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Abstract

Polysaccharides are ubiquitous in nature: cellulose is the main structural component of plants,
glycogen is an important energy reserve for animals and fungi, starch is an essential part of hu-
man diet. In comparison, poly(ethylene glycol) (PEG) is a synthetic polyether that has found
an ever-increasing amount of use-cases: medical tools and devices, laxatives, shampoos, shower
gels, ceramic binders, plastic bags, rocket fuel and many more.
Inspired by nature’s polysaccharides and the commercial success of PEG, this thesis reports the
synthesis of various novel polycycloethers sharing structural elements from the two aforemen-
tioned polymers. The singular polycyclic structure obtained was leveraged into materials with
unique properties.
PEGose-b-PLA, an amphiphilic block copolymer was synthesised and used for the preparation
of highly stable nanoparticles, capable of encapsulating and steadily releasing both hydrophilic
and hydrophobic cargoes. The high biocompatibility and cell permeation suggests that it might
be used as an efficient PEG-free drug delivery system. The morphology of the nanoparticles
could be tuned by controlling the tacticity of the PEGose block, from nanospheres to cubic par-
ticles depending on the buffer used. A series of polycycloether-b-PEG was synthesised, mim-
icking the structure of commonly used Poloxamers. The block copolymer proved to be a highly
effective surfactant, with high-internal phase emulsions obtained at low concentration, irrespec-
tive of the oil/water ratio used. Finally, polycyclic cationic homopolymers were synthesised
with a various amount of cationic charges through different post-polymerisation functionalisa-
tion strategies, with potential use as gene vectors.
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Chapter 1

Introduction

Polymers are ubiquitous in our everyday life, but the general mental representation of a poly-
mer is plastic: a cheap material to produce bags and junk. While it is true that poly(ethylene),
poly(propylene) and poly(styrene) are some of the most mass-produced polymers in the world,
polymers are also increasingly needed for specific applications that require high-value materials.
Biomedical applications in particular: cell culture,[3] wound healing,[4] drug delivery,[5–7] tissue
engineering,[8] 3D bioprinting[9] to cite a few, have all seen a tremendous surge of interest for
hydrophilic polymers.[10] Poly(ethylene glycol) (PEG) is one of these hydrophilic polymers; for
half a century it was considered and still is considered the golden standard for nanomedicines.[11]

A notable recent application is the Pfizer COVID-19 vaccine, where PEG homopolymer chains
are used to stabilise the liposomes that contain the mRNA.[12]

Another layer of sophistication that can be added to a polymer is simply another polymer. In-
deed, a so-called block copolymer consists of at least two polymers or ’blocks’ covalently bound
together. The main attraction for polymers with blocks of different solubility comes from a phe-
nomenon known as self-assembly. Self-assembly is omnipresent in nature, from the phospho-
lipids that form our cell membranes to the surface-active agents in soap bubbles. In biomedical
applications, it is mainly used for drug delivery,[13] gene therapy[14–17] and imaging.[18] The self-
assembly of a block copolymer into nanoscopic particles is the basis for the encapsulation and
release of various drugs, drastically enhancing their efficiency and reducing their side-effects.[11]

In view of the recent growth of polymeric biomaterials in medicine, this thesis focuses on the
expansion of the current library of polymers that can be used for biomedical applications. More
specifically, an unusual polycycloether structure was leveraged into materials with unique prop-
erties.
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CHAPTER 1. INTRODUCTION

