions via AC
magnetometry. The dynamic hysteresis loops were produced via a pick-up coil technology by
an AC Hyster™ setup manufactured by the NanoTech Solutions (NTSOL technologies)
company (www.ntsol.es). 40 uL of IONPs solution in the concentration range of 0.5 to 26 g.L"
! was inserted into an NMR tube produced by VWR, France, with a diameter of 3 mm and 4
mm in length. Three measurements of magnetization cycles M(H) were conducted at a magnetic
field with an amplitude of 24 kA*m™ and a frequency (f) of 280 kHz. The final value of mass
magnetization in A.m?kg™ was determined by averaging and normalization between the three

measurements with the weight of iron oxide which was determined by UV titration.

Fourier transform infrared spectroscopy (FTIR):

FTIR was performed to determine the successful grafting of IONPs either by oleic acid or by
poly(isoprene). The absorbance spectra were performed with a Bruker Vertex 70 FT-IR
spectrometer by addition of a droplet of the IONPs solution on the crystal plate and evaporation

of the solvents.
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Results and discussion:

Synthesis of IONPs via the polyol method and their hydrophobic functionalization with
oleic acid:

The synthesis of spherical single-domain iron oxide magnetite nanoparticles was achieved via the polyol
method following the initial work in literature by Caruntu et al. [26]. More precisely, the reaction is
utilizing diethylene glycol (DEG) both as a solvent and a chelating agent. DEG has a high boiling point
of 245°C which allows the use of high temperature in reactions as well as a high dielectric permittivity
¢=32 which provides a good medium to solubilize highly polar inorganic compounds, such as in this

case iron salts.

As previously stated, DEG acts as chelating agent during the synthesis of IONPs by forming metal
chelate complexes consisting of the metal ion coordinated with deprotonated DEG ligand molecules
provided by NaOH [37], which replace the chloride ligands through a metathesis reaction. By the
presence of water in the system, metal hydroxides Fe(OH), and Fe(OH); are formed, which act as
precursors of a polycondensation reaction that finally produces magnetite nanoparticles (FesO4) after
the heating of the system and the water elimination. The rate of the reaction is affected by the rate of
heating (applied temperature ramp in °C/min) as well as the initial water content in the system (100 pL

corresponds to 5.5 mmol thus ~ 1 eq. as compared to the 6 mmol of total iron) (Figure 85).
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Figure 85: Mechanism of the formation of the metal chelating complexes with DEG and the final formation of IONPs via
hydrolysis from Caruntu et al.[25].

A representation of the reaction work-up is depicted in Figure 86, where a stoichiometric amount of iron
salts (Fe**/Fe?* 2:1) were solubilized in DEG and combined with already solubilized NaOH with DEG.
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The mixture was steadily heated for over 3 h until reaching 210°C where it was stabilized for another 2
h. At this stage a black suspension was formed, and the reaction was left to reach room temperature.
Once the reaction was cooled down, the formed nanoparticles were separated from the solution by a

strong static magnet and washed with first ethanol, and then a mixture of ethanol and ethyl acetate.

FeCl,4H,0. FeCly6H,0

DEG H
~ 0NN\ 2100C/2h
Washings
+ _—

Figure 86: Representation of the IONPs polyol reaction work-up.

Once the iron oxide nanoparticles were isolated, they were re-solubilized in DEG and heated up to 90°C
to proceed with their functionalization with oleic acid via its carboxylic acid moiety. To do so, 2.6 mmol
of oleic acid was added in the system forming immediately a precipitate of nanoparticles. The precipitate
was washed several times before recovering the IONPs functionalized with oleic acid that were readily
dispersed in THF (Figure 87).

Ol€ic acid

90°C/30Min

Figure 87 : Representation of the reaction work-up for the functionalization of IONPs with oleic acid.

The final dispersion was analyzed by dynamic light scattering (DLS) and TEM to identify the
characteristics of the formed IONPs. The reaction resulted in well-formed spherical iron oxide
nanoparticles with a small hydrodynamic diameter which was found in DLS to be dv=8.2 nm with a low
polydispersity index PD1=0.23, while some aggregation was present as well. Meanwhile, TEM imaging
(Figure 88a) revealed a low mean diameter of drem=6 nm, with a standard deviation of £1 nm (Table
13).
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Table 13 : Characteristics of IONPs coated with oleic acid provided by DLS, TGA and TEM

8.2 nm (57%)
Diameter

47.8 nm (27%)
Z-aver 12.2 nm
PDI 0.229
dTem 61 nm (N~7000 particles)
P grafting* 5 OA molecules/nm?
Concentration Fe203 26 mg-mL™*!

“Estimated from the TGA curve

The grafting density of oleic acid onto the IONPs was calculated via TGA analysis by determining the
organic content that was lost during heating up to 650°C by calculating the weight loss fraction. The

1~ My

weight loss % was calculated by the following equation: = * 100 were m; the initial weight after

mq

solvent evaporation and m, the mass after the organic matter had decomposed.

Figure 88c shows that the main weight loss for OA-coated IONPs occurs between 280°C and 350°C,
which corresponds to the decomposition range of oleic acid [38] and yields a 56% ratio of organic to
inorganic weight. A second peak in the range 430-470°C might be ascribed to the thermal degradation
of OA molecules strongly adsorbed onto the iron oxide cores. From the plateau of TGA curves, one can

determine the ratio of organic to inorganic weights.
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Figure 88 : a) TEM image of Fe3O4 coated with oleic acid and their particle size histogram. b) TGA curve enabling to

determine the grafting surface density (average number of adsorbed OA molecules/nm?).

Further analysis of the oleic acid coated IONPs was done via FT-IR spectroscopy, were the binding of
the oleic acid onto the iron oxide surface was further proven by the lack of a peak at 1708 cm™ which is
attributed to the stretch of C=0 of free carboxylic groups and the appearance of two peaks at 1520 and
1428 cm™ which were attributed to the asymmetric (v.;) and symmetric (vs) stretching of COO". The
characteristic peak at 550-580 cm™ of the Fe-O stretch was also observed. Thus, it was concluded that

indeed the coating was successfully achieved (Figure 89).
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Figure 89 : FT-IR spectra of IONPs-OA (Caruntu method).
Synthesis of carbonyl heterotelechelic poly(isoprene):

The synthesis of carbonyl heterotelechelic poly (isoprene) was achieved via “one-pot carbonyl telechelic
PI (CTPI) preparation via epoxidation (mCPBA) and oxidative degradation of EPI with HsIOs”
following previous publications and is depicted in Scheme 9[34]. A more in-depth description of the
synthetic route has been done in Chapter 2, but in short two poly(isoprene) batches with different chain
length were synthesized for this part of the study.

o
mUPBA Hely, ¥ ey
— -
_—
THF &

Scheme 9 : Scheme of the “one-pot” degradation of long poly(isoprene) to result in a carbonyl telechelic Pl is depicted.

Two different lengths of poly(isoprene) were synthesized and studied for the functionalization of
magnetic nanoparticles. The targeted DP were 20 and 40 following the report in literature by Berto ez
al. [34,39] modifying the amounts of mMCBPA and periodic acid according to each desired degree of
polymerization. The polymers were further analyzed by *H NMR and SEC in THF in order to verify the
degree of polymerization as well as the dispersity. The DP of each polymer was determined by
integrating the characteristic peak at 9.6 ppm, which is attributed to the proton of the aldehyde end-

group and integrated as one (Figure 90 and Figure 91) and are presented in Table 14.
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Table 14 : Molecular characteristics of synthesized poly(isoprene) (PI).

Pl MTheor. MitHnmrR Mhisec
. DPHnMR D
97% cis 1,4,
I\(/IW: 800.000) (g-mol) * (g-mol) ** (g-molt) *x
Plao 340 2720 40 2490 1.49
Pl2o 340 1360 20 2130 1.19

* MnTheor from theoretical calculations in literature by Berto et al. [34]
** Number-average molar mass (Mn) calculated by *H NMR in CDCls3 using Mn = I5.14ppm % 68 g-mol*

"Number-average molar mass (Mn) and dispersity (D) obtained by SEC in THF
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Figure 90 : 'H NMR in CD2Cl: of poly(isoprene) (Plo) with a Mn 1+ nmr=2720 g-mol-L.
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Figure 91 : *H NMR in CDCIs of poly(isoprene) (Pl2o) with a Mn 11 nmrR=1360 g-mol.

Synthesis of dopamine functionalized poly(isoprene):

To produce poly(isoprene) capable of being attached onto IONPs it was important to functionalize it
with a functional group that has strong affinity for the IONPs surface. Multiple functional groups could
be exploited for such a purpose, such as carboxylic acids, like in this case of oleic acid, phosphonates
[40], silanes [41] and catechol groups [42]-[44]. While attempts to attach a phosphonate group on the
poly (isoprene) were made, problems with solubility of the amino ethyl phosphonic acid in common
solvents with PI resulted in difficulty to functionalize the final polymers and thus a different approach
was investigated. In this case dopamine was studied as a functional group due to its catechol moiety
which can be taken advantage of to attach it onto IONPs. Moreover, dopamine bears a primary amine
group that can be used for further reactions. One way could have been first functionalizing the IONPs
with dopamine and then attaching the carbonyl heterotelechelic poly(isoprene), as a post
functionalization reaction, but this would result in difficult functionalization control as MAS technique
is necessary to obtain NMR spectra of chains grafted on IONPs. Instead, the poly(isoprene) was
functionalized first with dopamine and further on the well-characterized functionalized polymer was
attached onto the IONPs via ligand exchange between the oleic acid and the dopamine functionalized
PI.

H

®) — o + . (L1'2) DMFTHF/ 40°C
HCl — >0 =
n 3X NaBH (ACO);
n

Scheme 10 : Functionalization of Pl with a catechol anchor by reductive amination of heterotelechelic Pl with dopamine.
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The reaction that was chosen to be performed for the functionalization was a reductive amination
between the primary amine group of dopamine and the aldehyde end-group of poly (isoprene) (Scheme
10). The reducing agent of choice was once more sodium triacetoxyborohydride, due to its low toxicity
but most importantly due to its inability to reduce ketone groups thus ensuring that the only reaction
occurring would be the reduction of the intermediate imine that would be produced during the reaction
[45,46].

This reaction has already been studied extensively both in the literature [46], [47] and in this study with
different types of polymer functionalization (Chapter 2 and 3). The solvent of the reaction was chosen
to be a mixture of THF and DMF due to the insolubility of the dopamine hydrochloride in THF. A
mixture of 1:1.2 (v/v) THF:DMF provided a good solubility for both reagents. The reaction was
conducted under nitrogen flow to minimize moisture in the system, while all the solvents and reagents
were dried as well. Likewise, dry triethylamine was used as a deprotonating agent of the dopamine

hydrochloride to render the amine more reactive.

The imine formation step was left to proceed for 2 h before adding the reducing agent in the reaction.
The reducing step was left to complete for 24 h to achieve a high functionalization rate with dopamine.
The reaction was terminated by precipitation in cold methanol and washed several times to remove

unreacted reagents and byproducts. The final polymer was analyzed by *H NMR and SEC in THF.
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\ ® b)
® '.“ ]
-”M ““ OM/ i
T T ‘l". 40
7 . & [ppm] \ K‘g
| J |
= T T T
3 4 2 [ppm]

Figure 92 : THNMR in CD2Cl: of a) carbony! heterotelechelic poly (isoprene) with DP 40 (Pl4g) and b) dopamine
functionalized poly (isoprene) Plso-DOP (C).

The success of the reaction was determined by the lack of the characteristic aldehyde peak of
poly(isoprene) at 9.6 ppm in the final spectrum. Moreover, a complete lack of a triple peak at 3.58 ppm
suggested that the aldehyde group had not simply been reduced into an alcohol but was indeed
functionalized with dopamine. Furthermore, the peak at 2.3 ppm, which was attributed to the 2 protons

on the carbon next to the ketone moiety, suggested that the ketone group had not reacted at all and
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remained unchanged. Finally, a new broad peak appeared in the final polymers, which was attributed to
the catechol ring of dopamine, further verifying that the reaction was successful with 100%

functionalization rate and that no side reactions had occurred (Figure 92, Figure 93, Figure 94).
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Figure 93 : *H NMR in CDCls of a) carbonyl heterotelechelic poly (isoprene) with DP 20 (Pl2o) and b) dopamine
functionalized poly (isoprene) Pl2o-DOP (D).
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Figure 94 : 'H NMR in CDCls of dopamine functionalized poly (isoprene) Pl2o-DOP (D).

Furthermore, all the polymers were analyzed by SEC chromatography in THF where the shift from the
original carbonyl heterotelechelic poly(isoprene) was observed for the dopamine functionalized
polymers Figure 95. The difference in the final A4, seemed to be substantially higher than the one of the
non-functionalized polymers and was attributed to possible interactions between the dopamine moieties,
such as n-wt stacking between the phenyl rings that could produce an aggregate like effect in SEC. This

was further confirmed by *H NMR, were no increase in the M, of the poly(isoprene) chain was observed,
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thus verifying that there was no side reaction that would result in a substantial change of molar mass
(Table 15).

It is important to notice that the final molar mass measured by SEC analysis did not represent the actual
molar mass due to the use of polystyrene standards, whereas absolute molar mass determination by SEC

would necessitate to determine first the refractive index increment dn/dc of the functionalized PI in THF.

1,0 &) —
{— PI,,-DOP(A)
— Pl,;-DOP(B)
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_ 064
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Figure 95 : SEC trace in THF (RI detector) of a) comparison of elution peaks between the non-functionalized Pl4o and Plso-
DOP (A),(B) ,(C) and b) comparison of elution peaks between the non-functionalized Pl2o and Pl2o-DOP(D).

Further verification of the presence of dopamine was achieved by the UV detector in SEC analysis.
Specifically, it was possible to observe the absorption of each polymer in specific wavelengths, such as
at 240 nm where poly(isoprene) has a specific absorption, which was present both before and after
functionalization. More importantly, the dopamine functionalized polymers presented another
absorption signal at 288 nm, which was not present in the non-functionalized PI. This absorption was
attributed to the presence of dopamine on the poly(isoprene) chain due to the specific absorption peak
of dopamine at 280 nm (Figure 96) [48].
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Figure 96 : SEC in THF by UV detector analysis to detect the absorption of the non-functionalized poly (isoprene) and of the

dopamine functionalized poly(isoprene).

Table 15 : SEC characteristics of the non-functionalized poly (isoprene) and the library of dopamine functionalized PI1-DOP

Mhsec
D
(g-mol?)

Plao 2490 15

Pl 2130 1.2
Pls0-DOP (A) 3720 1.4
Pl40-DOP (B) 4320 1.4
Pl10-DOP (C) 4550 1.3
Pl20-DOP (D) 3140 1.6

Grafting of IONPs with dopamine functionalized poly (isoprene)

The coating of IONPs with poly(isoprene) proceeded via a ligand exchange between the oleic acid and
the dopamine functionalized Pl chains. The reaction followed protocol described in literature with
modifications according to the solubility of reagents. In short, a desired volume of IONP suspension

was added into a vial and the THF was evaporated until the OA-coated IONPs were reduced to a red
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paste (owing to the liquid state of oleic acid at room temperature). The IONPs were re-suspended in dry
dichloromethane under inert atmosphere. In another vial, twice the amount of weight (w/w) of PI-DOP
was solubilized in dry dichloromethane and both solutions were combined under inert atmosphere.
Finally, 10 uL of 1 M HCI was added into the mixture, which was finally left to shake overnight (Figure
97, Figure 98).

N,
MNPs -Oleic acid 7 PI-Dopamine
HCI 1M
N
A
Overnight

Figure 97 : Schematic representation of the ligand exchange reaction for IONPs-DOP-PI.

The hydrochloric acid played the role of the protonating agent to allow the oleic acid to disengage from
the bond with iron oxide, thus allowing the catechol function of dopamine to be attached onto the
surface. The final suspension was precipitated into cold methanol and the IONPs were precipitated by
the help of a static magnet. The precipitated IONPs were washed many times with methanol to remove

oleic acid and further byproducts before full drying by flushing with nitrogen and re-suspending in THF.

The amount of the polymer was chosen to be twice the iron oxide in weight because with a higher
amount an excess of polymer was detected in the system, which could not be washed away easily due

to the polymer and final nanoparticles being soluble or dispersible in the same solvents.

PSS

n

Figure 98: Schematic representation fo the final IONPs structure with P1-DOP coating.

The samples can be analyzed by TEM imaging and a strong difference can be seen between the oleic
acid coated IONPs and the PI-DOP IONPs: for example, it is visible that the poly(isoprene)

functionalized IONPs are more repelled from each other when compared with the oleic acid coated ones.
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Furthermore, it is possible to see a white layer in the images around the iron oxide cores in Figure 99,
which can be ascribed to the poly(isoprene) brush layer.

Figure 99 : TEM imges of a) IONPs-OA (Caruntu’s polyol route) and b) IONPs-PI1-DOP (A).

Further verification of the exchange between the layers was performed by comparing FT-IR spectra
between the IONPs-OA and the IONPs-PIDOP. There it was possible to see the difference between the
two IONPs and identify the peaks (Figure 100). For example, the two main peaks at 3000 cm™ which
were representative of the stretching v (=CH) of the vinyl bonds of oleic acid are clearly exchanged in
the final IONPs spectra with a wide peak characteristic for the stretching of the vinyl bonds of
poly(isoprene). The two peaks at 1520 and 1428 cm™ which were attributed to the asymmetric (v,) and
symmetric (v) stretching of COO", were exchanged with the two peak at 1449 and 1374 cm™ which
represent the stretching of the C-C on the phenyl group (v (CC)a) as well as the stretching v (CO)semiquinone
and in-plane bending p (C-C-N), respectively. Furthermore, a transmission peak at 838 cm™ appeared
in both PI-DOP and IONPs-PI-DOP representing the y vibration of (NH)wag. In the case of Figure 16
the peak at 583 cm™ for v (Fe-O) seems smaller than the one for OA-coated IONPs and is attributed to
an excess of polymer in this batch of polymer-coated IONPs.
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Figure 100 : FT-IR spectra of PI-DOP (B), IONPs-OA and IONPs-PI-DOP (A).

To verify further the efficacy of the ligand exchange, magnetic angle spinning solid state NMR was
performed for IONPs-OA and IONPs-PI-DOP (A) (Figure 101). While this batch of IONPs-PI-DOP had
an excess of polymer which could be seen in the NMR, the result nonetheless proved the exchange of
ligands by the exhibited spectra, the change of the final peaks was apparent, with the characteristic peak
of poly(isoprene) being visible and the oleic peaks completely gone. These experiments were Kindly
performed by Dr. Céline Hénoumont from the NMR and molecular imaging laboratory at the University
of Mons in Belgium and were repeated by diluting the suspension in d8-THF in order to attenuate the
peak broadening effect caused by the superparamagnetic IONPs on the signal. These spectra are
available in Supplementary Information (Figure S 11,Figure S 12, Figure S 13) for three samples,
specifically PIDOP(A), PIDOP(B) and PIDOP(D). Figure S 11 and Figure S 12 were diluted 25 times
their original volume with d8-THF until the peaks were clearly distinguished. All the samples reinforced
the hypothesis that the ligand exchange was successful each time and indeed all the samples were

functionalized with PIDOP and not oleic acid.
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Figure 101 : MAS-ss NMR spectroscopy of IONPs-OA and IONPs-PI-DOP in d8-THF.

The grafting density of IONPs functionalized with PIDOP was calculated as well via TGA analysis by
determining the organic content that was lost during heating up to 650°C via calculating the weight loss
fraction. From the plateau of TGA curves, it is possible to determine the ratio of organic to inorganic
weights (Figure 102).
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Figure 102 : TGA curve enabling to determine the grafting surface density (average number of adsorbed polymer molecules
/ nm?).

The degradation of the samples is visibly changed after the ligand exchange between oleic acid and the

dopamine functionalized poly(isoprene). After the initial weight loss at the temperature range 0-100°C,

which was attributed to solvent still present in all the samples, in this case THF, one can see that the

main weight loss appeared to have shifted to higher temperatures for the poly(isoprene) functionalized

IONPs. As already described above the degradation range for oleic acid is between 280-350°C while

the samples that were functionalized with poly(isoprene) appear to present a different main weight loss
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temperature which started after 300°C to 400°C. A second smaller and final weight loss appeared at
higher temperatures and reached a maximum at 430°C and could be attributed to either to polymer
chains that were strongly adsorbed onto the iron oxide cores or due to the decomposition process of the
poly(isoprene).

The IONPs-PIDOP presented a typical profile for Pl degradation as has been observed in literature
where the main weight loss for cis-1,4-poly(isoprene) appeared in the range of 300-400 °C reaching a
maximum around 370°C. Of course, it is important to notice that in our case the polymer has a small
molar mass and carbonyl end groups that may interfere with the final degradation of the polymer but
still the maximum appears to remain the same. The distinction between the maximum degradation
temperatures can be observed for the derivative dm/dT where the maximum for the IONPs-OA was

indicated to be at 330 °C compared to 380°C which was observed for both IONPs-PIDOP (Figure 103).
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Figure 103 : TGA curve representing the derivative dm/dT for a) IONPs-OA, b) IONPs-PIDOP (A) and c) IONPs-PIDOP
(C) from the Caruntu method IONPs.

What can also be observed in Figure 102 is the amount of organic matter for the sample IONP-PIDOP
(3) which seems to consist 70% of the original sample and would result in a very high grafting density,
38 chains /nm?. From the surface area of the IONPs (estimated geometrically from their mean radius),

we estimated the surface grafting density in number of molecules (or chains) per nm?. The average
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distance between molecules can then be compared to the dimensions of the grafted molecules: ~2 nm of
extended length for oleic acid and a radius of gyration of 1.8 nm for PI chains of 3 kg-mol™ according
to law Rg = 1.0308 x M,,(kgxmol™1)%4° reported in literature [49]. Although the measurement at 38
chains/nm? most likely correspond to an excess of P1 (therefore multilayers) and was to be expected for
this sample due to the synthetic process, i.e. 100x of polymer instead of 2x and was already observed
above when characterized with MAS-ss NMR spectroscopy (Figure 101). On the other hand the sample
of IONPs-PIDOP(C) which had a 2x of the polymer during the ligand exchange presented 53% of
organic to inorganic ratio and a grafted density p=3 chains /nm? was compatible with a monolayer of

grafted PI chains in the dense brush [50] regime of tethered chains on a nanoparticle surface.

Furthermore, we were able to see the different mass magnetization Am2-kg™' the IONPs had depending
on their coating using AC magnetometry. While this technique is mainly used in magnetic hyperthermia
in order to calculate the heating capacity of the magnetic nanoparticles by measuring the magnetization
cycles in a variety of magnetic field amplitudes (Hmax) and different frequencies kHz, herein the heating
capacity of the samples was not the primary goal to detect. The samples were measured in the highest
amplitude of 24 kA.m™ and 280 kHz (Figure 104).
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Figure 104 : Dynamic magnetization curves under an alternating magnetic fiel at 280 kHz measured on the oleic acid and PI-
dopamine coated IONPs, both prepared by Caruntu et al polyol method.

The M(H) curve of OA-coated sample showed pure superparamagnetic response (no hysteresis) with a
magnetic susceptibility y=M/H=0.1, in agreement with low diameter IONPs. The hysteresis loop shown
for the Pl-coated sample could be ascribed to a too low concentration (this method needs an iron oxide
¢ > 1 mg-mL™). While the sample had a concentration of 2.2 mg.mL™ the resulting hysterisis loop

appeared not well defined and had the same appearance in multiple measurements. It would be possible
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to suggest that due to the higher mass of poly(isoprene) of 2700 g-mol™ the magnetization of the IONPs

was not as effective as it was when they were functionalized with the relatively small oleic acid.

Such behavior has been studied by Majeed et al. [51] were ultra-small IONPs with a core diameter of
4.5+£0.4nm were functionalized with a PTMP-PMAA copolymer with a molar mass of almost 6000
g-mol™ and the samples were characterized with Vibrating sample magnetometry in order to determine
the saturation magentization of the IONPs. It was determined then that the samples that had a higher
concentration of polymer on their surface had a lower saturation magnetization, when compared to a
sample with a lower concentration of polymer or bare IONPs. This phenomenon was attributed to a
higher polymer content and while it was a comparison between concentration of polymer in the system
it could be prudent to suggest that it can be applied in our case as well if we take into account the huge
difference of size between the oleic acid and poly(isoprene) in this case, almost 13 times. Thus we indeed
have more polymer in the system even if the grafting density is lower, i.e. 3 compared to 5 when it

comes to oleic acid.

Same methods of functionalization and characterization were applied to the IONPs that were obtained
via the co-precipitation method and fractionated size-sorting. In this case the PI-DOP polymer that was
utilized to functionalize the IONPs had a small molar mass of poly(isoprene), with a DP of 20. The final
IONPs-PIDOP were analyzed by DLS, TEM and FT-IR respectively. In Figure 105, we can see the
differentiation between the IONPs-OA and IONPs-PIDOP on TEM images. Specifically, once more
when the ligand was oleic acid the IONPs were in close proximity to each other but following the ligand
exchange with the dopamine functionalized poly(isoprene) the IONPs were more uniformly dispersed
due to the higher molar mass and length of the attached chains. The same phenomenon was observed
with the IONPs in the previous section though the poly(isoprene) is smaller compared to the ligand that

was functionalized on the IONPs from polyol method, 1360 g-mol™ compared to 2720 g-mol™.

Figure 105 : TEM imges of a) IONPs-OA and b) IONPs-PI-DOP (D) both prepared by the coprecipitation route.
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Further verification was once more achieved by FT-IR by detecting the characteristic peaks for
poly(isoprene) (Figure 106). The main wide peak at 3000 cm™ which was representative of the stretching
v (=CH) of the vinyl bonds of oleic acid is exchanged once more in the final IONs-PIDOP spectra with
a wide peak characteristic for the stretching of the vinyl bonds of poly(isoprene). Again, the two peak
at 1449 and 1374 cm™ which represent the stretching of the C-C on the phenyl group (v (CC)ar) as well
as the stretching v (CO)semiquinone and in-plane bending p (C-C-N), appeared in the final IONPs-PIDOP
spectra. The peak at 580 cm™ for v (Fe-O) appears in both IONPs spectra verifying the presence of iron

oxide nanoparticles.
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Figure 106 : FT-IR spectra of IONPs-OA and IONPs-PI-DOP (D) both prepared by the coprecipitation route.
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Figure 107 : Dynamic magnetization curves under an alternating magnetic fiel at 280 kHz measured on the oleic acid and PI-

dopamine coated IONPs, both prepared by the coprecipitation route.

AC magnetometry (Figure 107) was performed for these IONPs as well. In comparison to the previous
IONPs synthesized by the Caruntu method, these exhibit open hysteresis of the dynamic M{(H) curve at
this frequency, which is typical for IONPs of larger diameters (8-10 nm for the coprecipitad IONPs as
compared to 6 nm for those obtained by the polyol synthesis studied before). But the effect of a lower
magnetization could still be observed here after the ligand exchage. While in this case the molar mass
of the functionalized poly(isoprene) was smaller than the molar mass in previous samples, i.e. ~1400

g-mol™ we could still observe the magnetization drop almost by 50% and the hysteresis loop becoming
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less defined. Thus while the polymer is almost 7 times larger than the oleic acid, we could still see a

similar effect. Nevertheless, we can anticipate larger magnetic effects also at lower frequencies when

these IONPs are incorporated inside polymersomes. The characterisitics of all the functionalized iron

oxide nanoparticles are describe in Table 16.

Table 16 : Table of characteristics of produced IONPs with oleic acid and P1-DOP ligands.

Concentration | Diameter Z-aver PDI paratting[Ligand/ | dtem
(mg-mLY) (nm) nm?]
IONPs-OA (Polyol 258 g 60 108 03 - ot
method)
IONPs-OA (Co-
precipitation method) 16 24 - 03 8 8+1nm
(100xpolymer/IONPs)
IONPs-PI-DOP(A) ! 13 | 17 45 0.3 38 6+1 nm
(2xpolymer/IONPs)
IONPs-PI-DOP(C) 22 8.96 36 0.5 3 6+1 nm
(2xpolymer/IONPs)
IONPs-PI-DOP(D) 05 2.7 67.7 0.13 48 8+1 nm
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Conclusion:

In the context of this project, it was important to synthesize iron oxide nanoparticles which had a small
diameter to allow them to be easily incorporated into the hydrophobic membrane of polymersomes.
Furthermore, it was important to functionalize them with a hydrophobic ligand for the same purpose.

Both requirements were met and discussed in this chapter.

To conclude, in this chapter we have demonstrated the synthesis of hydrophobically coated iron oxide
nanoparticles. Two types of ligands were utilized for this step ie., oleic acid and modified
poly(isoprene). First iron oxide nanoparticles (IONPs) were produced via the polyol route resulting in
small spherical nanoparticles with a diameter of d=6nm. Further on they were functionalized with oleic
acid to render them hydrophobic. Dopamine functionalized poly(isoprene) was produced via a reductive
amination reaction producing a well functionalized polymer (PI1-DOP). PI-DOP was utilized to
functionalize the IONPs-OA via a ligand exchange reaction producing well grafted IONPs-PIDOP with
high grafting densities p. The functionalization of nanoparticles with oleic acid or PI-DOP was verified
with FT-IR and TGA.

Another batch of slightly larger nanoparticles, d=8 nm, was functionalized as well with both ligands
respectively in order to study the effect of larger nanoparticles in the self-assembly process as will be

discussed in the final chapter.
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Supplementary information:
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Figure S 11: MAS-ss NMR spectroscopy of IONPs-PIDOP(A) diluted in d8-THF 25x its volume.

The spectra in Figure S1 reveals the peaks of poly(isoprene) which can be clearly detected following
the dilution of 25x with d8-THF. What is more we can detect the peak of the phenol group at around 12
ppm. While it is quite possible that the excess of polymer that was utilized for this sample is the reason

the peak at ~2.5ppm of poly(isoprene) is so wide even if the sample is so diluted.
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Figure S 12: MAS-ss NMR spectroscopy of IONPs-PIDOP(B) diluted in d8-THF 25x its volume.

In Figure S2 the dilution reveals a clean spectra with the peaks clearly visible and no excess of polymer,

as it was expected due to the lower concentration of polymer in the synthetic route of this sample.
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Figure S 13: MAS-ss NMR spectroscopy of IONPs-PIDOP(C) solubilized in d8-THF, no dilution.

In Figure S3 the sample IONPs-PIDOP(C) is depicted, while the proton peaks are present and can be
attributed to the functionalized polymer, with no particular excess as expected, we can see some
impurities both in the higher and the lower ppm. Cyclohexane may be detected at 1.44ppm as a single
peak as it was the original solvent in which the IONPs batch of d=8nm were solubilized pre-ligand

exchange.
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CHAPTER V: STUDY OF THE SELF-ASSEMBLY, CROSS-LINKING

UNDER UV AND ELONGATION PROCESS OF MAGNETIC
POLYMERSOMES
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Introduction:

The final step of this study consists of creating magnetic polymersomes which are capable of elongation
under a static magnetic field and fixation of their anisotropic shape by membrane cross-linking under
UV. In this chapter the self-assembly process will be explored both for the graft copolymers PEG114-b-
PATCy-g-Ply as well as the triblock copolymers PEGi1s-b-PTMCn-b-Ply with the hydrophobically
modified IONPs which were functionalized with either oleic acid or short poly(isoprene) chains. The
self-assembly process was done through a fast addition of water into the solution of the polymers in a
good solvent, in this case THF. The deformation of the hydrophobic membrane under a static magnetic
field of 0.1, 0.2 or 0.4 T was studied, as well as the stability of the deformation after removal from the
field once the membrane was cross-linked by irradiation under UV light at 365 nm wavelength.

At first, the self-assembly process of the copolymer without the addition of IONPs was studied by TEM
and cryo-TEM to determine the morphology that the copolymers were capable of producing. The
addition of IONPs was expected to influence the final morphology, according to literature work by
Hickey ez al.[1] who demonstrated the influence of the addition of hydrophobic iron oxide nanoparticles
onto the final morphology of poly(acrylic acid)-b-polystyrene (PAA-b-PS) copolymers depending on
the percentage of the IONPs in the system. Indeed, a different structure could be produced by a variation
of the amount of IONPs, as they modify both the hydrophilic-to-hydrophobic ratio and the spontaneous

curvature of the membrane.

Furthermore, the cross-linking of the produced morphologies was investigated by exploring the network
formation of the poly(isoprene) blocks which were present in both the graft and triblock copolymer. The
double bonds of the poly(isoprene) blocks were epoxidized in various amounts and the presence of the
epoxides allowed for the use of a cationic photo-initiator in order to induce an epoxide ring opening
reaction after UV irradiation, which would result in a network formation [2], [3]. The performance of
the UV cross-linking would determine the ability of the self-assembled structures to retain an anisotropic

morphology after the end of the exposure to a static magnetic field.

The final step of this chapter was the end goal of the ANR MAVERICK project, which consisted of the
deformation of the magnetic polymersomes from spherical into anisotropic structures by taking
advantage of the embedded iron oxide nanoparticles in the hydrophobic membrane. The magnetic
polymersomes of both copolymers were exposed to a static magnetic field of 0.4T, created by a specially
designed arrangement of permanent magnets (so-called “Halbach array”), to induce elongation and were
further cross-linked while under the field. In theory, iron oxide nanoparticles with a magnetic moment
u are initially dispersed freely with random orientations within the restriction of being confined in the
hydrophobic space of the membrane due to their hydrophobic coating. Once a static magnetic field is
applied, their magnetic moments would align parallel to the direction of the magnetic field [4]. Due to

the dipole-dipole interactions between the iron oxide nanoparticles, they tend to form aggregates in a
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linear fashion. These linear aggregates which would be aligned in the direction of the magnetic field
while being restricted in the membrane would theoretically tend to force an elongation of said membrane
in the direction of the field [5]. Such experimental examples are few in the literature, which is the point
that makes this research novel. One of the experimental results in literature was the work published by
Long et al. [6] where the group studied the capacity of spherical magnetic nano capsules to transform
morphologies under a static magnetic field and how it was possible to achieve controlled drug-release
by controlling the elongation-relaxation cycles. The publication demonstrated that indeed it was possible
to force an elongation in response to a magnetic field by embedding IONPs in the membrane of the
polymeric capsules. Some of the main differences between that publication and our study are, the fact
that the size of the IONPs which were utilized in that case was 600 nm, which affects their response to
the magnetic field [7] while also that their study did not include the stabilization of the final elongated

morphology to avoid its relaxation after removing the field.

The elongation of magnetic polymersomes was explored experimentally and depicted from SANS
measurements in previous works by Lecommandoux et al. [8] and Sanson et al. [9]. Although both cases
used different natures of amphiphilic block copolymers — the hydrophobic rubbery block was
respectively made of polybutadiene or poly(trimethylene carbonate), while the hydrophilic block was
poly(z-glutamic acid) instead of poly(ethylene glycol) — they presented anisotropic neutron scattering
patterns under an applied magnetic field of 0.1 T, with iron oxide nanoparticles loading rates of 100%
for PBut-6-PGA vesicles, or 70% for PTMC-5-PGA polymersomes.
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Experimental Section:

Materials:

THF was purchased from ThermoFisher scientific (lllkirch, France), triaryl sulfonium
hexafluorophosphate salts mixed in 50% propylene carbonate and Samarium (I11) acetate hydrate were
purchased from Sigma-Aldrich (L’Isle-d’ Abeau, France). Formvar™ and carbon coated TEM 200 Mesh

copper (Cu) grids were purchased from Agar Scientific.
Methods:

Self-assembly of copolymers with IONPs:

A classical nanoprecipitation and co-assembly procedure [10] for the formation of magnetic
polymersomes was adjusted depending on the desired feed weight ratio (FWR %) of IONPs in the
system as well as the concentration of each IONPs solution. The final polymer concentration was kept
at 0.5 mg-mL™. For example, for a FWR of 70% for the IONPs solution consisting of IONPs
functionalized with oleic acid the calculation for the necessary amount of good solvent, in this case THF,

as well as the necessary volume of IONPs was as followed:

mFe;03(g) =07 <=> mFeZO3(g) =0.7 X Mpolymer (g) (1)
Mpolymer (8)
m—l;eé(/)z)(g) =V (L) of the desired IONPs’ suspension )

For a final concentration of polymer 0.5 mg.mL™*, 5mg of polymer needs to be solubilized in 1mL of
THF before addition of 10mL of Milli-Q water. As IONPs are solubilized in THF its volume needs to

be incorporated into the measurement of the 1mL THF i.e., the final volume of THF is:
Viinarwe (ML) of THF =1 mL - Viones (ML) of IONPs calculated from (2) (3)

In the case that the final solution is meant to be cross-linked under UV, an amount of the cationic photo-
initiator is necessary to be added in the polymer when it is solubilized in THF. For a chosen
concentration of photo-initiator (Phl.) of 6% wi/w it was necessary to formulate a new solution of Phl.
diluted in THF due to the very low necessary volume that was hard to accurately measure if the photo-
initiator was not diluted beforehand. Thus, a solution of 100 uL of photo-initiator in 5 mL in THF was

created with 1:50 v/v Phl.: THF and the solution was kept in a dark vial to avoid light exposure.
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For a concentration of 6% w/w of Phl. relatively to the polymer, calculations were as follows:

0.06 x Mpoly = Mphotoinitiator (4)
Mphotointiator - _initi -di
= V3 (mL) Photo-initiator (non-diluted) (5)

So the final volume of the initiator form the diluted solution was Vsinaipni (ML) = 71 (ML) X 50  (6)
Finally, the final volume of THF that was used to solubilize the polymer was:
Veinai he (ML) = 1 mL - Viones (ML) - Vinar e (ML) (7)

With Viones (ML) being the volume calculated for the IONPs in equation (2) and Vsinaipri (ML) the

volume of the photo-initiator calculated in equation (6).

In brief, a typical self-assembly process was as follows: In a vial, 5 mg of the chosen polymer was
solubilized in Vfina ve (ML) of THF which was filtered with a PTFE syringe filter of 0.45 um pore
diameter. Once the polymer was well-solubilized, the volume of IONPs was added together with the
calculated amount of the photo-initiator. At this stage, the solution was left to stir mechanically for 1
min to allow all the components to mix adequately. Finally, a fast addition of 10x Vit tve Milli-Q water
was performed, while the solution was stirred via a mechanical stirrer set to enable fast stirring. The
water was added manually via a plastic syringe while being simultaneously filtered through a cellulose
filter in order to add extra pressure, which resulted in a more “chaotic” addition, i.e. at a higher Reynolds
number, to approach conditions of “flash nanoprecipitation” [11]. The final solution was left to stir
overnight to slowly evaporate the THF from the system. The final suspension was characterized by DLS,
TEM, cryo-TEM, SAXS and SANS to verify the structural characteristics of the objects formed by the

co-assembly in water of the block copolymers and the hydrophobically-coated IONPs.
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Methods of characterization:

Transmission electron microscopy (TEM):

The observations were performed at the Bordeaux imaging center (BIC), a core facility of CNRS, Univ.
Bordeaux and INSERM and of the national infrastructure “France Life Imaging” (ANR 10-INBS-04),
on a Hitachi H7650 electron microscope with an accelerating voltage from 80 to 120 kV for the
determination of the morphology of the self-assemblies. Two different operation modes were utilized
i.e., High Contrast Mode (HC) where the magnification could be set between 2000 and 200000 or High
Resolution Mode (HR) which could reach higher magnification factors ranging between 4000 and
600000. The images were captured by a CCD camera SC1000 ORIUS 11Mpx (GATAN).