1.1 Polyethers

1.1.1 Synthesis of polyethers

Polyethers are a particular class of polymer whose repeating units are connected by an ether link-
age (an oxygen atom bound to two carbon atoms). A broad range of polyethers are manufactured
everyday, whether hydrophilic or hydrophobic polymers, that can be used as low-cost plastics or
high-end materials.[19,20] While the structure of different polyethers may vary significantly, they
all share the same ether linkage pattern. This ether linkage usually leads to flexible polymers in
the case of acyclic polymers.[19] The simplest and most common polyether is poly(ethylene gly-
col) (PEG). PEG is an aliphatic linear polyether, with two carbon between each oxygen atoms
(CH2CH2O-)n. If the mass of the polymer exceeds 20,000 Daltons, the polymer is traditionally
referred to as poly(ethylene oxide) (PEO). Another common polyether is poly(propylene glycol)
(PPG), which can similarly be referred to as poly(propylene oxide) (PPO) (CH2CH(CH3)O-)n.
The difference between poly(propylene glycol) and poly(ethylene glycol) is that PPG contains
an additional methyl group on its repeating unit, turning the polymer hydrophobic, whereas
PEG is highly hydrophilic. Other prevalent polyethers include polyoxymethylene (POM) (also
referred to as polyacetal or polyformaldehyde) (CH2O-)n and polytetrahydrofuran (polyTHF),
also called poly(tetramethylene oxide) or poly(tetramethylene glycol) (CH2CH2CH2CH2O-)n

(See Figure 1.1).[21–24] These polyethers are commercially available as viscous solids, waxy
solids or dry pellets, depending on their molecular weight.

Figure 1.1: Chemical structure of most common polyethers, from which only poly(ethylene
glycol) is hydrophilic.

The synthesis of poly(ethylene glycol) was first reported in 1859 by C. A. Wurtz and A. V.
Lourenço.[22] The polymerisation of ethylene oxide can by catalysed either by an acid, leading
to a cationic ring-opening polymerisation (CROP) or a base, leading to an anionic ring-opening
polymerisation (AROP).[25] Ethylene oxide is used as a monomer and water or ethylene glycol
can be used as an initiator. Nowadays, ethylene glycol and its oligomers are used preferentially
instead of water as it leads to polymer with a lower dispersity (Ð). Similarly, base-catalysed
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ring-opening polymerisation also leads to a lower dispersity. It is worth noting that if a multi-
functional initiator like glycerol is used (three hydroxyl groups), a branched polyether will be
obtained instead of a linear polymer. The base typically used is potassium hydroxide (KOH).
Poly(propylene glycol) can be obtained in a similar fashion, using propylene oxide as a monomer
instead. During the propagation step of the polymerisation, the anionic active chain will pref-
erentially attack the non-substituted carbon, leading to a regioselective ROP and head-to-tail
linkages only (See Figure 1.2).

Figure 1.2: Structures of Head-to-Tail, Head-to-Head, Tail-to-Tail and random linkages for
poly(propylene glycol).

Using base-catalysed ring-opening polymerisation techniques, atactic PPG is obtained if a
racemic mixture of propylene oxide is used. However, optically active propylene oxide can be
produced, using for example the Jacobsen hydrolytic kinetic resolution of propylene oxide using
a chiral salen cobalt ligand.[26] If the enantiopure monomer is used, the stereoconfiguration of
the substituted carbon is preserved during the AROP and an isotactic polymer can be obtained.
In a similar fashion, coordination polymerisation can be used; a salen cobalt catalyst has been
reported to catalyse the isospecific polymerisation of racemic propylene oxide (See Figure 1.3).

Figure 1.3: a) Scheme of the different tacticity that can be obtained with PPG: atactic PPG
using AROP catalysed by potassium hydroxide or isotactic PPG using enantiopure propylene
oxide and KOH or racemic propylene oxide and b) a cobalt salen catalyst. The synthesis of
syndiotactic PPG has not been reported yet.
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Poly(propylene glycol) can then be synthesised using any of the three main ring-opening
polymerisation methods used to produce polyethers: cationic ROP, anionic ROP and coordina-
tion polymerisation (See Figure 1.4).

Figure 1.4: Scheme of the different ring-opening polymerisation mechanisms that can be used
on propylene oxide: a) anionic ROP, b) cationic ROP and c) coordination polymerisation.