Dynamic light scattering (DLS):

The determination of the hydrodynamic radius (R;) and the polydispersity (PDI) of the synthesized self-
assembled solutions was performed by DLS. A Vasco™ Flex instrument from Cordouan technologies
(Pessac, France) was utilized for this purpose, operating at an angle of 165° (backscattering angle). The
polydipersity index (PDI) of the systems was determined by a 2" order Cumulant fit while multi-modal

distribution diameters were analyzed by a multi-exponential decay (Padé-Laplace) fit [12].
Cryo-Transmission Electron Microscopy (Cryo-TEM):

Cryo-TEM was utilized to determine the morphology of copolymer self-assemblies when it was difficult
to identify it by regular TEM. The experiments were performed at the laboratory of Chemistry &
Biology of Membranes & Nano-objects (CBMN) by a PhD candidate of our team at the LCPO
laboratory, Hannah Beauseroy. A Tecnai F20 microscope by Thermo Fischer Scientific operating at 200
kV and equipped with a Gatan 626 cryo-holder was utilized. To visualize the sample, 4 uL aliquot of
the sample was deposited on an EM grid which was coated with a perforated carbon film. A filter paper
is utilized to drain the excess of sample and the grids were plunge-frozen into liquid ethane, which was
cooled by liquid nitrogen using a Leica EMPC cryo-chamber by Leica Microsystems, Wetzlar,
Germany. The grids were loaded onto the cryo-holder before being transferred into the microscope
vacuum column. The instrument is equipped with an Eagle 2k CCD camera by FEI, USA to record the

images.
Small-angle neutron scattering (SANS):

The measurements of small-angle neutron scattering (SANS) were performed at the Institute Laue—
Langevin (ILL) neutron facility in Grenoble, France. The D22 — large dynamic range small-angle
diffractometer was utilized to perform the measurements, in collaboration with its local contact, Dr.
Lionel PORCAR (EASY-1093 proposal). The neutron wavelength was selected at A=6 A nm and the
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beam was collimated with an aperture of 5 mm diameter on the samples. The vacuum tank contains
both a large area multidetector (*He) with a pixel size of 0.8 x 0.8 cm for the low ¢ range (sample-
detector distance D=17.6 m), and a second detector at D = 1.40 m for the high ¢ range. The neutron
beam was collimated through an aperture of 5 mm diameter and the wavelength was selected at 6 A,
with two sample-detector distances of 17.6 m and 1.40 m respectively, to cover a scattering vector g-
range from 2.7 x10°to 6.4 x10™ A (both detectors measuring simultaneously). The samples which
were analyzed with this technique were self-assembled with “heavy” water D,O and deuterated THF-
d8 in order to minimize the incoherent background scattering of samples put in quartz cuvettes of 2 mm
length (Thuet, France) and enhance the signal to noise ratio. Sample concentration was 0.5 mg-mL™ of
polymer in a D,O:THF-d8 (10:1) mixture matching almost perfectly the nuclear contrast of iron oxide
(see calculations further). The scattering signal was thus mostly determined by the copolymer contrast,
although one cannot rule out but a contribution also of the magnetic contrast of the IONPs under an
applied magnetic field, therefore control experiments of individually dispersed IONPs (without
copolymers) under field were done. The acquisition of the spectra was typically performed in 5 min
under zero-field to 10 min under field (5 runs of 2 min or 10 runs of 1 min to check the signal stability).
The ferrofluids were measured on a longer time (4 runs of 10 min, with or without field perpendicular
to beam) as they were dispersed in THF-d8 which almost contrast matched the iron oxide cores
(i.e. nuclear contrast was very weak yet there was still the magnetic signal of the IONPs under field).
Two field configurations were applied on the magnetic polymersome samples, both creating a B field
intensity around 0.2 Tesla, one perpendicular to the beam created by two strong FeNdB permanent
magnets put in front of each other with a spacer to place the cuvette. The other one has the field oriented

parallel to the beam, as created by a Halbach array of many small permanent magnets.

Small-angle x-ray scattering (SAXS):

The measurements of small-angle x-ray scattering (SAXS) were performed at the Paul Pascal Research
Center (CRPP, CNRS / Univ Bordeaux joint unit) with acknowledged help of Ahmed Bentaleb. The
experiments were performed with a Xeuss 2.0 instrument by Xenocs (Grenoble, France). Data collection
was performed by a DECTRIS PILATUS-300k detector which allows for an angle range 0.03 ° — 50 °

(0.0025 A 1 —3.45 A™1). Sample concentration was also 0.5 mg-mL™, in pure water.

Estimation of the contrast between signals of samples and of solvent in neutron or X-ray

scattering

In both SANS and SAXS, it is the difference between the scattering length density (SLD) values —
usually noted pxrays O pneutron — OF the objects compared to the SLD of solvent that determines the
contrast appearing as pre-factor in the theoretical expression of the scattered intensity curves /(g), where

g stands for the scattering vector. In both cases, the values of o can be calculated by dividing the sum of
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the scattering lengths (b) of each atom of the molecular formula of the compounds, dividing by the
molecular Vmol (calculated itself from the molar volume in cm®mol™, divided by the Avogadro number).
The X-ray case if the simplest as one just needs to count the number of electrons in the molecules, as
they all count for the same scattering length »..=2.818x10** cm [13]. Considering the raw chemical
formulas and the mass densities (hence molar volumes) of the different copolymers block (PTMC, PI,
PEO), one finds always an X-ray SLD of the polymer part around peopolymer"~10£2x10" cm™. In
comparison, with its high number of electrons (due to atomic humber Z=26 of Fe) and its high mass
density (~4.9 g-cm™) iron oxide (be it made of y-Fe,Os, FesOs or a mixture) presents an SLD
Pone R~40x10%° cm?, which is therefore always the dominant term of contrast in SAXS compared to

the SLD of the aqueous solvent (pwater=9.4x10%° cm™).

The contrast of SANS is a bit more complex [14], as it originates from different origins: on the one hand
the nuclear contrast arises from the nature of the atoms (with no correlation with their number of
electrons, Z), which itself divides into coherent scattering length beon and incoherent bincon, Which is
particularly high for H atom and contributes only in absorption and incoherent background, i.e. not
related to the morphology — aka “form factor” — and interactions i.e. “structure factor” of the scattering
objects); on the other hand, the neutrons are nuclear particles with non-integer spin 1/2, which render

them sensitive to magnetic fields.

In practice, the magnetic SLD of a superparamagnetic material like iron oxide is obtained directly from
its saturation magnetization, which is nothing less than the volume density of magnetic moments, taking
into account that one Bohr magneton, the elementary quantum of magnetic moment of one unpaired
electron in d-orbital pe=9.274x10%* J/T (=A-m?) counts for bye=2.7x10"** cm [15]. In the case of IONPs
used in this work, they bear values of mass saturation magnetization ms between 56 A-kg-m™ (for those
synthesized by aqueous coprecipitation) and 70 A-kg-m™ (for those obtained by the polyol route that
possess less defects in their crystalline structure) [16], corresponding to 2.8x10° A-m™ to 3.5x10° A-m’
Lin volume magnetization or equivalently from 30 to 38 ps/nm?®. The magnetic SLD of the IONPs (equal
to the contrast because water has no magnetic property) is thus estimated in the range
Pronp™9-9 5+1.5x10% cm™. In comparison, the nuclear SLD of iron oxide (calculated from neutron
scattering lengths bre=9.45x10** cm and ho=5.80x10"** cm with molecular volume Vie=5.3x10% cm?
for y-Fe,03) is pione™'=7.0x10'° cm? [17]. As a consequence, we can deduce that the magnetic
scattering of iron oxide is a minor contribution to the total SANS signal, except when the IONPs are
dispersed in a fully deuterated solvent which can compensate almost (but not entirely) the nuclear SLD
of y-Fe,03 with their high SLD values: pp2o =6.4x10'° cm2and pgs-trr=6.4x10"° cm™ (and hence their
mixtures) [18].
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Finally, we estimated also the nuclear SLD of the different polymers composing the block copolymers
in this study from their chemical formulas and their tabulated mass densities: ppolyisoprene =2.4x10° cm?,
prrmc =1.69x10™ cm (in its crystalline form, otherwise a bit lower), preo =6.4x10° cm™, which is close
to the hydrophobic copolymer block PATC-g-Pln=s, peatc-co-rt =8.4x10° cm™. However, it is usually
accepted that PEO blocks do not contribute to the contrast of block copolymers in SANS, as they are
highly hydrated, therefore their SLD is much closer to the solvent SLD than calculated in the dry state.
In conclusion, the contrast in fully deuterated solvent D,O:d8-THF (10:1) arises both from the nuclear
SLD of block copolymer membranes (Ap=(6.40-0.84)x10'°=5.56x10"° cm for the grafted copolymers
and Ap=(6.40-1.69)x10'°=4.71x10' cm for the linear terpolymers), and from the magnetic signal of
the iron oxide NPs (Ap=(6.40-0.95)x10"=5.45x10" cm™). In other words, in SANS experiments in
fully deuterated solvent mixture the neutrons “see” all the components of the objects as an approximately
homogeneous material, not only the IONPs which have higher electron density like for the X-rays. This
is why also in the following part when we present the SANS results of magnetic polymersomes under
an applied magnetic field, we will also show the control experiment of the individually dispersed
hydrophobically coated IONPs in the same deuterated solvent mixture D,O:d8-THF (10:1) to check that
possible magnetic field effect on the neutron scattering pattern does not arise from the magnetic contrast

of the superparamagnetic IONPs themselves.
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Results and discussion:

Study of the self-assembly of graft copolymers PEG114-b-(PATC-g-Ply)n-co-

PATCn

The graft copolymers PEG114-b-(PATC-g-Ply)a-co-PATCrn whose synthesis and characterization were
described in Chapter 2 were further self-assembled with IONPs in the hope of creating magnetic
polymersomes. As already mentioned in Chapter 2 an important parameter is the hydrophilic ratio feeg,
which depicts the fraction of molar mass of the hydrophilic block divided by the total molar mass of the
blocks of the copolymer:

My, hydrophilic block
M, hydrophilic block+M;, hydrophobic block

(8)

fPEG =

This ratio is a critical parameter which can predict the final morphology of a copolymer post its self-
assembly process. While it is a good indicator, it is not always accurate since many parameters can
intertwine such as the chemical nature or physical state (e.g. rod-like or semi-crystalline) of the blocks

as well as the architecture of the copolymers.

In our case, the graft copolymers synthesized in this study exhibit a quite high hydrophilic ratio free
considering that a vesicular structure can only be achieved when 20%<fpec<40%. Indeed, the graft
copolymer PEG114-b-(PATC-g-Pl3)15-co-PATCs (G3) has an frec of 48%, which lays a bit over the limit
for vesicular morphology and falls closer to the range of cylindrical micelles. Such a ratio is a lot higher
than the classical fpec<20% which is usually the aim for poly(trimethylene carbonate) (PTMC) as the
hydrophobic block. The graft copolymers do not consist of PTMC but rather of a “PTMC-like” block,
poly(amino trimethylene carbonate) (PATC) whose self-assembly process has not been studied yet in
literature. While these two polymers look similar, in particular regarding their rubbery (low Ty) state,
and it could be assumed that PATC would act as PTMC during self-assembly, yet it might be wrong to
ignore the presence of a functional side group of strongly hydrophobic chemical nature such as PI, which
could strongly affect the interactions between the chains, and the repulsions with water, in other words

the interfacial tension with the solvent, which is known as a strong driving force for self-assembly.

Furthermore, the graft copolymers have two hydrophobic components: PATC, and the poly(isoprene)
(PI) oligomers grafted onto it. Poly(isoprene) being a diene polymer allows for the increase of the frec
allowed for the formation of vesicles according to literature on the self-assembly for diene systems such
as PEO-b-polybutadiene. Nonetheless, the attached PI has a very small molar mass 340 g-mol™ < M, <
540 g-mol™*, deeming it an oligomer another parameter which could affect the self-assembly. Another
graft copolymer system studied is PEG114-b-PATC2-g-Pls (G4), exhibiting lower hydrophilic ratio of
33%, which falls into the limits of vesicles by the conventional theory for diene systems [19]. Recent

theoretical models by Borisov et al. [20-21] of the self-assembly of bottlebrush and comb-like
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copolymers also indicate that such grafted macromolecular structures self-assemblies exhibit micelle-

vesicle phase diagram close to the one of linear block copolymers.

Self-assembly of graft copolymers PEGu114-b-(PATC-g-Ply)n-co-PATCn a TEM
study:

To study the resulting morphology of the graft copolymers they were first self-assembled without the
addition of magnetic nanoparticles. The chosen final concentration of polymer in solution was 0.5

mg-mL™ to keep this parameter stable with the samples that would include the IONPs.

The morphology of the structures was studied by TEM and a variety of morphologies were observed for
both PEGi114-b-(PATC-g-Pl3)15-co-PATCs (G3) and PEG114-b-PATCy-g-Pls (G4). Firstly, G3 was not
clearly distinguished by TEM with some spherical objects predominantly appearing without a clear
visibility of the structure. Thus, the sample was further analyzed by cryo-TEM in hopes that we could
detect the morphology (Image 2: a-b) cryo-TEM image of PEG114-b-(PATC-g-Pl3)15-co-PATCs (G3)
depicting small micelles (green arrows) and larger vesicles (red arrows)). As can be seen from Image 2,
spherical structures were captured that resembled micelles and had a small diameter, while vesicles were

also apparent with a higher diameter but a lower probability of appearance.

Sa

Image 2: a-b) cryo-TEM image of PEG114-b-(PATC-g-Pls)15-co-PATCs (G3) depicting small micelles (green arrows) and

larger vesicles (red arrows).

In order to clarify the structures, the polymer was self-assembled along with 3% w/w of the cationic
photo-initiator to achieve poly(isoprene) network formation, making it denser to the electrons and
perhaps more visible after imaging. After 30 min of UV irradiation, the small spherical micelles which
were predominantly apparent were arranged in large aggregates forming “necklace-like” structures,

along with some isolated vesicles (Image 3) as those observed in cryo-TEM imaging (Image 2).
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s

Image 3: a-d) TEM image of PEG114-b-(PATC-g-Pla)20-co-PATC11 (G5) after UV irradiation stained with 2% samarium
acetate.

Self-assembly of graft copolymers with hydrophobically-coated IONPs:

After verification that the graft copolymer is capable of self-assembly into tangible structures, the
process of adding magnetic nanoparticles was explored. While the structures that were seen during the
self-assembly of the copolymers alone suggested that vesicles were not the predominant structures, it
was assumed that the addition of magnetic nanoparticles would alter modify the self-assembly process
by pushing it towards polymersomes. After all such a concept had already been explored by Hickey et
al.[1], who demonstrated the shift of morphologies from micelles to magnetic polymersomes, between
the self-assembled PAAss-b-PS73 diblock copolymer alone and its morphology following the co-self-
assembly with oleic acid functionalized IONPs. Specifically, the publication showed the dependency of
mass percentage of magnetic nanoparticles on the resulting morphologies. Such a concept was thus
followed here as well, by testing various feed weight ratios (FWR) both to produce polymersomes

(Image 4) but also to make them responsive to a magnetic field.
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Image 4: Schematic self-assembly process between a graft copolymer and hydrophobic IONPs producing magnetic

polymersomes. The FWR is defined as the weight of iron oxide relatively to the weight of copolymer in the feed.

It was possible to confirm the assumption that the addition of hydrophobically coated magnetic NPs
would indeed change the final morphology. Various feed weight ratios of IONPs were studied with the
graft copolymers. A significant differentiation of the distribution of magnetic NPs within the structures
was observed depending on the type of surface functionalization. For example, the IONPs-PIDOP —i.e.
those bearing short PI chains tethered to their surface through a dopamine anchor (see Chapter 1V) -
seemed to be dispersed more freely in the membrane with less aggregation present when compared to
oleic acid functionalization. This could be attributed to the interactions between the polymers, since the
hydrophobic membrane of the graft copolymers has a higher percentage of poly(isoprene). Furthermore,
the vesicles seem to be fuller when IONPs-PIDOP were involved suggesting a higher loading capacity
of nanoparticles perhaps again due to the better interactions of the Pl oligomer tethered to IONPs through

a catechol ligand with the copolymer chains.

At first, a 20% FWR of IONPs-PIDOP (D) was tested for self-assembly with a graft copolymer. The
morphology as indicated by TEM imaging remained spherical, with a particular propensity to vesicles
for the bigger structures (as deduced from a grey corona around them, ascribed to be their membrane)

and some magneto-core micelles with a smaller diameter (Image 5).
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Image 5: a-d) TEM image of PEG114-b-(PATC-g-Pl4)20-co-PATC11 (G5) with IONPs-PIDOP (D) FWR=20% stained with
2% samarium acetate showing a mix of micellar (green arrows) and vesicular (red arrows) self-assemblies.

The polymersomes can be distinguished by the visible distribution of magnetic nanoparticles onto the
external surface and not in the core of the formed structures. The size of the objects depicted in TEM
display a higher diameter than the one calculated by DLS (Table 17) which could be attributed to the
deposition and spreading of the structures onto the grid, which is coated by a thin carbon layer and thus
hydrophobic. The IONP-PIDOP (D) are functionalized with a low molar mass PI of 1320 g-mol™, and
they appear to be dispersed nicely in the membrane with no aggregates, but the vesicles are obviously

not fully packed with IONPs. Thus, further increase of the FWR was tried to see the effect.

For a higher FWR of 30% IONPs, it was possible to detect more vesicular structures but with some
micelles present as well. Image 6 presents the graft copolymer which is self-assembled with 30% FWR
of IONPs functionalized with poly(isoprene) whose characteristics can be found in Chapter 4. The
poly(isoprene) which was used for their functionalization had a molar mass M,= 2720 g-mol™* which
was higher than the molar mass of the poly(isoprene) grafted onto the chains of the graft copolymer by
almost 8 times. As can be observed, the final morphology post self-assembly shifts to vesicles of bigger
size than the one which was observed for the graft copolymer alone as well as a lower polydispersity
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index, as can be seen in Table 17. The morphology again can be attributed to vesicles due to the surface

distribution of the IONPs on the exterior membrane for the bigger structures.

Image 6: TEM image of PEG114-b-(PATC-g-Pl3)15-co-PATCs (G3) with IONPs-PIDOP (A) FWR=30% stained with 2%

samarium acetate, showing micelles (green arrows) and larger vesicles (red arrows).

Table 17 : Characteristics of self-assembled samples with IONPs-PIDOP observed in DLS.

PIDOP(D) f

Sample Diameter (nm)” z-average (nm)* PDI+
PEGu14-b-(PATC-g-Pl3)15-co- 301
51 (16%) 205 0.28
PATCs (G3) (78%)
PEGu114-b-(PATC-g-Pl2)20-co-
PATC11 (G5) + 20% FWR 175 (92%) 166 0.25
IONPs-PIDOP(D)
PEGu14-b-(PATC-g-Pl3)15-co-
PATCs (G3) + 30% FWR 157 (94%) 157 0.19
IONPs-PIDOP(A)
PEG114-b-(PATC-g-Pl3)15-co-
PATCs (G3) + 70% FWR 257 (91%) 269 0.26
IONPs-PIDOP(D)
PEGu14-b-PATCa0-g-Pls (G4)
+70% FWR IONPs- 196 (82%) 226 0.21

* by Padé-Laplace (multimodal) fit of auto-correlogram (percentage indicates the weight of the mode); + by 2" order
cumulants fit; T after UV crosslinking under 0.4 T magnetic field.
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An increase of FWR during the self-assembly process up to 70% and using the IONP-PIDOP (7) with a
smaller poly(isoprene) molar mass inevitably increased the size of the final polymersomes but provided
a lower control in the final structures over the size of the final morphologies and a presence of multiple
structures including bigger vesicles and micelles. While the increase in size can be ascribed to a higher
amount of IONPs in the feed, perhaps the presence of a smaller size poly(isoprene) on the IONP surface
affected the self-assembly in a negative way as regard to the final morphologies. The TEM image
presented here depicting this sample is taken post cross-linking and magnetic field (MF) application due
to a better visibility of the sample thanks to the cross-linking process, as discussed further in the chapter
(Image 7). The larger magnetic polymersomes are quite visible and the IONPs are spread over the

exterior membrane, confirming the vesicular morphology with smaller objects being observable as well.

Image 7: TEM image of PEG114-b-(PATC-g-Pl3)15-co-PATCs (G3) self-assembled with 70% FWR IONPs-PIDOP (D) post
UV cross-linking and MF application. Several objects appear close and likely attached to each other.

To study the effect of the IONPs ligand nature, the self-assembly process was investigated with IONPs
functionalized by oleic acid as well. A FWR 10% of IONPs, from the Caruntu et al.[22] 2004 synthetic
method (polyol route), post-functionalized with oleic acid was tested for self-assembly. When combined
with a graft copolymer PEG114-b-(PATC-g-Pl4)20-co-PATC11 (G5), they resulted in spherical structures
that appear to be magnetic polymersomes, with densely hexagonally packed IONPs in their membranes

(Image 8).
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Image 8: a-b) TEM image of PEG114-b-(PATCs1-g-Pla)s1 (G5) self-assembled with 10% FWR IONPs-OA (Caruntu
synthesis, of ~6 nm core sizes, coated by oleic acid) stained with 2% samarium acetate.

The vesicles seem controlled in size, and close to the sizes detected by DLS (Table 2). The IONPs appear
to be on the exterior membrane of the structures, verifying the polymersome morphology. Increasing
the FWR of the magnetic NPs up to 70% led to the same result as it was observed above, with the size
of the final morphologies increasing both in DLS and TEM characterizations (Image 9). The resulted
structures resembled polymersomes which were tightly packed together, like in a foam, with IONPs

with a good control over the final size yet with some bigger structures appearing as well.

Image 9: TEM image of PEG114-b-PATC20-g-Pls (G4) self-assembled with 70% FWR IONPs-OA (Caruntu synthesis, of ~6

nm core sizes, coated by oleic acid) stained with 2% samarium acetate.
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Table 18: Characteristics of self-assembled samples with IONPs-OA (Caruntu synthesis of ~6 nm cores) observed in DLS.

Sample Diameter (nm)” z-average (nm)t PDI+

PEG114-b-(PATC-g-Pla)20-co-
PATCu1 (G5) + 10% FWR IONPs- 158 (88%) 145 0.19
OA (Caruntu)

PEGu114-b-(PATC-g-Pls)20-co-
PATCu (G5) + 20% FWR IONPs- 178 (94%) 165 0.2
OA (Caruntu)

PEG114-b-PATCzo-g-Pls (G4) +

250 (94%) 255 0.15
70% FWR IONPs-OA (Caruntu)

* by Padé-Laplace (multimodal) fit of auto-correlogram (percentage indicates the weight of the mode); L by 2" order
cumulants fit.

All the samples that appear in the table above loaded with oleic acid coated IONPs were self-assembled
using smaller magnetic NPs, with a core diameter of 6 nm whose synthesis (so-called Caruntu polyol
route) was described in Chapter IV. In order to see how the size of the magnetic NPs embedded affects
the structures, self-assemblies with some larger IONPs-OA were attempted, with a core size of 8 nm,
synthesized by the aqueous coprecipitation method followed by a size sorting process based on multiple
phase-separation induced by ionic strength (see Chapter 1V). This larger size of nanoparticles revealed
to lead to a less controlled self-assembly. The copolymers indeed form spherical structures that could
be attributed as vesicles or magnetic core micelles, whose exact morphology became more apparent on

TEM images after UV cross-linking.

A difference between a variety of FWRs was observed as well, from 10% which revealed well-packed
structures, to 20% that clearly resulted in vesicles but not-fully packed with IONPs, and aggregation
effect inside the membrane was observed. Furthermore, a FWR of 50% resulted in a mixture of final
structures, with micelles being more present than vesicles while a 70% FWR did not allow for fully
packed structures, with vesicles being present still. It is possible to assume that this size of IONPs was
too large for this graft copolymer to incorporate a higher volume fraction, thus a loss of control in self-
assembly along with a non-full incorporation of all the IONPs initially present in solution was observed
(Image 10), in accordance with previous work by Oliveira et al. [10] on the self-assembly of other
amphiphilic copolymers (PTMC-b-PGA and PEG-5-PBLG) with surfactant-coated IONPs of either 6

or 8 nm diameters.
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Image 10: TEM images of a) PEG114-b-(PATC-g-Pls)20-co-PATCu1 (G5) + 10% FWR IONPs-OA, b) PEG114-b-(PATC-g-
Pla)20-co-PATC11 (G5) + 20% FWR IONPs-OA, ¢) PEG114-h-PATC20-g-Pls (G4) + 50% FWR IONPs-OA and PEG114-b-
PATC20-g-Pls (G4) + 70% FWR IONPs-OA stained with 2% samarium acetate. The IONPs-OA used here have ~8 nm core

sizes.

Table 19: Characteristics of self-assembled samples with IONPs-OA of ~8 nm core sizes observed in DLS.

Sample

Diameter (nm)”

Z-average (nm)*

PDI+

PEGu114-b-(PATC-g-Pla)20-co-
PATCu (G5) + 10% FWR IONPs-
OA

146 (97%)

136

0.18

PEGu114-b-(PATC-g-P14)20-co-
PATCu1 (G5) + 20% FWR IONPs-
OA

30 (3%) | 176 (97%)

165

0.19

PEGu114-b-(PATC-g-Pl4)20-co-
PATCy: (G5) + 50% FWR IONPs-
OA

144 (33%) | 312 (66%)

218

0.14

* by Padé-Laplace (multimodal) fit of auto-correlogram (percentage indicates the weight of the mode); L by 2" order

cumulants fit.
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To conclude on this part of the chapter, it was possible to study the self-assembly process of the various
graft copolymers that were synthesized (Chapter 1), both with and without the presence of iron oxide
NPs in the feed. The graft copolymers alone tended to self-assemble into small micelles with some
vesicles present as well. This was expected due to the high hydrophilic ratio which was higher than 30%
and was expected to form either vesicles 25% < f < 40% or cylindrical micelles 40% < f < 50% if we
consider the literature published. What was observed was both expected and not, the graft copolymer
PEG114-b-(PATC-g-Pls)20-co-PATC11 (G5) which had an frec=34% appeared to form mostly small
micelles with some vesicles present as well even, although it was in the vesicle forming range according
to Disher et al. [23] publications for polydiene systems. But if we take into account publications on
polyester block (polylactide or polylactone) copolymer systems [24]-[27] the necessary frec in order to
form vesicles should be lower i.e.< 25% and since one of the blocks involved in the synthesis of the
hydrophobic membrane is the PATC polymer, which is in practice a modified poly(trimethylene
carbonate) polymer, it was also expected that this would affect the self-assembly by lowering the
necessary hydrophilic ratio. Of course, the other block of the hydrophobic membrane is poly(isoprene),
which is a diene polymer and was expected to affect the assembly more due to its higher ratio in the
system, but perhaps due to the fact that even if the total mass of poly(isoprene) was higher, each grafted
chain was small, as an oligomer of poly(isoprene), 340 g-mol™, was grafted each time. Thus, it can be
concluded that when the polymer was assembled alone with no nanoparticles, the PATC backbone of

the hydrophobic block played a bigger role than the PI grafts in influencing the final morphology.

On the other hand, the graft copolymer PEGi14-b-PATC2-g-Pls (G4) which had similar frec= 33%
formed larger spherical structures, resembling polymersomes, and this could be attributed to the smaller
degree of polymerization of the PATC block which perhaps affected less the final morphology and

allowed for the poly(isoprene) graft quantity to be a more influencing parameter.

The addition of iron oxide NPs which were modified beforehand with hydrophobic ligands allowed their
incorporation into the hydrophobic membrane of the copolymers and shifted the self-assembly into
larger structures which appeared like vesicles, each time depending on the hydrophobic ligand used to
coat the IONP surface. The feed weight ratio (FWR) of IONPs highly affected the self-assembly as well,
even though it was possible to observe that even a FWR of 10% was enough to shift the morphology
towards clearly recognized vesicles, while higher FWR appeared problematic if larger core IONPs were

used, as observed in Image 10.
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Study of the Cross-linking process of the hydrophobic membrane:

After studying the morphology of the self-assembled structures that can be formed between the graft
copolymers and IONPs the next step was to investigate whether it was possible to cross-link the
hydrophobic membrane after the self-assembly process. In our study the method of cross-linking that
was chosen was to use a cationic photo-initiator which would be assembled along with the graft
copolymers and IONPs for it to be incorporated into the hydrophobic membrane. The cationic photo-
initiator (P.1.) which was chosen for these experiments was triaryl sulfonium hexafluorophosphate salts
mixed in 50% propylene carbonate solvent, which was capable of being activated by UV [2-3] (Figure
108).
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Figure 108: Reaction scheme of the activation of the cationic photo-initiator by UV treatment. From Decker et a/.[2], [3].

The P.1. is activated under UV at a 300 nm wavelength by producing an acid which in turn is capable to
act as ring opening agent of the epoxides that are present on the epoxidized poly(isoprene) block of the
graft copolymers. This epoxide ring opening mechanism creates a network between the epoxide rings

that are in close proximity upon each other (Figure 109).
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Figure 109: Network formation by cross-linking under UV treatment via a ring opening mechanism of the epoxides. From
Decker et al.[2], [3].

To test whether our graft copolymers are responsive to this type of cross-linking, the reaction was first
studied by *H NMR spectroscopy. A 3% w/w amount of the photo-initiator was added in a*HNMR tube
along with the solubilized polymer in CDCls. The tube was exposed to UV via the use of a Hamamatsu
LC8 Lightningcure™ UV lamp (model L9588-02A) with a broad-band filter (ref A9616-03) selecting
the 280-400 nm wavelength range and 55% power. At full power, the lamp irradiates more than 500
mW from our measurement with a photodiode (ThorLabs S120VC), but the exact irradiance (mW/cm?)
on the sample depends on the sample-fiber distance and on the outer diameter of either 3.5 or 5 mm of
the fused silica guiding fiber used (A10014-35 or -50), as we used ether one or the other depending if
we needed to irradiate an NMR tube of 5 mm diameter, a capillary of 3 mm, or a quartz cuvette of 10

mm width.

To verify the ring opening of the epoxides, the samples were irradiated for 2 rounds of 5 min each round.
The disappearance of the epoxide peaks at 2.7 ppm which corresponded to protons on the carbon bearing
the epoxide ring and the shift of the peak initially at 1.3 ppm which corresponded to the methyl group
on the epoxide ring were observed after each round. It was obvious that after 10 min of irradiation the
epoxides’ peaks had completely disappeared and furthermore it was possible to observe the decrease of
the intensity of the characteristic poly(isoprene) peak at 5.1 ppm (Figure 110).
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Figure 110: 'HNMR spectra of a) 40% epoxidized PEGu114-b-(PATC-g-Pl3)15-co-PATCs (G3) + 3% w/w Phl. after 10 min of
UV irradiation, b) 40% epoxidized PEG114-b-(PATC-g-Pl3s)15-co-PATCs (G3) + 3% w/w Phl. after 5 min of UV irradiation
and c) 40% epoxidized PEG114-b-(PATC-g-Pl3)15-co-PATCs (G3) with no UV irradiation and no Phl. present.

The disappearance of the peaks that are attributed to the epoxides as well as the decrease of the peak at
5.1 ppm of poly(isoprene) indicates formation of a network which made the poly(isoprene) block more
insoluble and thus subtracted from detection, thereby confirming the cross-linking process. Thus, it was
possible to continue with studying the cross-linking process on the self-assembled magnetic
polymersomes following the same strategy (Figure 111). The process was studied by TEM imaging
because it was thought that the network formation would create a visible differentiation on the

membrane aspect.
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Figure 111: Self-assembly process to produce magnetic polymersomes capable of being cross-linked under UV.

The polymersomes which were studied for the membrane cross-linking were self-assembled via a fast
water addition process as described in the experimental section. Further on, the sample solution was
inserted into a quartz cuvette, which in turn was irradiated at a distance of 1 cm from the UV beam
output using the “big” (A10014-50) fiber, for 10, 15, 20, 30 and 40 min equally. The sample was then
visualized by TEM imaging to see the differentiation of the membrane (Figure 112). From the imaging
it was possible to see a differentiation in the appearance of the membrane, which became darker as the
UV irradiation time increased. Furthermore, the structures appeared to be more “concrete” as the time
progressed as well, suggesting that the network of poly(isoprene) became denser to the electrons indeed
with the UV irradiation dose. A more intense change started to appear particularly after the 30 min mark

with the 40 min mark to be the most intensely dark and concrete.

The difference in time of cross-linking between the samples before and after self-assembly can be
attributed mainly to the difference of solvent: the sample was initially solubilized in chloroform, while
the self-assembled structures were dispersed in water. Consequently, the self-assembled structures have
the poly(isoprene) block in the interior of the structures, i.e., within membrane while the Phl. salt was
free to diffuse to the aqueous medium, whereas in the non-assembled structures the blocks of
poly(isoprene) were fully solubilized thus more approachable by the photoinitiator molecules, thus

decreasing the necessary time of UV irradiation.
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Figure 112: TEM images of the study of cross-linking efficiency depending on the time of irradiation starting with a) 0 min,
b) 10 min, c) 15 min, d) 20 min, €) 30 min and f) 40 min of irradiation at 55% of the lamp full power stained with 2%

samarium acetate.

Moreover, increasing the intensity of the UV lamp naturally decreased the time necessary for the cross-
linking to occur and for a clear difference in the appearance of the structures (Figure 113). Specifically,
the graft copolymer PEG114-b-(PATC-g-Pls)20-co-PATC11 (G5) was self-assembled with 20% FWR
IONPs-PIDOP (D) and 3% w/w Phl. The sample was irradiated with UV in the same procedure as
described above but for an intensity at 60% for 15 min. As it can be seen in the image below, before
irradiation the sample, even when stained does not show a good definition of the membrane structure,
but post-irradiation the structures became more define and concrete once more. In this case an increased
intensity resulted in a faster cross-linking kinetics, with the structures resembling more the ones that are

depicted in Figure 5 for 30 and 40 min of UV irradiation.
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Figure 113: TEM images of a) PEG114-b-(PATC-g-Pla)20-co-PATCu11 (G5) +20% FWR IONPs-PIDOP(D) and 3% wi/w PI
before UV irradiation and b) PEG114-b-(PATC-g-Pl4)20-co-PATC11 (G5) +20% FWR IONPs-PIDOP(D) and 3% wi/w Phl.
after 15 min of UV irradiation at 60% of the lamp full power stained with 2% samarium acetate.

What is interesting is that post-UV irradiation, other smaller structures which had not incorporated
IONPs during the self-assembly process and were not visible before, started to appear as ascribed to
improved contrast. This suggests that the 20% FWR was not enough to pack the structures fully with
IONPs, once more verifying that the graft copolymer G5 forms small micelles if self-assembled alone.

Even when the images remain non-stained, the cross-linking of the membrane could be detected nicely
as it can be observed on Figure 114 where the sample was irradiated for 15 min with a 60% UV intensity.
As it can be seen on the unstained electron micrographs, the membrane containing the IONPs is the only
thing that visibly changes by becoming intensely darker, suggesting a network formation and a denser

structure compared to the images of the non-irradiated sample.
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Figure 114: TEM images of a) PEGu114-b-(PATC-g-Pla)20-co-PATC11 (G5) +20% FWR IONPs-PIDOP(D) and 3% w/w Phl.
before UV irradiation and b) PEG114-b-(PATC-g-Pl4)20-co-PATC11 (G5) +20% FWR IONPs-PIDOP(D) and 3% wi/w Phl.
after 15 min of UV without staining.

In order to see whether DLS can give some further information for the detection of cross-linking, the
sample PEG114-b-PATCy-g-Pls (G4) + 30% FWR IONPs-PIDOP (D) + 3% Phl. was measured before

and after UV irradiation. Specifically, the sample was in this case irradiated for 30 min with a UV lamp

intensity of 65%. The sample post-irradiation exhibited a higher hydrodynamic size (both Padé-Laplace

and z-average diameters), which could suggest that since the size of the actual structures does not change

on the TEM micrographs, what impacts this difference of size is the density of the membrane which

became more concrete resulting in a different contribution of the largest objects to the scattering (Table

20). Alternatively, this could also be a sign of some degree of aggregation, which would be induced

when PI chains belonging to different vesicles react, attaching the two (or more) vesicles together.

Table 20: DLS characteristics before and after UV irradiation of the sample PEG114-b-PATCa0-g-Pls (G4) + 30% FWR
IONPs-PIDOP (D) + 3% Phl.

30 min UV irradiation

Sample Diameter (nm)” Z-average (nm)* PDI+
PEG114-b-PATC20-g-Pls (G4) +
20% FWR IONPs-PIDOP (D) 157 (94%) 157 0.19
Control
PEGu114-b-PATC20-g-Pls (G4) +
20% FWR IONPs-PIDOP (D) post 334 (91%) 243 0.23

* by Padé-Laplace (multimodal) fit of auto-correlogram (percentage indicates the weight of the mode); L by 2" order

cumulants fit.
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In conclusion for this section of the chapter, the cross-linking of the hydrophobic membrane under UV
irradiation by addition of cationic photo-initiator was studied by TEM observations and DLS
measurements. It was observed that a differentiation in the appearance of the structures did occur after
the irradiation, which resulted in darker structures that were identified as the poly(isoprene) membrane
which created a denser network. Depending on the intensity of the UV lamp, different irradiation times
were necessary to achieve such an alteration, with a time as low as 15 min in the case of 60% intensity.

Following this, we decided to continue with cross-linking, this time under an applied magnetic field.
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Study of the behavior of polymersomes under a static magnetic field:

The next step of our study was to investigate the behavior of the self-assembled polymersomes under
the influence of an applied static magnetic field. More precisely, the target was the elongation of the
polymersomes in the direction of the magnetic field due to the formation of linear aggregates of the
IONPs when the field is applied. Due to their restriction in the hydrophobic membrane, these linear
aggregates would theoretically force a deformation of the polymersomes which would result in
anisotropic vesicles. The examples in literature are limited to a few such as the work that has been
performed by Lecommandoux et al [8], Sanson et al.[9] and recently by Long et al.[6], while this
concept has been studied extensively with only theoretical studies published by Ryzhkov and Raikher

[4], [28] by running coarse grained molecular dynamics models.

Herein, we explored the possible deformation and its stabilization by cross-linking of the hydrophobic
membrane following the results described in the above section. More specifically, samples were
introduced into a custom made 0.4 T magnetic field which consisted of a Halbach array of magnets and
was designed and constructed by Julien Le Mener, engineer within the “Plan de Relance” project Thetis
in collaboration between the LCPO and Cordouan Technologies, Pessac, France. This specific
conformation of the magnets resulted in a homogenous field (<5% variation) oriented in one planar
direction in the middle of the structure (Figure 115). This device also has an axial hole to fit a sample
(either one tube of 5 or 3 mm diameter, or two tubes of 1.5 mm diameter for SAXS) and a large lateral
window, which enables performing UV irradiation and multiangle DLS or SAXS experiments in situ,

with the incident beam oriented either parallel or perpendicular to the (in-plane) magnetic field direction.
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Figure 115: a) Depiction and b) photo of the custom-made Halbach array of strong Fe14aNd2B ferromagnets creating a
magnetic field of 0.43+0.02T, c) directed within the central plane, which was used for the elongation tests; b) The array is
composed of 12 parallelepiped magnets in total (arranged as 2 layers of 6), the dimensions of each one being 35x30x10 mm?
(LxIxd). The magnetic field lines were simulated numerically using COMSOL Multiphysics™ (evaluation license 8079249,
1-15/3/2022).