Unlike the synthesis of PEG or PPG, polyTHF can only be obtained through a cationic ring-
opening polymerisation. The acid catalysis is achieved using protic acids (e.g. perchloric acid)
and oxonium salts (e.g. triethyloxonium tetrafluoroborate (C2H5)3O(BF4)). Polyoxomethylene
is not obtained through the strain release of an epoxide or a cycloether but rather through the
addition polymerisation of anhydrous formaldehyde or 1,3,5-trioxane (See Figure 1.5).

Figure 1.5: Mechanism for a) the cationic ring-opening polymerisation of tetrahydrofuran and
b) the addition polymerisation of formaldehyde.
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The polyethers mentioned (PEG, PPG, polyTHF, POM) will usually have two hydroxyl end-
groups (hence the use of the term glycol, another word for diol) but methyl-capped polymers
are also commercially available. For example, methoxy-PEG (mPEG) is a poly(ethylene glycol)
with one hydroxyl group and one methoxy end-group.

1.1.2 Poly(ethylene glycol) (PEG)

Among all the polyethers mass-produced everyday, PEG is by far the most used.[22] One major
difference between PEG and the other polyethers mentioned so far is that PEG is soluble in wa-
ter (and most organic solvents). The hydrophilicity of PEG is non-trivial: it has two carbons for
each oxygen atom whereas POM has one carbon for each oxygen. Based on these carbon/oxygen
ratios one could expect POM to be more hydrophilic than PEG. It turns out that POM is com-
pletly insoluble in water, unlike PEG. The reason behind this counter-intuitive result has been a
subject of discussion for many years. In 1969, Blandamer et al. suggested that water molecules
can form an efficient hydrogen-bond network, due to the anti-gauche-anti conformation of PEG
backbone.[27] The good fit of this hydrogen-bond network was the implied reason for PEG sol-
ubility. Fifty years later, in 2019, Ensing et al. refuted these claims.[27] Using spectroscopic
experiments in combination with ab initio calculations and molecular dynamics simulations,
they showed that the reason for PEG solubility is the partial charges on oxygen atoms (due to
the induction effects of neighboring carbons). In conclusion, despite the apparent simplicity of
PEG structure, its hydrophilicity is quite unique, as it is the only water-soluble polyether that
does not bear any additional functional groups. PEG hydrophilicity coupled to its low-cost, ease
of manufacturing and broad range of molecular weights available, led PEG to be considered as
the gold standard of hydrophilic polymers. On top of that, PEG was generally considered to
be a polymer exhibiting a very low immunogenicity, antigenicity and toxicity.[28] Consequently,
PEG inertness allowed it to be used extensively in food, cosmetics and medicine.[29] In partic-
ular, PEG is commonly used in the field of drug delivery.[30] For example, one frequent issue
found in the field of cancer therapy is the poor water solubility of anti-cancer drugs. SN-38 is a
potent anticancer drug but its solubility in water is 7.2 µg/mL only. This water solubility can be
improved by a PEGylation strategy, consisting of attaching a PEG chain to the drug. Zhao et al.
reported that by connecting SN-38 to a 40 kDa PEG chain, they increased the water solubility
of the compound from 7.2 µg/mL to 6.7 mg/mL, a 1000-fold increase (See Figure 1.6).[31]
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Figure 1.6: Structure of the PEGylated anti-cancer drug SN-38.[31]

A PEGylation strategy can be employed on small molecules as previously shown but also
on liposomes or other nanoparticles. Another advantage of the PEGylation of a molecule or
a nanoparticle is the "stealth effect" PEG confers. This "stealth effect" describes the fact that
when a nanoparticle has been PEGylated, it is less susceptible to be detected by the immune
system, leading to a longer blood circulation time, a more sustained release, fewer side effects
and an improved efficiency. To give a recent example of PEG’s ubiquitous use in nanomedicine
formulations: the Pfizer mRNA COVID-19 vaccine contains PEG chains to stabilise the lipo-
some that encapsulates the mRNA.[32,33] However, it was recently reported that PEG is not as
non-immunogenic as initially assumed.[34] It has been found that the administration of PEGy-
lated drugs or nanoparticles can induce the formation of anti-PEG antibodies.[35] In addition,
the exponentially increased use of PEG in food, cosmetics and drugs means that these anti-PEG
antibodies are found in an increasing share of the population. In 2021, flow cytometry stud-
ies showed that anti-PEG antibodies were present in 65% of healthy donors’ analysed plasma,
which can lead to adverse effects and a decreased therapeutic efficiency of PEG-containing
drugs.[36] It was also demonstrated that following the administration of PEGylated drugs or
PEG nanoparticles, these antibodies led to an immunogenic response known as the “accelerated
blood clearance (ABC) phenomenon”, drastically decreasing drug/nanoparticle blood circula-
tion time. In the case of the COVID-19 vaccine, it was proposed that PEG was responsible for
the anaphylactic reactions of some individuals to the vaccine.[11] This reaction would be due
to the weak interaction between anti-PEG antibodies on the surface of the solid lipid nanoparti-
cles, which would lead to the complement activation pathway of the immune system (See Figure
1.7).[12]

6



CHAPTER 1. INTRODUCTION

Figure 1.7: Schematic representation of the interaction between anti-PEG antibodies and the
mRNA COVID-19 vaccine (solid lipid nanoparticle (SLNP)). Adapted with permission.[12]

Copyright © 2021, Springer Nature Limited.

1.1.3 PEG alternatives

Due to the discovery of PEG immunogenicity, the search for PEG alternatives has intensified in
the past few years.[37] To be considered a potential PEG alternative, a polymer needs to fulfil an
extensive number of criteria. It needs to have an adequate molecular weight, to be easily synthe-
sised at a low cost, to be biocompatible, to be non-immunogenic, to confer stealth properties to
a molecule or nanoparticle, to be biodegradable and to be sufficiently hydrophilic. Suffice to say
that to this day, no polymer meets all of these criteria at once.[35] Then, each PEG alternative
represents a trade-off between cost, biocompatibility, degradability and efficiency. PEG alter-
natives can be non-ionic synthetic polymers (e.g. poly(glycerol)s), zwitterionic polymers (e.g.
poly(sulfobetaine)s) or natural polymers (polysaccharides or poly(amino acid)s) (See Figure
1.8).[24]
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Figure 1.8: Structure of different hydrophilic polymers that are discussed as PEG alternatives.

Poly(vinylpyrrolidone) (PVP) is a hydrophilic polymer that is synthesised via the free radi-
cal polymerisation of N-vinylpyrrolidone, using a radical initiator such as azobisisobutyronitrile
(AIBN). PVP has been widely used in the cosmetic, food, and pharmaceutical industry,
demonstrating its low toxicity. It has the advantage over PEG to be more stable with regard
to UV irradiation or ultrasound. However, the carbon-carbon backbone of the polymer as
well as the 5-membered ring of the repeating unit makes PVP more rigid than PEG. This lack
of flexibility translated to less steric hindrance and a less efficient stealth effect compared to
PEG.[38] It has also been reported that the biocompatibility of PVP decreases as its molecular
weight increases, as its elimination through the kidneys is compromised (especially above 70
kDa).[39]

Poly(glycerol)s are polyethers bearing hydroxyl groups on their repeating unit. They are
traditionally hyperbranched polymers synthesised through the polycondensation of glycerol
on itself. A catalytic amount of acid is used, and the reaction is generally heated under
reduced pressure to remove the water by-product, thus driving the polymerisation towards
full conversion. Linear poly(glycerol) can also be obtained through the anionic ring-opening
polymerisation of ethoxyethyl glycidyl ether (EEGE) as an acetal-protected glycidol derivative,
followed by the acidic deprotection of the acetal protecting group.[20] Unlike PVP and PEG,
poly(glycerol)s can be easily functionalised through their hydroxyl-groups, leading to tuned
properties. Poly(glycerol)-based drug delivery systems have been reported to increase the blood
circulation time without inducing any accelerated blood clearance (ABC) phenomenon.[40]