This set up was utilized for the elongation study changing different parameters such as time of UV
irradiation if any and time of exposure to the magnetic field. The way the set up was constructed did not
allow for the UV illuminating fiber to reach the sample at a 1 cm distance and the closest it could get
was at 3 cm. Thus, it was decided to proceed with the experiments with a higher intensity (70-75%). In
summary, each sample was placed in a special tube which had a length of either 3 or 4 inches
(approximately 7.5 or 10 cm and an outer diameter of 3 mm (VWR, Rosny-sous-Bois, France). the tube
was inserted until it reached the middle of the space between the two cylindrical parts containing the
magnets, with the volume of sample in the tube being enough to feel the space but not more so that the
magnetic polymersomes would stay in the homogeneous field region of B=0.43 T at <1% precision,
which is limited to an 8 mm height, hence 40 pL volume. Otherwise the small lateral and axial field
gradients (around 5% according to the field profiles on Figure 115) are sufficient to attract the objects
onto the walls, disrupting the sample dispersion state and causing (hopefully reversible yet unnecessary)
precipitation (Figure 116).

/

Cross-linking of
hydrophobic
membrane post-UV

o

Figure 116: Representation of the interior reaction of the sample which is constrained inside the NMR tube (red cylinder)

after elongation of the IONPs in the direction of the field, following with the cross-linking which occurred through UV

irradiation, with the fiber inserted from the top (yellow cylinder) at a 3 cm distance from the sample.

It was assumed that the FWR of IONPs in the self-assembled structures would inevitably play a role in
the elongation process, naturally the bulk amount and core diameter of the magnetic nanoparticles
affects the intensity of the force which is produced by them during the application of a magnetic field.
A torque 7" is being produced from magnetic nanoparticles when a magnetic field is applied, and it

depends on their magnetic moment i as well as the amplitude and the direction of the magnetic field,
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more specifically through the angle & between the field and the moment, as it is defined as:

r= ||[I><§||=,u-Bsin9cosB 8)

In addition, if the magnetic field is non-homogeneous, i.e. it has a gradient either in the vertical (z) or

lateral dimensions (x,y), then the magnetic NPs also experiences a migration force of modulus given by:

| Fonigl] = - V(B 9)
where the dot sign (unlike the cross sign in previous equation) stands for scalar product of the vectors.

Nonetheless, in this case the nanoparticles would act collectively as linear aggregates which would result
in a collective force acting on the membranes, especially at the two magnetic poles of the vesicle,
pushing them apart and elongating the shape. Magnetic nanoparticles also present a dipole-dipole

interaction, which attracts them to each other when a static magnetic field is applied. It expresses as:
Fdip = _V(Udip-dip) (10)

Where the magnetic dipole-dipole interaction energy is given by:

HiH
Udip—dip = Ho ;3 . (11)
With r the distance between the centers of the two magnetic dipoles 7 and ;.

Consequently, their magnetic moments i (assuming to be equal for IONPs of same material and core
size) tend to align in parallel direction of the field and the nanoparticles are no longer dispersed freely
in the fluid membrane. Due to the constriction that the membrane provides, the IONPs form linear
aggregates due to the dipole-dipole interactions, and the mean length of the aggregates depends on the
feed weight ratio (FWR), the core diameter and the magnetization of the IONPs, as well as the size of
the polymersomes they are embedded in. The importance of dipolar interactions is quantified by a
parameter A defined as the value of the dipolar energy (in KT units) when the IONPs are in close contact

with each other (i.e. at a distance r = 27yc + 28pe11):

Lot (4_71:)2 meir&re _ BoMiaiTéore (E)Z (1 _ g8 | o (@)2 + ) (12)

KT \ 3 (27‘c0re+2‘5‘shell)3 2kT 3 Tcore Tcore

where uo=4nx107 is the magnetic permeability of vacuum (in SI units), kT=4.1x10% J the thermal
energy at 300 K, rcore the core radius of the IONPs (either ~3 or ~4 nm for our two IONP samples,
respectively) and 84, is the thickness of the non-magnetic organic layer, which we can estimated by
Oshen~1 Nm for the oleic acid coating and &g,e~2 nm for the Pl-dopamine brush. In their work,
Ryzhkov and Raikher [4], [28] consider A=3 as a medium dipolar interaction case (4=1 would mean that
dipolar interactions are negligible compared to £7), whereas they take A=5 as a strong dipolar interaction

case. In practice, if we assume msx=3.5x10° A-m™ as typical saturation magnetization for the IONPs of
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deore~6 NM synthesized by the polyol route and msx=2.8x10°> A-m™ for those of dcore~8 NM prepared by
the alkaline coprecipitation in water followed by size sorting, we find A~0.5 for the Caruntu synthesis
IONPs coated by polyisoprene chains, and A~0.9 for those coated by OA, whereas for the coprecipitated
IONPs which are a bit larger, we estimate A~1.7 for those coated by OA and A~1.0 for the ones grafted
to PI chains. As a conclusion, all of our experiments would be in the weak dipolar interaction regime of
magnetic polymersome deformation under a static magnetic field, except for the largest ones with the
thinnest organic coating of oleic acid, which exhibit dipolar interactions superior to thermal energy.
Please note also that these estimates were made for IONPs free to move in 3D, whereas in our case the
IONPs are confined in the membranes by their hydrophobic coating, thus the dipole-dipole interaction
might play a more prominent role, explaining why the IONPs exhibit surface crystallization as

hexagonal arrays on TEM micrographs.

Examining the structures that were created by the self-assembly process between the graft copolymer
PEG114-b-PATC2-g-Pls (G4) + 70% FWR IONPs-OA (Caruntu) + 6% Phl. it was visible that spherical
structures containing IONPs inside the hydrophobic membrane were created. The sample was put in the
magnetic field and irradiated with UV for 5 min at an intensity of 70%, then the irradiation stopped, and
the sample was left for 15 min in the MF with no irradiation following with another irradiation of 15
min while in the MF and finally stopping it and letting the sample to settle in the MF for another 5 min.
The rationale in this way of working was done with the idea that the initiation of the cross-linking was
to be started from the very beginning of entering the magnetic field in order to stabilize the structure a
little, so the samples do not “break” into smaller structures, like in the Rayleigh “pearling” instability of
a fluid cylindrical droplet, which is also experienced by tubular vesicles[29]. Further on, the sample was
left in the MF for 15 min to allow the magnetic nanoparticles to orientate in the direction of the field by
forming linear aggregates and forcing slowly an elongation. Finally, the irradiation started again for
another 30 min without taking the sample outside of the field to keep the chains of the nanoparticles

intact as well as to keep the structure which was formed stable.

As it can be seen in Figure 117 the final morphology of the structures appears elongated (Figure 117b-
J) when compared to the control group (Figure 117a). The larger structures seem to be more affected
than the medium size ones, with smaller structures also presenting a slight elongation. With no
irradiation or inadequate irradiation, the magnetic nanoparticles return to their freely dispersed state thus
relaxing the morphology back to its original form. This could be one of the reasons that not all structures
are elongated, but it is not the only reason. Smaller structures may not allow the linear aggregates to
form longer chains which are necessary for a noticeable elongation of the structures which they are
embedded in.

Of course this goes somehow against what has been found theoretically by Ryzhkov et a/.[30] who

studied the dependency of the possible elongation of magnetic polymersomes on their size. More
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specifically, via coarse grain computer simulations, they were able to detect that smaller polymersomes
would tend to elongate more when compared to ones with a larger diameter. This was attributed to a
steric parameter, meaning that the smaller polymersomes would increase the tendency of the magnetic
nanoparticles to align in a linear aggregate more than a bigger polymersome would. Due to the higher
freedom that the latter would provide for the IONPs, they would prefer to remain in smaller chains and
not be restricted into the longer aggregates which would aid the elongation process. These calculations
were performed for a relatively low loading capacity of polymersomes, with the volume fraction of
IONPs within the polymer membrane being ¢=11%, and not for highly packed structures. However, in
our case, although the packing looks very high, the FWR is 70% (in weight), but it corresponds to ¢~12%

in volume, given the high mass density of iron oxide p *™,%~4.9 g-cm™,

» c)r
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Figure 117: TEM images of PEG114-b-PATC20-g-Pls (G4) + 70% FWR IONPs-OA (Caruntu) + 6% Phl. a) before
application of MF or UV irradiation, b-j) post the deformation process with application of a 0.4T MF and UV irradiation
through the “5.15.30.5” protocol (5 min UV on out of field, 15 min in field UV off, 30 min in field UV on). Stained with 2%

samarium acetate.
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During the imaging process, the linear aggregates of IONPs within membranes cannot be detected due
to the lack of a magnetic field in the TEM and their tendency to relax and return to a freely dispersed
state. To stabilize the linear aggregates in that position, the cross-linking should have been performed
in between the magnetic nanoparticles themselves, i.e. using epoxidized Pl-dopamine instead of OA as

surface ligand, nevertheless the elongation is quite prominent for this intensity of magnetic field.

In order to demonstrate whether the elongated structures in the sample post MF+UV exposure prevail
against the spherical structures an anisotropic parameter R, where R=b/a with b standing for the length
of the long axis and « standing for the length of the short axis and was calculated via ImageJ analysis of
the TEM images. While this R parameter can be accurate, in this case it can’t be taken as absolute as the
amount of sample in the images is not enough to statistically demonstrate accurately the anisotropy.
Nonetheless it can be considered in the cases described in this manuscript as an indicative parameter

which could at the very least suggest that an alteration does indeed occur during the UV/MF process.

As it can be observed on Figure 118 the R parameter shifts to higher value after the elongation and cross-
linking process of the sample has occurred. Specifically, in the control group the average value for R is
1.05+0.02, while the average value for R for the UV+MF sample is 1.3+0.06. As a spherical morphology
would inevitably result in an R=1, thus the higher value indicates a deviation from the spherical
morphology into an axially anisotropic structure. Another important observation which can be made is
the fact that a chaining effect can be observed post UV/MF, perhaps demonstrating a cross-linking

between the polymersomes.
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Figure 118: a) TEM image of the sample PEG114-b-PATCz0-g-Pls (G4) + 70% FWR IONPs-OA (Caruntu’s polyol route
sample of dcore~6 NM) + 6% Phl. before (Control), b) Schematic demonstration of the R anisotropic parameter calculated from
the TEM images of vesicles c) TEM image of the sample PEG114-56-PATC20-g-Pls (G4) + 70% FWR IONPs-OA (Caruntu) +

6% Phl. after magnetic field and UV exposure (UV+MF) and d) diagram of the anisotropy parameter R for both samples

(Control, UV+MF) calculated from the TEM images of the samples.

Another example where slight deformation was able to be observed was for a lower feed weight ratio of
IONPs, specifically 50% but the IONPs utilized in this sample had a bigger magnetic core diameter,
near 8 nm (sample prepared by aqueous coprecipitation followed by size sorting). This sample of IONPs
appeared to bear higher magnetic susceptibility, as calculated from the AC-magnetometry
measurements, and was expected to result in a higher elongation due to a better response to the magnetic
field. The same graft copolymer was self-assembled with 50% FWR of IONPs and was left overnight
in the magnetic field, the following day it was irradiated with UV for 30 min. The TEM images present
a difference before and after the application of the magnetic field and the UV irradiation. The change
mainly affects the visibility of the membrane due to the cross-linking process but also some visible
elongation. Once more the elongation can be only seen mainly in polymersomes with a larger size and
a higher packing density of IONPs (Figure 119).
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Figure 119: TEM images of PEG114-b-PATC20-g-Pls (G4) + 50% FWR IONPs-OA (coprecipitated sample of dcore~8 nm) +
6% PI a) before application of MF or UV irradiation, b-d) post the deformation process with application of a 0.4 T MF
overnight and 30 minutes UV irradiation. Stained with 2% samarium acetate.

The appearance of the membrane post-UV is visible enough as it was expected: in the control image
(Figure 119a), it was only possible to observe the IONPs, but post irradiation the membrane became
visible, and it became easier to detect the actual morphologies of the structures. Furthermore, it was
possible to observe that not all the vesicles were magnetic as some of them appeared empty post
irradiation (Figure 119b-d). As seen before, this was likely due to some of the IONPs not being
incorporated during the initial self-assembly process. More precisely, it has been observed that when
higher FWR of IONPs with this larger diameter were utilized for co-assembly, not all the IONPs were
incorporated in the vesicles and some precipitation of the hydrophobically coated IONPs in water
occurred. On the contrary, for the samples that had managed to incorporate a high amount of the IONPs,
which resulted in larger vesicles, it was possible to stabilize a slight elongation post-crosslinking (by
UV irradiation for 30 min).

While anisotropy was visible for some polymersomes, it was not as prominent as it was expected for

this sample. Once more, the largest samples seem to present some visible elongation while the smallest
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ones remain spherical. The calculation of the anisotropic ratio R from TEM images in Figure 12,
produced an R= 1.15 +0.025 which was slightly higher than 1, suggesting that while anisotropy was
present it was not prevalent throughout the depicted sample (Figure 120). Due to the lack of clear limits
in the control group of the sample (Figure 119a), the anisotropic parameter was difficult to identify

accurately but it is possible to observe that some anisotropic structures exist already.
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Figure 120: Anisotropy parameter R of of PEG114-b-PATCz20-g-Pls (G4) + 50% FWR IONPs-OA (coprecipitated sample of
deore~8 NM) + 6% Phl. after UV and MF exposure.

Unfortunately, these were the only cases where it was possible to detect some type of deformation or/and
elongation. For samples with smaller FWR of IONPs both with the small diameter of 6 nm and the
bigger ones of 8 nm, no visible elongation was able to be stabilized. This was not due to lack of cross-
linking, since all the samples had a visual confirmation in TEM that the cross-linking indeed occurred,
by presenting a darker membrane as has already been discussed in the cross-linking section. It is believed
that the lower FWR did not allow for the elongation to be strong enough either due the formation of
shorter linear aggregates of the magnetic nanoparticles, which did not allow for a visible elongation, or
the volume fraction of the nanoparticles in the membranes was not enough to produce an adequate
number of chains which would produce vesicle elongation. Nonetheless, the 50% FWR and most
importantly and noticeably the 70% FWR led to a good result, which produced a stabilized image of

elongation.
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To study the elongation in real-time, in situ DLS, SAXS and SANS analyses were employed. In all the
experiments, the same samples were analyzed both inside and outside of the magnetic field, in order to
see whether it was possible to detect the elongation process in real time. The main results of these

preliminary and somehow delicate experiments will be reported in the last part of this chapter.
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Triblock copolymers:

Study of the self-assembly of the triblock PEO-b-PTMC-b-PI copolymers:

The same study on the self-assembly behavior was done as well for the triblock copolymers. Once more
the hydrophilic ratio frec Was considered to study the self-assembly process of the copolymers. The frec
of PP1P17 sample was 17.8% as already discussed in Chapter 111, which is in the range of ideal values
to produce polymersomes by self-assembly through nanoprecipitation for copolymers that contain
poly(trimethylene)carbonate, as indicated by literature. To study whether the hydrophobic block of
poly(isoprene) would affect the self-assembly process, the triblock was first studied without any addition

of iron oxide nanoparticles by TEM and cryo-TEM observations.

Figure 121: Cryo-TEM (a-c) of the triblock copolymer PEG114-b-PTMC200-b-Pl4o self-assembled alone.

As it can be observed from Figure 121, the cryo-TEM images revealed that when the triblock copolymer
was self-assembled alone with no presence of IONPs, it resulted in spherical structures with a visible
membrane. In our case the ABC terpolymer consists of the block of PEG (A) which is hydrophilic and
two hydrophobic blocks B and C, PTMC and PI respectively, which are soft, i.e. in a rubbery physical

state, membrane-forming blocks.

In all cases the corona forming block is PEG, as was expected due to its hydrophilic nature, with the
white corona being visible in all cases. Further on we can see a dark grey membrane of around 10 nm
thickness which corresponds to the hydrophobic blocks. A thin darker gray line can be detected as well,
and it is attributed to the presence of the poly(isoprene) block, denser in electrons than PTMC owing to
its double bonds. Using image analysis with ImageJ software, it was possible to determine the average
diameter of the polymersomes as well as the average thickness of their membrane, the average diameter
being 95+2 nm and the average bilayer thickness 11.0+0.7 nm (Figure 122). When compared to scaling
law reported by Lebleu et al.[31] one would expect a thickness ~20 nm for a PTMC block length of 200
units, as found also in a previous thesis in the team[32]. The discrepancy might arise from a higher

degree of chain interpenetration between the two leaflets of the bilayer, maybe due to Pl end-block
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entanglements, or just because polymer dimensions are systematically underestimated by TEM image
analysis because the chains are collapsed in the vacuum column of the electron microscope. Nonetheless,
the thickness of the membrane is still large enough to enable the incorporation of the IONPs that were

synthesized in this project, of deore~6 Or 8 Nnm (Chapter 4).
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Figure 122: Determination of the average diameter of the vesicles as observed in cryo-TEM and of the average membrane

thickness (nm).

While unilamellar vesicles can be detected on the micrographs, it is impossible to ignore the internal
hydrophobic membrane that is visible inside some of the depicted structures in Figure 121. More
specifically, it appears that smaller vesicles exist inside larger vesicles, suggesting the presence of so-
called “nested vesicles”, which for other rubbery state copolymer (Pbut-6-PEO and PDMS-5-PEO)
polymersomes were shown by Salva et a/ [33] to originate from a spherical-to-stomatocyte-to-nested
vesicle transformation caused by osmotic chocks. In our case, the osmotic pressure was not controlled
as we used pure water for nanoprecipitation instead of a buffer or sugar solution of known osmolarity.
Nevertheless, when we later study polymersome crosslinking, such osmotic shock is plausible to occur
because the UV-induced cleavage of the photoinitiator (Figure 108) produces liberation of solutes in the
interval aqueous cores of the vesicles, which can cause the hypertonic shock at the origin of such
morphological transition to nested vesicles. In addition, a fraction of bilamellar vesicles (i.e., vesicles
with a double membrane) were observed as well (Figure 123). Usually; vesicles need to be passed
through filter of given porosity (typically 0.1 or 0.2 um) to retrieve only unilamellar vesicles, a process

called “extrusion” initially developed for liposomes, but that works also for polymersomes [34].
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Figure 123: Comparison of a) cryo-TEM image of the triblock copolymer and b) TEM image stained by osmium oxide
Os0a. The sketch represents a bilamellar vesicle (i.e. having a double-membrane).

Self-assembly of triblock copolymers with IONPs:

After confirming that the triblock copolymer could produce vesicular structures and that the
hydrophobic membrane had enough capacity to encapsulate hydrophobically coated IONPs, their

common self-assembly by nanoprecipitation was studied.
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Figure 124: Sketch of the fast self-assembly process by nanoprecipitation of the triblock copolymer, together with 10% FWR
IONPs-PIDOP, and 3% w/w cationic photo initiator.

At first, the terpolymer was self-assembled with 10% FWR of IONPs of core diameter deore~6 NM
functionalized with short poly(isoprene) oligomers (PIDOP (C)) (Figure 124), producing nicely
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spherical structures whose mean diameter was 130+0.7 nm, as calculated from TEM image analysis
with ImageJ (Figure 125). However, the TEM grids were stained with 2% samarium acetate and the
sample was a bit too concentrated, thus, a lot of vesicles were stacked on top of each other. Nonetheless,
the IONPs seem to be dispersed along the hydrophobic membrane with the PEG corona clearly visible,
especially when there was an excess of staining on the image. Although the large outer diameters were
indicative of polymer vesicles, it was difficult to claim the vesicular structure only from these TEM

images, since the structures could also be filled magneto-core micelles.
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Figure 125: TEM images of PEG114-b-PTMCz00-b-Plso self-assembled with 6% FWR of IONPs-PIDOP(C) of core diameter
deore~6 NM +3% PhI. stained with 2% samarium acetate. The figure demonstrates the average diameter of the structures as

determined by TEM image analysis using ImageJ.

To study how the functionalization of IONPs affected the self-assembly process, the triblock copolymers
were also self-assembled with IONPs-OA functionalized with oleic acid. Both the smaller IONPs with
a core diameter of 6 nm (polyol route) and the larger IONPs with a core diameter of 8 nm (coprecipitated
ones) were self-assembled with a FWR of 70% and are presented in the images below. Figure 126
depicts the triblock copolymer PEG114-b-PTMC200-b-Plsg (PP1P17) with 70% FWR of IONPs-OA with

a core diameter of 8 nm. The structures appeared to be spherical and almost “fluid” under the electron

236



Chapter V

beam, without a clear retention of their structures, thus the sample was unable to be characterized with
electron microscopy techniques.