Despite their non-immunogenicity, the use of poly(glycerol)-based nanomedicine formulations
can lead to a high accumulation of poly(glycerol) in tissues. This issue is worsened by the
non-biodegradability of the polymer.[41–43]

Poly(oxazoline)s (POXs) showed promising results for biomedical applications. The most
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commonly used POX is poly(2-ethyl-2-oxazoline) (PEtOx), synthesised via cationic ring-
opening polymerisation.[44] Iodomethane can be used as an initiator, the reaction is performed
using acetonitrile as solvent and can be terminated using methanol or a primary amine.[45] The
polymerisation conditions are close to living polymerisation, the polymer can be obtained easily
with different conditions/substrates, leading to tunable properties.[46,47] Unlike the previously
mentioned polymers, POXs are biodegradable.[48] They are also highly biocompatible with a
good renal clearance.[49] While POX are biocompatible, they can sometime contain residual
impurities from the polymerisation. On top of that, their high cost has been hindering their
translation into clinical trials.[50–53] To this day, only PEtOx has been approved by the United
States Food and Drug Administration (FDA) as indirect food additive.

Poly(acrylamide) is a linear polymer bearing amide groups. It is not a polyamide since
the amide group is not part of the polymer backbone. The carbon bearing the amide group is a
stereocenter, thus, poly(acrylamide) can be synthesised as an atactic, isotactic or syndiotactic
polymer. Atactic poly(acrylamide) is generally obtained due to the non-specificity of the radical
polymerisation of the acrylamide monomer.[21] Thioglycolic acid is often used as the initiator
and the reaction is run at moderate temperature (40°C). The popularity of poly(acrylamide)
comes from the excellent biocompatibility of the polymer, as well as its protein antifouling
ability.[54] Yet, the acrylamide monomer used for its synthesis are highly toxic. The polymer
is also not biodegradable and activation of the immune system has been reported to be more
severe than for PEG.[21]

Zwitterionic polymers represent a relatively new class of hydrophilic polymers that gained
a lot of attention in recent years.[55] Numerous zwitterionic polymers can be synthesised but
poly(sulfobetaine)s are one of the most discussed.[56–59] Poly(sulfobetaine)s are linear poly-
mers bearing a positively charged quaternary ammonium and a negatively charged sulfonate
group on each repeating unit. Many poly(sulfobetaine)s feature an upper critical solution
temperature (UCST), leading to interesting thermo-responsive properties that could be used for
drug delivery.[60] It has been noted that the zwitterionic repeating unit is the cause of a tighly
bound hydration layer, inducing excellent anti-fouling capabilities.[61,62] Poly(sulfobetaine)s
are also biocompatible. They are synthesised through radical polymerisation, even though only
a limited amount of monomer are compatible with this type of polymerisation, due to their lack
of solubility in most organic solvents.[60]

Natural polymers are a class of hydrophilic polymers composed mainly or polysaccharides
or poly(amino acid)s. Polysaccharides are high molecular weight polymers of carbohydrates,
each monosaccharide unit being bound by glycosidic linkages. Polysaccharides can be
amorphous or crystalline, linear or highly branched, and contain a broad range of functional
groups (e.g. carboxylic acids, alcohols, amines, amides).[63] It should be noted that not every
polysaccharide is soluble in water (e.g. cellulose). They can react with water through different
mechanisms, generally leading to a high biodegradability.[64] Polysaccharide cost of production
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can be low due to their abundance in nature. Since they are endogenously found within the
body, they do not induce immune responses, and are highly biocompatible.[65] They also
provide a shielding effect similar to PEG.[66] In some circumstances, they even have targeting
capabilities.[67] For all that, they are still rarely used as delivery vehicles in clinical settings.
Their isolation and purification into monodisperse and highly-defined polymers is highly
challenging and has been impeding their use in biomedical applications.[68–70]

Poly(amino acid)s can be synthetically produced or naturally occurring polymers. They
are composed of α-amino acids linked by peptide bonds whereas pseudo-poly(amino acid)s are
linked by ester, carbonate or urethane linkages. Poly(amino acid)s can be prepared with a wide
variety of functional groups.[71] Due to their peptide linkages, poly(amino acid)s are highly
biodegradable.[21] They have been shown to increase the blood circulation time of nanoparticles
and to decrease their interaction with blood components (e.g. antibodies).[72] Their solubility
however can be low or pH-dependent. They also have poor mechanical properties and
complement activation of the immune system has been reported in some cases.[48] Still, various
funtionalisations have been reported taking advantage of the variety of functional groups on
the main chain: aminolysis, ester exchange, condensation reactions or even the introduction of
polymer blocks.[73] These modifications might be able to overcome poly(amino acid)s current
limitations, even though some poly(amino acid)s are already being tested in clinical trials.[24]

1.1.4 PEGose

It is clear that PEG alternatives are needed, but as previously mentioned, the library of hy-
drophilic polymers that could replace PEG is still limited. For that reason, the Prunet group in
collaboration with the Shaver group developed a new hydrophilic polymer coined PEGose.[74]

PEGose is a water-soluble polycycloether (PCE) whose structure resembles that of PEG and a
polysaccharide like amylose. Its backbone is the same as PEG, with each oxygen atom separated
by two carbons. This polyether structure differs from the acetals found in a polysaccharide, in
a way that PEGose backbone cannot be hydrolysed unlike most polysaccharides. The similar-
ity to amylose comes from the polycyclic structure as well as the presence of hydroxyl groups.
Morever, it was found that if PEGose is isotactic, it adopts a helical structure like amylose.[74]

To be able to synthesise this polymer, Alkattan et al. performed the coordination anionic ring-
opening polymerisation of butadiene monoxide, using tetraphenylporphyrin aluminium chloride
as a catalyst and initiator. The key step of the synthesis is the use of a ring-closing metathesis to
go from the poly(epoxybutene) (PEB) to a polycycloether (PCE). Lastly, the polycyclic polymer
is submitted to a diastereoselective dihydroxylation to afford PEGose (See Figure 1.9).
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Figure 1.9: Scheme for the synthesis of isotactic PEGose: ring-opening polymerisation (ROP)
of enantiopure butadiene monoxide, followed by ring-closing metathesis (RCM) and subsequent
dihydroxylation (DH).

The synthesis of PEGose has been reported for the first time in 2018. Consequently, none of
its properties are known except that it becomes water soluble once 90% of the polycycloether has
been dihydroxylated. However, one could hope that due to its unique structure, PEGose might
have some of the benefits from being a synthetic polymer similar to PEG: controlled polymeri-
sation, low amount of impurities, accurate molecular weight with low dispersity, hydrophilic,
stealth effect. Similarly, PEGose might have some advantages that polysaccharides and natural
polymers have: ease of functionalisation, biocompatibility, biodegradability, stereocontrolled
structure.