On the other hand, when the triblock copolymer was self-assembled with 70% FWR of IONPs-OA with
a core diameter deore=6 nm, much more defined structures were observed, as on Figure 127. The
structures appeared more defined and well-packed. It was possible to calculate an average diameter of
the structures by analyzing the TEM images, which was determined to be 65+7 nm. The diameter
calculated from TEM images was lower than the diameter determined from DLS measurements (Table
21), as the average hydrodynamic diameter appeared to be 167 nm. At this stage, the morphology of the
structures was unclear from TEM imaging only, and more insight will arise later from small angle X-

ray and neutron scattering experiment results (see the last part of this Chapter V).

I Diameter (nm)
—— Gaussian Fit

Figure 127: TEM images of (a, b) PEG114-b-PTMC200-b-Plso (PP14PI17) + 70% FWR IONPs-OA (Caruntu, dcore=6 nm), and
histogram of outer sizes fitted with a Gaussian law of average diameter drem=65 nm.
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Table 21: DLS characteristics of the self-assembled triblock copolymers with IONPs

Sample Diameter (nm)” Z-average (nm)+ PDIt

PEG114-b-PTMC200-b-Plso (PP1PI7)

210 (93%) 2165 0.122
+70% FWR IONPs-OA (dcore=8 nm)

PEGu114-b-PTMC200-b-Plso (PP14P17)

167 (87%) 183 0.173
+70% FWR IONPs-OA (dcore=6 NM)

PEG114-b-PTMC200-b-Pls0
((PP14PI17) +6% FWR IONPs- 160 (94%) 161 0.118
PIDOPC (dcore=8 nm)T

" by Padé-Laplace (multimodal) fit of auto-correlogram (percentage indicates the weight of the mode); L by 2" order
cumulants fit; T after UV crosslinking under 0.4 T magnetic field.

Study of the cross-linking process of the hydrophobic membrane of vesicles made of the

triblock copolymer and their elongation under a static magnetic field:

The cross-linking process of the triblock copolymer was studied in a similar matter as described above
for the graft copolymers. The poly(isoprene) block of the triblock copolymer was functionalized with
epoxide groups in order to deem it capable of being cross-linked via a ring opening reaction of the
epoxides by the use of a cationic photo-initiator. The same photo-initiator (Phl.), triaryl sulfonium
hexafluorophosphate salts mixed in 50% propylene carbonate solvent, was used in this case. The
activation mechanism and cross-linking process were already described in Figure 1 and 2 respectively.

To verify that the triblock copolymer can react with the Phl. after exposure to UV light at a wavelength
around 300 nm, the reaction was studied by *H NMR spectroscopy in a similar matter as it was described
in the sub-chapter above regarding the cross-linking of the graft copolymers. In short, the triblock
copolymer was solubilized in deuterated chloroform with 3% w/w of Phl. and the NMR tube was
exposed to UV for a duration of 5 min, twice, to initiate the ring opening reaction of the epoxides. The
figure (Figure 128) below reveals that after 5 min of exposure, the network formation was initiated, and
post 10 min of UV exposure, the epoxides were no longer present, a fact which was verified by the
disappearance of the peaks at 2.65 and 1.15 ppm. Moreover, a visible decrease of the peak at 5.15 ppm
(ethylenic protons of the poly(isoprene)) suggests formation of a dense network which obstructed the

protons from being visible and detected by classical liquid state NMR.
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Figure 128: 'THNMR spectra of a) 9% epoxidized PEG114-b-PTMCz200-b-Plao + 3% w/w Phl. with no UV irradiation, b) 8%
epoxidized PEG114-b-PTMCa00-b-Plso + 3% w/w Phl. after 5 min of UV irradiation and c) 8% epoxidized PEG114-b-
PTMCa00-b-Plao + 3% wi/w Phl. after 10 min of UV irradiation.

Thus, it was concluded that the triblock copolymer indeed responded to UV as expected and even 5 min
of irradiation at 75% lamp intensity was enough to initiate the cross-linking. The cross-linking of the
self-assembled triblock copolymer along with IONPs was investigated by TEM imaging, as HR-MAS

NMR was possible only through collaboration, therefore not for a kinetic.

The self-assembled sample of PEG114-b-PTMC200-b-Plso with an epoxidation rate of 9% mixed at 70%
FWR with IONPs-OA (Caruntu synthesis, of dcore=6 nm) was irradiated with UV light for 10 min and
20 min equally, with a Hamamtsu UV lamp with a 280-400nm wavelength range and 70% power, at 1
cm distance. Following the irradiation, the sample was imaged by TEM. Unfortunately, no clear visible
transformation was observed on the spherical structures. While this could be expected since the
poly(isoprene) block is not truly visible with this imaging technique, one can observe that the space that
the IONPs take in the self-assembled structure became slightly denser and more defined, especially after

20 min of irradiation (Figure 129c). Another observation is that the grey matter of the corona where the

239



Chapter V

IONPs are embedded in seems to fuse between adjacent objects, although this is not fully conclusive
that the crosslinking was successful.

50 nm

A

Figure 129: TEM images of 8% epoxidized PEG114-b-PTMCz00-5-Plso + 6% w/w Phl. + 70% IONPs-OA (Caruntu synthesis,

deore=6 NM) a) control with no UV irradiation, b) 10 min UV irradiation and c) 20 min of UV irradiation.

It was decided to continue with the application of a magnetic field onto these structures nonetheless,
since the *H NMR (without IONPs) does reveal that the cross-linking mechanism indeed works. An
increase of irradiation time was implemented as well to strengthen the cross-linked network in the case
that 20 min was not enough, in view also of the UV absorption by the IONPs. As such, the sample was
inserted into the static magnetic field created by the Halbach array of magnets, whose structure is
depicted in Figure 115. The sample was irradiated with a 70% intensity of the UV lamp for 40 min while
being in the magnetic field of 0.4 T. The images of the sample presented remarkable results, with a
visible stabilized elongation of the structures (Figure 130). While some spherical structures were still
visible, the majority seemed to be of an anisotropic nature. To characterize the elongated nature of the
structures, the long axes were measured to determine the average length of the final structures (Figure
131). Due to the fact that the sample before an application of a static magnetic field already had
structures that presented some anisotropy, the images were analyzed with ImageJ by calculating the
anisotropy parameter R=b/a where b stands for the length of the long axis of the structures while a stands
for the length of the short axis (Figure 132).

By comparing the control group and the UV+MF exposed sample, it was observed that the R parameter
shifted to higher values post MF exposure. The average value R for the control group was determined
to be 1.1+0.05 while the average R for the MF+UV group was 1.3+0.1, while in general structures with
higher R parameter had a higher frequency of appearing when compared with the control group. It is
important to note that if the R parameter equals to 1 then no anisotropy is observed, i.e. a=b. This
measurement as already mentioned above is not definitive, due to the small amounts of samples and
unclear limits of the membranes in some cases, nonetheless this result can still be utilized as it is at the

very least indicative of an anisotropic sample.
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Figure 130: TEM images of (a-d) PEG114-5-PTMCz00-5-Pls2 + 6% w/w Phl. + 70% IONPs-OA (Caruntu synthesis, dcore=6
nm) post UV and MF application through the “5.15.30.5” protocol (5 min UV on out of field, 15 min in field UV off, 30 min

in field UV on). The TEM grid was stained with 2% samarium acetate.
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Figure 131: Determination via ImageJ of the length of the long axis of the elongated structures, indicating an average length
of 65.0+3.4nm.
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Figure 132: Determination of the anisotropy parameter R before and after application of a static MF and UV, with a) a TEM

image of the magnetic polymersomes before UV+MF exposure (control) , b) a schematic representation of the R parameter,

¢) TEM image of the magnetic polymersomes post UV+MF irradiation (UV+MF) through “5.15.30.5” protocol and d) a

graph of the anisotropy parameters which were calculated from the TEM images of the control and UV+MF groups,

respectively.

The length of the long axis (Figure 131) of the final elongated structures in Figure 130 has an average

of 65.0+£3.4nm which is similar to the initial diameter which was calculated for the control sample before

UV and MF application, as can be seen in Figure 127, which demonstrates the structures with an average

diameter of 65.0 = 7 nm. These results suggest that while elongation occurs, the average size of the

structures does not change overall, with the main difference to appear in the short axis which becomes

shorter post MF, resulting into a structure which resembles elongated (prolate) ellipsoids. While

interestingly we can observe the chaining effect being present in these samples as well, suggesting

perhaps a cross-linking between the membranes of the polymersomes.
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Similar procedures were implemented on the triblock copolymer which had larger IONPs embedded in
it. More specifically PEG114-b-PTMC00-b-Plao (PPIP17) which had an epoxidation rate of 15% was self-
assembled with 6% w/w Phl. and a 70% FWR of IONPs-OA with larger core diameter dcore=8 nm.
Figure 126 depicts the control group of the resulted from this self-assembly process, but as already
discussed in that section the sample did not present a clear image, with the structures to appear almost
“broken” and not depicting a clear morphology due to aggregates. From individual images the structures

appeared spherical, but it was not clear whether they represented vesicles or magneto-core micelles.

In this case, the sample was irradiated in a similar manner that was described in the graft copolymer
section, i.e. the method “5.15.30.5” where it was first irradiated for 5 min while in the MF, then left in
the field with no irradiation for 15 min, proceeding with 30 min of UV irradiation while still in the MF
and finally 5 minutes of MF alone in order to let the structure settle. The total amount of irradiation was

35 min, slightly lower than the time above, while the MF exposure was a total of 55 min.

Figure 133: a-c) TEM images of PEG114-b-PTMC200-b-Plso (PPIPI7) triblock with an epoxidation rate of 15% + 6% w/w Phl.

+ 70% FWR of IONPs-OA (coprecipitation route, deore=8 nm). The TEM grid was stained with 2% samarium acetate.

While the images revealed more defined structures compared to the control sample from Figure 126 and
some elongation was indeed visible, it was not possible to accurately calculate the size of the structures
nor the anisotropy parameter due to poor image definition. Nonetheless, a lot of anisotropic structures
were observed but it was difficult to determine the differences between the control group and the one
post MF+UV, perhaps the only certain parameter that can be observed is the fact that the structures seem
more defined, suggesting that the cross-linking process indeed took place, thus stabilizing the structures.
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DLS, SAXS and SANS study of magnetic polymersomes, out and in Bpc magnetic field

In order to decipher whether the magnetic polymersomes actually deform under an applied magnetic
field, samples representative of the two systems (graft copolymers or linear triblock) were studied by
small angle X-ray and neutron scattering techniques, with both sizes of IONPS dcore~6 Or 8 Nnm, in the
case of the OA coating, at FWR values of 70 or 50%, respectively. The first performed were the SAXS
experiments, as a Xenocs Xeuss 2.0 instrument is available on campus, with the aim to do SANS later
one, which is possible only at an international neutron source like the ILL, in Grenoble. As our initial
beam time requirement was not accepted by the reviewing committee (due to important load on the
SANS instruments and a said insufficient justification by us in our proposal of the need of neutron
scattering as compared to X-ray beam at a synchrotron), we had only a test experiment during the
FAN2021 workshop for new trainees in neutron scattering, and an EASY experiment of 24 hours
allocated by ILL direction on June 20" 2023. Nevertheless, this beam time was sufficient to improve

our knowledge of our systems under magnetic field, as will be presented thereafter.

Structural study by X-ray (SAXS) and neutron (SANS) small angle scattering of grafted
and triblock copolymers self-assemblies, with or without co-assembled IONPs:

To start with, SANS curves of “blank” amphiphilic diblock and triblock copolymers (i.e. not loaded
with IONPs) self-assembled by fast nanoprecipitation in deuterated solvent mixture (D,O: d8-THF 10:1)
were acquired on D22 spectrometer of the ILL during the FAN2021 training school on neutron scattering
(EASY-1045 experiment). The curves are plotted in 7 vs. ¢ and Ixg? vs. ¢ representations on Figure
135a) and b), the latter plot enabling to highlight vesicle shape [35]. To get insight on morphology and
mean dimensions of the self-assemblies, the SANS intensity curves were fitted by a polydisperse shell

form factor, as described by Jan S. Pederson [36], which formula is illustrated on Figure 134.

2
b) I(CI) = ¢(ppolymer - psolvent) p (QJ Rcorer Rout)

_ 2
V(Rout)F(q,Rout) V(Rcore)F(qJRcore)] (13)

With P (q, Reore: Rou) = [ V(Rout) =V (Reore)

where V(Royut) = gnRgut is the outer volume of the vesicle,

Hawl =R —R V(Reore) = gnRgore is the volume of its internal compartment,
out core
in(qR)—(gR) cos(qR)
and F (q,R) = 322 14
Rshell = (Rout—i_Rcore)/2 1 @ R)3 ( )
_(InR/Rg)? _(nH/Hg)?

1 1
— —e
RogrV2m HoyV2m

Figure 134: a) Sketch and b) theoretical shell form factor used to fit the SANS curves. The formula is convolved with log-

c) P (R, Ry, 0R) = 20} (15) d) P (H,Hy, 0y) = 20} (16)

normal distribution laws of median radius Ro, median thickness Ho, and broadness values or and on for the shell radius c)
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2
P (Rgnen, Ro, o) and the shell thickness d) P (Hgyen, Ho, 0y, respectively. In particular, P(q — 0) = % where
shell

Vhenl = V(Rout) — V(Rcore) 1S the volume of the hydrophobic copolymer blocks constituting the vesicle membranes, and <

> represents ensemble averaging on the two distributions.

In practice, we chose to set the neutron SLD contrast Ap = pgpjects — Psolvent aNd Volume fraction ¢ of
objects at their theoretical values (the former at the calculated value of semicrystalline PTMC, the latter
computed from the hydrophobic block concentration and mass density. Then to find the four geometrical
parameters describing the distribution of vesicle radii and thicknesses Ro™ (orf) and Ho™ (onft), we
proceeded with the following systematic method. At first, we determined the radius of gyration of the
objects (independent on any assumption on their shape) Rc from a Guinier plot of the first data plot at
lowest scattering vectors g:

. ~ a*RE 2 a*Hgp
‘llmé InI(g) =1InI(0) — - an In[I(q) % q*] « - (18)

The Rg value was taken from a low number of points (usually less than 5) so as to insure a coefficient
of determination R?>0.95 for the linear regression of the /(3—0) curve in the Guinier plateau Eq. (17).
Then we plotted the data in the so-called Kratky-Porod representation [37] In[I(g) x q?] vs. q? for the
intermediate g-range. Again, the data points were carefully chosen to maximize the R? value when fitting
them with Eq. (18), which enables to determine an average membrane thickness Hkp. Those two
characteristic dimensions were determined unequivocally though with some experimental uncertainty.
Then the whole 7(¢) curve was fitted with the set of Egs. (13-16). In practice, we used a home-made MS
Excel spread sheet calculating a numerical integral of Egs. (13-14) convoluted with Egs. (15-16). More
precisely, the double integral was approximated by trapeze formulas in each interval R and 3H over a
60x60 matrix of [R, H] values chosen on sufficiently broad ranges to describe the two statistical
distributions of shell radius and shell thickness. Our numerical method to assess the theoretical form
factor of polydisperse vesicles has been compared to results obtained with the well-known SASview

software (https://www.sasview.org/) to be sure that there was no mistake in the calculation.

The reason why we preferred to use Excel to fit the experimental curves I(g) rather than SASview is
because we can better check the physical relevance of the fits. As previously stated, we set the contrast

and the volume fraction of objects to their theoretical values, thus we left four parameters Ro™, or't, Ho'™,

and o to be varied. We defined two quadratic error functions yx; = X;(I;"” —Igit)2 and y, =

Yi(lg? x qf — I8 x in)Z (where the i index varies over the whole set of experimental data points,

which can be reduced to ~120 by a preliminary sliding average process) and we asked the Solver tool
of Excel to minimize their sum y; + x, so that the curve is fitted both in the low-q and the high-q ranges.
An important point is that we ask the Solver to verify three constraints so that the optimal values of the

four variable parameters are physically relevant. To do so, we computed the “intensity-averages” (also
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called “Z-averages”) of the two distributions R and HE* (easily computed from the standard formulas
of the »™ order statistical momentums of the log-normal distribution law). The first physical constraint
is then that the Z-average internal core radius of the vesicles is positive, meaning that the objects really
show an aqueous compartment, otherwise if they were totally filled, they would be micelles. The two
other constraints are that the Rt and H' calculated values of the fitted curves match exactly with the
two experimentally determined values Rg and Hxkp, respectively. The first equality R = R, is a well-
known property of vesicle morphology[38] (their hydrodynamic and gyration radii are equal as all the
points of the shape have identical distance to the center of mass). As for the second constraint Hit =
Hyp, we are not sure if it has theoretical grounds, but we used it by analogy to the first one, and it always
led to good results. The efficacy of our fitting method can be appreciated on Figure 135 with the
relatively good accordance between experimental and fitted curves in both I(g) vs. ¢ and 1(g)x¢® vs. ¢
representations (the latter better highlighting the high-q region). The determined fitted parameters are
listed in Table 22.

As a first result, we see that two diblock copolymers POXP3 and PP5 exhibit analogous SANS curves,
evidencing that they both self-assemble into vesicular objects with a membrane thickness Hxp=25+1 nm
that is close to expectation from the scaling law derived by Lebleu et al. [31] for PTMC-based
amphiphilic copolymers with a DP of TMC around 160. Instead of PEG, POXP3 has a different
hydrophilic block, which is a poly(2-ethyl-2-oxazoline) also of M,=5 kg-mol™, which was provided to
us (with an amino chain-end) by Katerina Mathianaki, who is doing her PhD thesis with Pr Guillaume
Delaittre at the University of Wuppertal in Germany in order to perform the ROP of TMC as described
in Chapter IV. Although we were not able to demonstrate that the synthesis of a diblock copolymer was
successful in that case, we observed that the final product self-assembled into vesicles. The third blank
copolymer studied by SANS, PEGi14-b-PTMC167-b-Plas (PP3PI5), shows significantly lower size, both
by its hydrodynamic radius in DLS and its gyration radius measured by SANS. The shell thickness also
is smaller, Hcp=16 nm, although the central PTMC block had the same degree of polymerization than
the two previous diblock copolymers. This can be ascribed to higher compaction and entanglement
degrees of the chains as ascribed to a higher hydrophobic interaction expected for the Pl end-block as

compared to the more polar PTMC block.

The second SANS experiment (EASY-1093) was performed on two copolymers, respectively PEG114-
b-PTMC200-b-Plag (PP1PI7) and PEG114-b-PATCy0-g-Pls (G4), both being loaded at either 70% FWR
with IONP@OA®™ (polyol synthesis) or at 50% FWR with IONP@OA®™ (coprecipitation). As before,
the solvent was fully deuterated (D.O: d8-THF 10:1), therefore the signal was detected at full contrast,
i.e. with the contributions of the nuclear contrast of the hydrophobic copolymer blocks and of the
magnetic contrast of the IONPs, both of them with solvent being Ap~5.1+0.4x10'° cm™ (see the exact

values of SLD calculations in the Methods of characterization part). This can explain why the values of
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membrane thicknesses Hkp reported in Table 22 appear systematically larger for these IONP-loaded
vesicles as compared to the blank ones, from 25 nm for G4 graft polymer loaded at 50% FWR with 8
nm core IONPs to 44 nm for G4 embedding 6 nm core IONPs at 70% FWR, while PP1PI7 triblock led
to shells of Hkp~32 nm thickness with both combinations of IONP type and FWR value. We can deduce
that the hydrophobically coated IONPs are efficiently embedded in the hydrophobic leaflets of the
membranes, forming one or two layers at most of IONPs. In addition, from the entries of Table 22, the
hollow shell morphology is maintained for all the IONP-loaded self-assemblies as there is always a large
radius Reore OF internal aqueous compartment, ranging from 37 to 47 nm, this core size increase compared

to blank objects being correlated with the increase of hydrodynamic size in DLS.

The effect of an applied magnetic field and its direction relatively to the incident neutron beam on these
four samples will be discussed in detail in a forthcoming part, but the quality of the numerical fitting
procedure described beforehand can already be appreciated on the graphs shown on Figure 135.
Globally, the SANS curves are rather well fitted in the low and intermediate g-ranges, with some
discrepancies tough in the high-¢ region (better seen in the Kratky-Porod plot of /x¢?), as presumably
ascribed to a degree of roughness of the IONP-loaded membranes (at a scale lower than their diameter

i.e. at ¢>2mldeore~0.1 AY) as compared to perfectly flat interfaces assumed in the model Egs. (13-16).
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Figure 135: a), ¢), €), g), i) SANS curves I(¢g) and b), d), f), h), j) SANS data in “Kratky-Porod like” representation Ixg’ vs. g
of different copolymer self-assemblies with and without IONPs: a), b) PEtOxso-b-PTMC167 (POXP3), PEG114-b-PTMCis7
(PP5), and PEGu14-b-PTMCie7-b-Plas (PP3PI5); ¢), d) PEG114-b-PATC20-g-Pls (G4) + 70% IONP@OAS™; g), f) PEG114-b-
PTMCz00-b-Plao (PP1PI7) + 70% IONP@OA™; @), h) PEG114-b-PATC20-g-Pls (G4) + 50% IONP@OAS™:; i), j) PEG114-b-
PTMC200-b-Plso (PP1P17) + 50% IONP@OAS®™. The solid lines correspond to least-square numerical fits to polydisperse
vesicle shell form factor assuming a theoretical neutron SLD of hydrophobic block pratc.e-p1=8.4x10° cm for grafted
copolymer and optmc=1.7x10% cm2 for linear terpolymer and volume fraction ¢=Cpoix(1-f)/d where fis the hydrophilic weight
fraction of the given copolymer and d is its mass density, taken as the one of semi-crystalline PTMC, d=1.33 g-cm™ for both
the linear and the grafted terpolymers. Polydispersity was modelled by convolving the theoretical form factor P(g, Recore, Rout)
with log-normal distributions of widths or for the radius Rsheit and on for the shell thickness Hsnen (see sketch on Figure 134).
The total polymer concentration Cpol Was always kept constant at 0.5 mg-mL-* (even for measurements under L or || magnetic
field), corresponding to volume fractions ¢=3.1x10* for PP1PI7 linear terpolymer (=18%) and ¢=2.5x10* for G4 grafted
copolymer (/=33%).
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Table 22: DLS characteristics and structural parameters determined by SANS on samples out of magnetic field.

50% IONP@OAS™

Z-ave
Sample Main , fit P fit P | Reore = R,
p - _ diameter | Re = Ryt Hio = R" (nm)F | Ho"™(nm) core _ 2
(code, hydrophilic diameter _ — H;2
) . . (nm) (nm)* Hz™(nm)* fityp fityp
weight fraction ) (nm) (or™) (o™ (nm)?
(PDI)t
PEtOxs0-b-PTMCna 145
1455 374 26.3 13.1(0.48) | 21.3(0.22) 24.2
(POXP3, 23%)** (0.016)
PEG114-b-PTMCi1s7
134 125 (0.13) 31.0 28.0 11.8(0.46) | 20.0(0.27) 17.0
(PP5, 23%)
PEG114-b-PTMC167-b-
87 88 (0.006) 20.0 16.0 8.5(0.44) | 14.9(0.12) 12.0
Pl (PP3PI5, 20%)
PEG114-b-PATC20-g- 1425
Pls (G4, 33%) + 70% | 159 (86%) o 1'7) 65.0 44.1 33.8(0.38) | 28.5(0.31) 42.9
IONP@OAE™ '
PEG114-b-PATC20-g-
Pls (G4, 33%) + 50% | 229 (77%) | 223 (0.17) 49.9 24.9 16.4 (0.50) | 16.8 (0.29) 375
IONP@OASM
PEGu114-b-PTMC200-b-
Pl (PP1PI7, 18%) + | 282 (65%) | 239 (0.22) 63.3 316 26,5 (0.44) | 28.2 (0.16) 475
70% IONP@OAS™
PEGu114-b-PTMC200-b-
Pl (PP1PI7, 18%) + | 146 (63%) | 172 (0.29) 53.0 328 19.4 (0.47) | 20.9 (0.32) 36.6

* by Padé-Laplace (multimodal) fit of auto-correlogram (percentage indicates the weight of the mode);**NA: Not available; -
by 2" order cumulants fit, measured in deuterated solvent mixture D20:d8-THF (10:1) of viscosity 7=1.286x10- Pa-s and
refraction index n=1.341; T Gyration radius from Guinier fit at low g; ¥ Mean shell thickness from Kratky-Porod fit at
intermediate ¢ range; ! obtained from fitting to polydisperse vesicle shell form factor assuming a theoretical neutron SLD of
hydrophobic copolymer block prtmc=1.7x10%° ¢cm2 for linear copolymer PP1PI7 and poratc-ri=8.4x10° cm2 for grafted
copolymer G4. Volume fraction is ¢=Cpaix(1-f)/d where fis the hydrophilic weight fraction of the given copolymer and d is its
mass density, taken as the one of semi-crystalline PTMC, ¢=1.33 g-cm. Polydispersity was modelled by log-normal
distributions of widths orfi for the radius and owfit for the shell thickness, and Cpol Was kept at 0.5 mg-mL™L. The Z-average
1

values of radius and thickness were computed from usual momentums of log-normal law: Rt = (

1
(H®)\3 _  fit 2o?
(i) = HEte™.

(R®)
(R3)

3 . 9 2 y
)3 = Ritez% and Hit =
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The same methodology was applied to fit the SAXS curves of our samples, except the concentration of
copolymers that was not set at its nominal value of 0.5 mg-mL™ because we were unsure that the
scattered intensity was retrieved in absolute cm™ unit like in SANS, thus these experiments were less
guantitative. Nevertheless, we were still able to fit the curves with polydisperse vesicle form factors. As
we have a fifth parameter to fit (namely the copolymer concentration Cpo or the volume fraction ¢ of
IONPs which are dominating the contrast), we imposed another constraint which is that the theoretical
contrast (of copolymer for blank objects or of iron oxide) is identical to the experimental contrast

provided by the conservation law usually called the “scattering invariant”[14], [39]:
Q = qur:ilzx[l(q) - Ibackground]qz dq = ZnZ(AQ)2¢(1 - ¢) (19)

To be convergent, this integral Q needs proper subtraction of the background in the high-g domain,

therefore an additional constant Zhackgrouna Was subtracted to the signal when subtraction of a capillary

filled by pure solvent was not enough to reach the expected Porod regime I(q) « % in the high-qg part.

Then using prrmc’R~1.2x10" cm™ for blank objects or pione R~4x10" cm™ for those incorporating
IONPs, we subtract pwaer™=9.4x10'° cm to get the theoretical contrast (Ap)?, and from the value of Q
computed from the experimental SAXS curve, we can unambiguously deduce the volume fraction ¢ of

objects to use in the numerical fitting with the polydisperse vesicle form factor.
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Figure 136: a), ¢), e), 9), i), k) SAXS curves I(¢) and b), d), f), h), j), ) SAXS data in “Kratky-Porod like” representation /xg’

vs. g of different copolymer self-assemblies with and without IONPs, under zero-field or Boc=0.43 T applied static magnetic

field: a), b) PEG114-b-PTMCioo-b-Plas (PP14PI7) and PEGi14-b-PTMCiso-b-Plas (PP14PI7) + 70% IONP@OAS™

c, d)

PEGu114-b-PTMCa00-b-Plao (PP1PI7) + 70% IONP@OA®™ (Caruntu) under no-field and Boc=0.43 T; €), f) PEG114-b-PTMCaoo-
b-Plao (PP1PI7) + 50% IONP@OAS™ (coprecipitation) under no-field or Boc=0.43 T; g), h) PEG114-b-PATC20-g-Pls (G4) +
70% IONP@OA®™, before and after UV crosslinking (CL) and under Boc=0.43 T; i), j PEG114-b-(PATC-g-Pl3)15-co-PATCs
(G3) + 70% IONP"™@dop-Pl2o (D) under no-field or Boc=0.43 T applied static magnetic field; k), I) PEG114-b-(PATC-g-

Pl4)20-co-PATCu1 (G5) + 30% IONPS"™@dop-Pl2o (D) under no-field or Boc=0.43 T applied static magnetic field.
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Figure 136 and Table 23, demonstrate that the fit of the SAXS curve of the blank PP14P17 self-
assemblies is globally correct, except the peak observed about scattering vector ¢"~3x102 A that is not
reproduced by the polydisperse shell form factor The same feature was observed when this triblock
copolymer was loaded at a FWR=5% with polyol made IONPs of d.=6 nm coated by oleic acid.
Looking at the TEM images on Figure 123 for which we already discussed the presence of multilamellar
vesicles in these PEO-b-PTMC-b-PI samples, we can ascribe this structure peak to the correlation length
between adjacent membranes and estimate their mean distance L"=2n/¢"~210 A. Simulating this
structure peak can very likely be made with the multiple-shell fit of SASview software, but we have not
implemented it yet in our Excel spread sheet. Again, extruding the vesicles through pores after their self-
assembly should be sufficient to solve this issue of multi-lamellarity of their membranes. The same
PP14P17 sample loaded with IONPs also exhibits a peak that shifts to ¢"~8.5x102 A, from which we
deduce an inter-membrane distance L*=2n/g"~74 A, very close to the mean diameter of the IONPs: one
can easily imagine them to act as “pinning centers” that bridge the membranes owing to their
hydrophobic coating, as described by S. Forster and coll. [40], [41] for PEO-b-PI bilayers decorated
with IONPs.

Table 23: DLS characteristics and structural parameters determined by SAXS on samples out of magnetic field.

Sample
(code, hydrophilic
weight fraction f)
Cpalfit (mg-mL1)P

Main
diameter

(nm)”

Z-ave
diameter
(nm)
(PDI)L

RG - szit

(nm)?

Hkp =

H7 " (nm)*

Rofit(nm)P

( o'Rﬁt)V

Hoft (nm)P

( O.Hfit)lr

Reore = R
- H7"/2
(nm)?

Plso (PP14P17, 17%)
Cpoi=0.66 mg-mL*

PEG114-b-PTMC200-b-

130 (55%)

142 (0.12)

36.6

13.7

23.3(0.32)

7.9 (0.35)

29.7

Plso (PP14P17, 17%)
+5% IONP@OAS™
Cpol=0.06 mg-mL !

PEGu114-b-PTMC200-b-

180 (47%)

175 (0.21)

39.9

18.8

26.6 (0.30)

18.2
(0.084)

305

Pl (PP1PI7, 18%) +
70% IONP@OASS™
Cpolf=0.029 mg-mL*

PEG114-b-PTMC200-b-

393 (93%)

338 (0.25)

>52.1

33.3

35.0 (0.30)

25.0 (0.25)

355

Pls (PP1PI7, 18%) +
70% IONP@QAS™
Cpoi=0.028 mg-mL*

PEGu114-b-PTMC200-b-

246 (89%)

229 (0.19)

>46.3

255

36.8 (0.23)

22,5 (0.17)

335

256



Chapter V

PEG114-b-PATC20-g-
Pls (G4, 33%) + 70%

|ONP@OA™™ 264 (70%) | 279 (0.13) 50.8 43.7 11.3(0.58) | 27.7 (0.32) 29.0
Cpalf=0.005 mg-mL*
PEG114-b-PATC20-g-
Pls (G4, 33%) cross-

linked + 70% 237 (58%) | 288 (0.28) 63.5 65.0 30.0 (0.41) | 50.0 (0.24) 5.0

IONP@OQASM
Cpolf=0.007 mg-mL*

PEGu114-b-(PATC-g-
Pl3)15-co-PATCs (G3,
48%) + 70% 238 (83%) | 270 (0.26) >61.1 33.1 48.3(0.23) | 28.0(0.19) 44.6
IONP@PIdopé™
Cpol=0.048 mg-mL™!

PEG114-b-(PATC-g-
Pls)20-co-PATC11
(G5, 36%0) + 30% (2;;%5) 225 (0.17) >109 35.9 52.8(0.40) | 28.9(0.22) 90.5
IONP@PIdopé™

Cpol=0.004 mg-mL ™!

" by Padé-Laplace (multimodal) fit of auto-correlogram (percentage indicates the weight of the mode); 1 by 2" order cumulants
fit; T Gyration radius from Guinier fit at low ¢ (the sign > indicates that a Guinier plateau was not observed at the lowest ¢ that
the SAXS bench can reach); * Mean shell thickness from Kratky-Porod fit at intermediate ¢ range; " obtained from fitting to
polydisperse vesicle shell form factor assuming a theoretical X-ray SLD of block copolymer prrmc*R=1.2x10% cm for blank
copolymer PP14P17 and pione*R=4.0x10* cm for all copolymers loaded with IONPs. Polydispersity was modelled by log-
normal distributions of widths or™ for the radius and onfit for the shell thickness. The Z-average values of radius and thickness
were computed from usual momentums of log-normal law: REt = (%)3 = R{}te§”§ and Hitt = (%)3 = Hgiteiaﬁ. The volume
fraction of scattering objects — ¢=Cpai/d Where d id taken as the mass density of semi-crystalline PTMC, d=1.33 g-cm™, for
blank copolymer, or ¢=CpaxFWR/d where d=4.9 g-cm is the mass density of iron oxide for those loaded with IONPs — was
fitted (and hence also the Cpol) under the constraint that the experimental SLD contrast, deduced by computing the scattering
invariant Q, is equal to the theoretical contrast Ap with pwaer™R=9.4x101° cm2. Values in italics are subject to caution because
the SAXS curves were not well fitted with the polydisperse shell form factor.

In the case of PEG114-b-PTMCag0-b-Plas (PP14P17) copolymer self-assemblies, the SAXS curves show
a fair quality of the fits in the intermediate and high ¢ ranges, but not at low ¢ where the intensity is
underestimated, for both sizes of embedded IONPs (i.e., both syntheses, Caruntu or coprecipitation). In
addition, the polymer concentration retrieved by the scattering invariant method is Cpoi~0.03 mg-mL™,
much lower than the nominal concentration C°,=0.5 mg-mL™. These two observations can both be
explained by a degree of aggregation of the objects (thus their partial sedimentation in the capillary),

explaining both the steep increase of I(g) at low ¢ and high hydrodynamic diameters ~300 nm or more.
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The colloidal stability appears better for PEG114-b-PATC20-g-Pls grafted copolymer (G4), which can be
loaded at 70% FWR with the 6 nm core IONPs while still exhibiting a Guinier plateau at low g. For this
sample, the membrane thickness derived by the Kratky-Porod plot is the same in SAXS (Table 23) than
previously obtained by SANS (Table 22), Hkp~44 nm. Such thick membrane can be ascribed to its high
loading rate with IONPs, which is indeed a favorable factor to orient the self-assembly towards vesicles
as the IONPs are coated with hydrophobic oleic chains. Once cross-linked by UV irradiation with the
“5.15.30.5” protocol, the thickness gets even larger, Hke~65 nm, which can be correlated to the higher
membrane visibility by electron microscopy of the crosslinked objects, although it goes along with
smaller internal compartment. With other synthesized grafted copolymers PEG114-b-(PATC-g-Pls3)15-co-
PATCs (G3) and PEG114-b-(PATC-g-Pls)20-co-PATC11 (G5), of larger hydrophilic fractions respectively
frec=48% (G3) and frec=36% (G5), the incorporation of IONPs — grafted with short catechol
functionalized Plso-dop (C) chains of M,=3140 g-mol™ (Chapter V) — both led to objects that were most

likely not vesicles, as the fits with polydisperse shell form factor were very poor, as seen from the last

entries, i) an j), k) and 1), of Figure 136. The aspect of these two SAXS curves where I(q) o« q—14 both at

low ¢ and at high g, with an intermediate range where 1(q) « q—12 or % resembles more to a random coil

form factor. The structure of these self-assemblies would rather be a string of small objects, like a
necklace whose pearls would be spherical micelles like observed for empty copolymers G3 (Image 2)

and G5 (Image 3), except that they would be filled with IONPs coated by Pldop chains.

Finally, the effect of a static magnetic field was studied in situ by DLS, SAXS and SANS during field
application on certain of these samples, in view of the objective of this thesis that was the obtention of
elongated polymersomes and the fixation of such anisotropic shape by UV-induced crosslinking of the

membranes, to impede their relaxation to spherical shape when the sample is removed from the field.

Structural study by DLS, SAXS and SANS of the grafted and triblock copolymers co-
assembled with hydrophobically coated IONPs under a static magnetic field:

During this thesis, we had the opportunity to use dedicated sample environments to apply a static (DC)
magnetic field i.e., of constant intensity (Bpc=0.2 or 0.4 T) and relatively homogeneous intensity (£5%)
while making in situ structural measurements by DLS, SAXS or SANS. The goal was to evidence the
deformation of magnetic polymersomes under constant field, while setting up definitively the shape
(without relaxation when the field is removed) by simultaneous UV irradiation and photo-crosslinking.
The Bpc=0.4 T is a Halbach array of magnets originally built to perform depolarized DLS experiments
at different angles (between 30° and 150°) under an applied field (Thetis project), which was adapted to

shine an X-ray beam and measure the scattering pattern at low angle with a commercial Xenocs Xeuss
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SAXS bench. For the SANS experiment under field, two setups were built by Dr Lionel Porcar and
technical staff of the ILL in Grenoble to hold a usual 2 mm thick quartz cuvette on the D22 spectrometer
in either parallel (Halbach array) or perpendicular (2 facing magnets) field configuration, applying in
both cases an intensity Boc=0.2 T. The different setups are photographed on Figure 137, together with
samples after their under-field measurements by SANS.

c)

Figure 137: a) Picture of the SAXS parallel/perpendicular field experiment and of the SANS sample holder with magnetic
field either b) parallel or c) perpendicular. Unfortunately, the homogeneity of the field was not good enough, and d) some
migration of the samples occurred during the 40 min of measurements, due to the magnetophoretic force given by Eq. (9).

We used all the methods described before (Halbach array or doublet of magnets) to apply a constant
(and hopefully homogeneous enough) magnetic field on the samples while performing in situ (i.e., in-
field) measurements by a scattering technique, either light (DLS), X-ray (SAXS) or neutron (SANS).
The results of all measured dimensions (hydrodynamic diameter, gyration radius, membrane thickness,
and internal aqueous core radius) are presented in Table 24.
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Table 24: DLS characteristics and structural parameters determined by SAXS and SANS on samples under magnetic field

Boc.
Mai Z-ave a
ain _ 0 P fit P | Roe=R
Sample - diameter | Re = R, Hp = Riii (nm) Ho' (nm) core ' 7
g diameter (m) . it : - HY2
code, nm nm nm . ,
( f) (nm)* ( ) z ( ) (O.an)n' (on't)V (nm)?
(PDI)*
PEG114-b-PATC20-g-
Pls (G4, 33%) + 70%
- - 59.3 53.4 34.1(0.35) | 22.5(0.44) 32.7
IONP@OAS™™
Boc || beam (SANS)
237 (58%) | 288 (0.28)
Boc 1 beam (SANS) - - 45.0 43.9 24.4(0.37) | 11.6 (0.54) 23.1
Boc L beam (SAXS) 76.7 25.1 54.0 (0.24) | 22.3(0.16) 57.4
PEG114-b-PATC20-g-
Pls (G4, 33%) + 50%
120 (63%) | 137 (0.12) 50.6 285 16.1 (0.50) | 16.3 (0.35) 36.3
IONP@OA8™
Boc || beam (SANS)
Bopc 1 beam (SANS) | 164 (81%) | 168 (0.25) 40.2 25.7 15.6 (0.46) | 15.1(0.34) 27.3
PEGu114-b-PTMC200-b-
Plswo (PP1PI7, 18%) +
- - 49.2 30.3 23.7(0.40) | 24.4(0.22) 34.0
70% IONP@OAS™
Boc || beam (SANS)
358 (76%) | 367 (0.22)
Boc 1 beam (SANS) - - 455 30.3 24.1(0.38) | 27.5(0.15) 304
Boc 1 beam (SAXS) 41.6 37.0 30.0 (0.27) | 30.0(0.22) 23.1
PEGu114-b-PTMC200-b-
Plswo (PP1PI7, 18%) +
- - 42.8 333 16.0 (0.47) | 16.6 (0.39) 26.2
50% IONP@OAS™
Boc || beam (SANS)
306 292
Boc 1 beam (SANS) - - 37.8 32.6 16.6 (0.43) | 16.3(0.39) 215
(53%) (0.23)
Boc 1 beam (SAXS) 55.1 24.2 36.8 (0.30) | 22.5(0.13) 43.0
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* by Padé-Laplace (multimodal) fit of auto-correlogram (percentage indicates the weight of the mode); 1 by 2" order cumulants
fit; in both cases (Padé or Cumulant fit) the correlograms were measured after 15 min application of Boc (parallel or
perpendicular to incident beam); ™ after UV crosslinking under 0.4 T magnetic field (through the “5.15.30.5” protocol);
T Gyration radius from Guinier fit at low ¢; ¥ Mean shell thickness from Kratky-Porod fit at intermediate ¢; " obtained from
fitting to polydisperse vesicle shell form factor assuming a theoretical neutron SLD of hydrophobic copolymer block
rme=1.7x10%° ¢cm2 for linear copolymer PP1P17 and pratc-¢-ri=8.4x10° cm for grafted copolymer G4. Volume fraction is
¢=Cpaix(1-f)/d where f'is the hydrophilic weight fraction of the given copolymer and d is its mass density, taken as the one of
semi-crystalline PTMC, d=1.33 g-cm. Polydispersity was modelled by log-normal distributions of widths or"" for the radius
and on't for the shell thickness, and Cpot was kept at 0.5 mg-mL-1. The Z-average values of radius and thickness were computed
1 1

3 RS\ 3 .. 2 2 3 H\3 .. 2 2
from usual momentums of log-normal law: REt = (‘£2)?* = Rfite2%% and Hit = (YL2)* = pfite:
Z (R3) 0 Z (H3) 0

Interestingly, PEG114-b-PATCy0-g-Pls grafted copolymer (G4) measured by SANS under Bpc field
showed no membrane thickness variation when the field was oriented perpendicularly to the beam, i.e.
Hp stayed ~44 nm when the copolymer was loaded at 70% FWR with IONP@OA®™ and ~25 nm with
50% FWR of IONP@OA®™. On the contrary, the membrane thickness increased to respectively ~53
nm and ~28.5 nm when the field was directed along the neutron beam, which would mean that the IONPs
make somehow longer chains at the poles of the vesicles (which would be ellipsoidal, instead of
spherical). The effect is exactly opposite on the radius of gyration: Initially Rc~65 nm for G3 copolymer
loaded at 70% FWR with IONP@OA®™ and Rs~50 nm with 50% FWR of IONP@OA®™ out of the
magnetic field (Table 22); under a Boc~0.2 T these values become almost unchanged when the field is
oriented parallelly to the neutron beam, but they decrease respectively to Rs~45 nm and Rs~40 nm when
the field is perpendicular, meaning that the cross-sectional area of the objects became smaller

(perpendicularly to field), which is compatible with prolate (i.e. elongated) ellipsoidal vesicles.

In the case of PEG114-b-PTMCa190-b-Plss (PP14PI7) linear triblock copolymer, the effect of magnetic
field application was weaker than for the grafted G3 copolymer, as the membrane thickness remained
approximately unchanged compared to the no-field condition, for both IONP core sizes of 6 and 8 nm,
and in both directions parallel or perpendicular to the beam, i.e. it stayed at Hxp~30 nm for 70% FWR
loading with IONP@OA®™ and at Hxp ~33 nm for 50% FWR with IONP@OA®™. Nevertheless, a
similar “contraction” effect of the vesicles was observed, this time in both magnetic field orientations,
but more specifically in the perpendicular direction: The values dropped from Rs~63 nm in no-field for
70% FWR IONP@OA™ loading to Re~49 nm || field and Re~45 L field, and from Re~53 nm in no-
field for 50% FWR IONP@OA®"™ to Rs~43 nm || field and Rs~38 L field.

This “shrinking” effect of the vesicles under the applied Boc might be concomitant with another parasitic
phenomenon, which is the migration induced by unavoidable field gradient, especially in the 2-magnet
perpendicular field (less homogeneous than the field created by a Halbach array of more numerous
magnets). Even if limited (as we did not observe a decrease of the concentration of scattering objects
during the SANS signa acquisition for 10 to 15 min by steps of 1 or 2 min runs), this migration effect

can be responsible of a global decrease of the self-assemblies, because the biggest ones would move at
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a higher speed away from the neutron beam, explaining a small drift of Rg measured, whatever the field

direction.

To determine if such different variation of the isotropic curve I(g) in the parallel and the perpendicular

field directions was caused by non-isotropic shapes, we looked closely at the raw scattering patterns

acquired by the planar detector located at 17.6 m away from sample for low ¢ measurements (Table 25).

All those patterns look globally isotropic. However, close insight of the lowest scattering vectors ¢, i.e.,

at the closest distance from the beam center (covered by a rectangular beam-stop, corresponding to the

wave front of the neutron beam collimated by a wave guide of rectangular cross-section) leads to

observation of a non-circular scattering pattern, more specifically diamond-shape, in particular for G4.

Table 25: Raw neutron scattering patterns on the low ¢ 2D detector for samples outside and under a magnetic field Boc~0.2

T. In each condition, the SANS data were acquired during 10 min (average of 10x1 min, 5x2 min or 2x5 min acquisitions).

Sample (code, f)

No-field

Boc || beam

Boc 1 beam

PEG114-b-
PATC20-g-Pls
(G4, 33%) + 70%
IONP@OAS™

PEGu114-b-
PATC20-g-Pls
(G4, 33%) + 50%
IONP@OA8™

PEGu114-b-
PTMC200-b-Pl4o
(PP1PI7, 18%) +
70%
IONP@OASM™
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PEG114-b-
PTMC200-b-Plao
(PP1PI7, 18%) +
50%
IONP@OA8M™

This diamond shape of the scattering pattern at the lowest ¢ range is particularly visible for G4 grafted
copolymer loaded at 70% FWR with 6 nm sized IONPs, and exclusively for the configuration where the
magnetic field is oriented perpendicularly to the neutron beam (red arrow). This diamond pattern is the
signature of elongated structures, which have the particularity to be oriented in two directions (both
perpendicular to the beam), parallel or perpendicular to the field. Although limited to one sample under
SANS (but no SAXS that has not small enough gmin), this observation is very encouraging, and it clearly

demonstrates that an anisotropic shape of vesicles under DC field has finally been achieved.
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Conclusion:

In conclusion, in this final chapter of our PhD work we have explored the self-assembly properties of
all the synthesized copolymers throughout this project, and tried to demonstrate how the addition of
IONPs with different sizes and functionalization affected the final structure. Furthermore, once the self-
assembled structures were verified, we have evidenced the cross-linking potential of the hydrophobic
membranes of the copolymers via UV irradiation using a cationic photo-initiator. Finally, as the most
important step and the end point of the project, we have demonstrated the elongation of the magnetic
polymersomes under a static magnetic field, and ability to stabilize these structures via the cross-linking
process so that we can depict the final anisotropic structure by TEM imaging, which would be used for

biological experiments in the following of the MAVERICK project.

More precisely, we have demonstrated that graft copolymers when self-assembled alone tended to form
mostly into small micelles, with the presence of a few vesicles but which were not the main morphology.
On the contrary, once the copolymers were self-assembled along with hydrophobically coated IONPs
in a concentration-dependent way, but no matter the nature of the functionalization (oleic acid
surfactants or short poly(isoprene) chains ended by a catechol anchor), the observed morphology shifted
mostly to vesicles. Next, we have managed to demonstrate on TEM imaging the signature of the cross-
linking process of the hydrophobic membrane after UV irradiation. We have captured images which
clearly showed the difference of the outlook of the membrane before and after the cross-linking process,
which forced a network formation between the epoxidized poly(isoprene) block, with the membrane

appearing darker and more “concrete”.

The success of this step was imperative for our end goal which was the deformation process under the
magnetic field. Indeed, the graft copolymers were submitted under a static magnetic field of up to
Bpc=0.4 T which induced an elongation due to the presence of tightly packed IONPs with a FWR of
70%. An anisotropy parameter R=1.3 was calculated through the processing of the TEM images and
compared to the control group which demonstrated almost no anisotropy (R parameter close to 1),
suggesting that the graft copolymer has shifted morphologies post UV and MF application from
spherical to slightly anisotropic. Another FWR of IONPs was experimented with, specifically, 50%
FWR IONPs-OA with a somehow larger diameter dcore=8 nm, which was self-assembled with a graft
copolymer and the sample was exposed to MF and UV, with an optimized sequential manner called
“5.10.15.30.5” (where the figures represent times in min of MF and UV applications, either successive
or combined). With this treatment, the sample exhibited a slight deformation as well, albite it being a
less prominent one. These results show that the deformation was possible for the graft copolymer with
two different IONPs mean diameters, and two different FWRs.

264



Chapter V

Furthermore, the second copolymer, i.e., the triblock copolymer, was self-assembled alone and a
vesicular morphology was formed, as was expected due to its very low hydrophilic fraction frec <20%.
When IONPs were added to the system, the structures depicted on TEM were neither clearly magnetic
polymersomes nor magneto-core micelles. It was difficult to determine the exact morphology by TEM
but nonetheless, the deformation step was still pursued. A 60% FWR was utilized both for IONPs-OA
of dcore=6 NM and dcore=8 NM, and both exhibited an anisotropic stabilized morphology post MF+UV,
with the IONPs-OA dce=6 Nnm appearing to have a more anisotropic stabilized morphology with an

anisotropy parameter R=1.3 while the control group exhibited an R=1.1.

Finally, both polymer morphologies, i.e., graft and triblock were studied with both SAXS and SANS in
order firstly to verify the morphology of the magnetic self-assembled structures, and secondly to study
the elongation process under the magnetic field in real time by SANS under an applied Boc, either
parallel to the incident beam or in the perpendicular direction. In the end it was shown that both
copolymer architectures, grafted or linear, lead to magnetic vesicles of membrane thickness that could
be evaluated by so-called “Kratky-Porod” plots of the SANS or SAXS data, Hkp, varying from 25 nm
to 44 nm depending on the copolymers and IONPs, i.e. higher than for the pristine copolymersomes
which thicknesses are H°kp~15+1 nm (from SANS and SAXS measurements on triblock copolymer
vesicles without added IONPs). In addition, both types of copolymers gave magnetic field responsive
polymersomes, as evidenced by the anisotropy of the radius of gyration Rg which becomes smaller in
the direction perpendicular to the magnetic field, as ascribed to ellipsoidal deformation of the vesicles.
An even more direct signature of the shape anisotropy of the vesicles under magnetic field was observed
for one sample (G4 grafted copolymer loaded at 70% FWR with 6 nm diameters IONPs coated by oleic
acid): in that case the scattering pattern at very low ¢ exhibited diamond-like instead of circular shape,
which was interpreted as a mixed population of elongated vesicles, presenting both orientations, either
parallel or perpendicular to the magnetic field.
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The aim of this PhD project was the synthesis of magnetic polymersomes which were capable of
deforming under a static magnetic field and produce anisotropic morphologies following the needs of
the MAVERICK project 2019. While magnetic polymersomes have been studied extensively in the past
decades for a multitude of reasons in the biomedical community mostly for their capabilities of
controlled drug release due to the ability of iron oxide nanoparticles to release heat when under the
magnetic field, thus if pared with thermos-responsive copolymers capable to control the release of the
drug by changing the state of the polymers. Nonetheless, these studies kept one thing certain and that
was the spherical morphology of the polymersomes. Spherical morphology has been the prevailing
morphology in almost all studies when it comes to drug-delivery systems since it does offer many
advantages such as high circulation time, biocompatibility, granted the choice of polymers. But lately,
morphology in itself has become a point of interest and investigation since it has been found that it plays
an important role in the way that a potential drug delivery system circulates in the blood stream and
accumulates in the cells. It has been found that a higher targeting capacity can be achieved when
different morphologies other that spheres were introduced, with some presenting higher deposition in
specific organs. Furthermore, studies on cell loading have demonstrated to present a higher deposing

rate for elongated structures when compared to spherical ones.

In principle, iron oxide nanoparticles have been studied on their own as a possible anticancer treatment
called magnetic hyperthermia, using their heat releasing properties when an alternating magnetic field
of high frequencies is applied. But lately, their use has been expanded in other areas, such as the
magneto-mechanical destruction of cells from the inside. In this method iron oxide nanoparticles when
internalized by the targeted cells perform mechanical rotations when a low frequency magnetic field is
applied, and their produced torques create disruptions in the cell’s membrane capable of resulting in

controlled cell apoptosis without heat production.

Such a concept of mechanical destruction from within is an interesting concept and the idea of
combining magnetic polymersomes which can act as drug delivery agents and magnetic nanoparticles
which can react to the magnetic field is what has been studied in our case. Magnetic polymersomes
which can respond to a magnetic field by deforming their shape is a new concept that has not been
studied extensively in literature. Only a few publications have taken advantage to study this opportunity.
Iron oxide nanoparticles embedded in the hydrophobic membrane responding to a low frequency
magnetic field would elongate in the direction of the field thus causing elongation of the polymersome.
Such a concept of an elongated polymersome thus could act as a drug delivery system or a as mechanical

system is a novel idea and the experimental study on this subject is what is described in this research.

The first three experimental chapters described the synthesis of the building blocks of the project and

demonstrated the synthesis of the copolymers and iron oxide nanoparticles which were finally all
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combined in the final chapter which explored the elongation of the polymersome and stabilization of

their morphology under a static magnetic field.

In the Chapter Il we discuss the synthesis of a graft copolymer PEG114-b-PATCm-g-Pl, consisting of
poly(ethylene) glycol (CHs-PEG-OH, M,=5000g-mol™) as a hydrophilic block which acted a
macroinitiator of the ring opening polymerization (ROP) of the tert-butyl (2-oxo-1,3-dioxan-5-yl)
carbamate monomer, which acted a one of the hydrophobic blocks of the copolymer. The synthesis of
the monomer is described according to literature. The one-pot degradation of poly(isoprene), the second
hydrophobic block which is utilized in this study, is described. The reaction includes the degradation of
an industrial poly(isoprene) with a high molar mass of 800.000g-mol™ by using mCBPA and periodic
acid as means of degrading the polymer into smaller molar mass blocks of a carbonyl hetero-telechelic
poly(isoprene) with a controlled final Mn, whose value depended on the needs of each reaction. Further
on a “grafting to” reaction of reductive amination is described between the deprotected diblock
copolymer PEGi14-b-PATCy, and the aldehyde group of the carbonyl hetero-telechelic poly(isoprene)
by the use of sodium triacetoxyborohydride (NaBH(AcOs) as a reducing agent. This reducing agent was
chosen due to its low toxicity and specificity to only reduce aldehydes and not ketone groups. Herein,
we managed to produce a variety of grafted copolymers with different hydrophilic ratios feec in order to
provide the base for the magnetic polymersomes. The poly(isoprene) block was further epoxidized to
some degree in order to provide the opportunity of cross-linking once the magnetic polymersomes were

formed and stabilize the elongated structure.

In Chapter I11 the synthesis of another copolymer was discussed, more specifically a triblock copolymer
PEG114-b-PTMCn-b-Pl, was synthesized in two steps. First poly(ethylene) glycol (CHs-PEG-OH,
M,=5000g-mol™) was used as a macroinitiator of the ROP of the trimethylene cabonate monomer in
order to produce the diblock copolymer PEG114-b-PTMC, whose DP was targeted as 200 in order to
produce a polymer whose hydrophilic ratio feec Was <20%, and would decrease even more once the
addition of the second hydrophobic block poly(isoprene) would be added. The ROP polymerization was
achieved in a controlled manner by the use of a DBU/TU catalytic system. By increasing the amount of
catalyst in the system the polymerization reaction time was decreased from 8.5 hours to 5 hours while
retaining the control of the polymerization. The addition of poly(isoprene) was a necessary component
in order to add a cross-linkable moiety onto the copolymer. More specifically, the carbonyl hetero-
telechelic poly(isoprene) was modified with a carboxyl moiety using succinic anhydride and the reaction
achieved an 85% conversion. The final modified poly(isoprene) was attached onto the diblock
copolymer via a Steglich esterification reaction using DPTS/DIC as the catalytic system. The reaction
was deemed successful by confirmation via SEC, HNMR, HMBC/HSQC and DOSY NMR analysis.
The reaction produced side reactions which were minimized by changing the equivalents of the carboxyl
modified poly(isoprene) from 3 to 1.5 and 1.2 respectively. Furthermore, it was possible to decrease the

reaction time to 2 days instead of 3.
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In Chapter 1V the synthesis of hydrophobically functionalized iron oxide nanoparticles was discussed.
Iron oxide nanoparticles with a magnetic core diameter d=6nm were synthesized via a polyol route and
were functionalized with oleic acid. Another batch of IONPs was functionalized with a poly(isoprene)
layer via a fast ligand exchange. The synthesis of the poly(isoprene) layer was described as well, were
its aldehyde group was functionalized with dopamine in order to allow it to attach onto the IONPs
surface. The dopamine modification proceeded via a reductive amination following the same synthetic
route that was utilized in the graft synthesis chapter. Highly functionalized iron oxide nanoparticles were

produced, and their properties were confirmed via FT-IR and TGA.

The final chapter, Chapter V, explored the self-assembly properties of the copolymers with the produced
iron oxide nanoparticles. The produces morphologies were cross-linked via UV irradiation and their
membrane deformation was depicted via TEM imaging. Finally, the elongation of the magnetic
polymersomes was achieved via exposure under a magnetic field of 0.4T and was confirmed via TEM

imaging as well. The morphology was stabilized via cross-linking with UV irradiation.

The final goal of the project was the stabilization of an elongated morphology which had resulted due
to an application of a static magnetic field, which indeed was achieved for both the graft copolymer and
the triblock copolymer. The triblock copolymer exhibited a stronger elongation as can be seen from the

images but nonetheless both copolymer systems had a desirable result.

For further study of the elongation process SAXS and SANS experiments were performed while the
polymersomes were under a magnetic field and it was possible to detect an anisotropy due to
magnetization of the structures by the magnets. In particular, one of our samples, G4 with 70% IONPs-
OA (d =6nm) presented more prominent elongation features in SANS analysis while under the magnetic
field, which was observed by the scattering pattern at low ¢ which was no longer spherical in neither
perpendicular not parallel field. These experiments should be repeated with more diluted solutions or a
different experimental set-up, which would not allow for the sample to come in direct contact with the
magnets. While the project indeed achieved its goal of elongation and stabilization of the morphology

many more experiments can be performed to verify the anisotropic morphology

Further on, the elongated structures which were produced should be studied for biological applications
to verify if indeed they offer more benefits over the spherical structures and if they can act as magneto-
mechanical actuators and react under a rotating field forcing them to rotate in way which is capable of
inducing disturbances in the cell environment and causing cell apoptosis. While in our case some studies
in biological media have been conducted, they were regarding the toxicity of the spherical magnetic

polymersomes and not the elongated structures.

Finally, the project could expand in the formation of already elongated structures [1], since the self-

assembly of many copolymers allow for the direct formation of ellipsoid nanoparticles with a variety of
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techniques [2]-[5], thus skipping the step of elongation in the magnetic field and directly studying the

mechanism of magneto-mechanical destruction of said nanoparticles in biological medium.
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