1.2 Block copolymers

1.2.1 Block copolymers and their use drug in delivery systems

A block copolymer is one of the multiple types of copolymer that can be synthesised (See Fig-
ure 1.10). A copolymer is a polymer comprising at least two different repeating units. A block
copolymer will be defined as two or more homopolymers linked together via covalent bonding.
These blocks can be connected by the use of a linker or they can directly react on each other.
One strategy is to use one block or homopolymer as a macroinitiator for the polymerisation of
the second block. A block copolymer can also be made in one-step if the reactivity of the two
different monomers are sufficiently different, so that the active chain keeps reacting on the same
monomer during the propagation step. Living polymerisation techniques are extremely useful
to produce block copolymers. A polymerisation is considered "living" when chain-transfer and
termination reactions are eliminated. Living polymerisations can then be used to synthesise a
homopolymer with an active chain-end then add another monomer after the conversion of the
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first one, to synthesise a block copolymer. A diblock copolymer will generally be obtained when
the initiator bears one active group, whereas a triblock copolymer will be obtained if the initia-
tor is bifunctional. Other common copolymers include alternating copolymers, whose polymer
contains two monomeric units in an alternating sequence. Statistical copolymers, or random
copolymers, are called so when the monomeric units are distributed randomly, sometimes un-
evenly. Gradient copolymers are copolymers whose monomeric units are distributed gradually
along the chain. Graft copolymers are non linear copolymers. Their backbone is composed of
a single monomeric unit, with side-chains composed of a different monomeric unit (See Fig-
ure 1.10). Other branched copolymers include brush copolymers, comb copolymers, or star
copolymers.

Figure 1.10: Different structures of copolymer consisting of two monomeric units A and B.

One common design choice when synthesising a block copolymer is to have a hydrophilic
block and a hydrophobic block. The amphiphilicity of the two blocks is the driving force of the
block copolymer self-assembly in water.[75] During the self-assembly process into micelles or
vesicles, a hydrophobic drug can be encapsulated in a micelle core or a vesicle membrane. This
type of drug delivery system represents a simple and convenient way to achieve drug shielding,
controlled release and enhanced solubility.[13] Block copolymers are then a typical pathway to-
wards nanoparticles formation and nanomedicine formulation. One of the most common block
copolymer used for drug delivery is PEG-b-poly(lactic acid).[76] Poly(lactic acid) (PLA) is used
as a hydrophobic block because it is an aliphatic polyester. The presence of hydrolysable link-
ages allows PLA to be biodegradable. Moreover, PLA is biocompatible and is already used in
the medical field, from tissue engineering templates (Resolut®) to dental (Antrisorb®) or ortho-
pedic fixation devices (Biofix®).[77] Lastly, PLA synthesis, degradation profiles, physical and
crystalline properties have been extensively studied in the literature.[78] PLA and other aliphatic
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polyesters can be synthesised via polycondensation or ring-opening polymerisation. Polycon-
densation tends to yield polymers with a lower mass; indeed, removing the residual water is
difficult, which will prevent the formation of long polymer chains.[79] On the other hand, ring-
opening polymerisation has proven to be successful for the synthesis of long polymer chains
with a low molecular dispersity. The degradation profile of PLA will dictate its efficiency as a
nanocarrier, as it forms the hydrophobic core that contains the drug.[80] This degradation profile
depends on many factors, notably the PLA molar mass, distribution and crystallinity. It is also
worth noting that three distinct mechanisms can be described to explain the degradation of PLA:

1. Enzymatic degradation

2. Microbial degradation

3. Hydrolytic degradation

The enzymatic degradation of PLA can be performed with the help of several enzymes. Pro-
teinase K has been reported as highly efficient for the acceleration of the degradation of PLA.[81]

The first step of this degradation mechanism consists of the adsorption of the enzyme on the
polymer, followed by the cleavage of the chain. The microbial degradation is the reason why
PLA is degraded after being buried in the soil; it has been reported that Tritirachium album is
a fungus capable of cleaving PLA macromolecular chains.[82] Lastly, the hydrolytical degrada-
tion of PLA can happen through the cleavage of the ester bond, catalysed by an acid or a base.
While some authors affirmed that the degradation happens only on the surface of the polymer,
other declared that it can only happen in the bulk. More recently, it has been proven that a
heterogeneous degradation happens, autocatalysed by the acidic degradation product and the
diffusion-reaction phenomenon.[82] Finally, it is worth bearing in mind that the PLA monomer
contains a stereogenic center. Three different lactides can be used as a monomer (L-lactide,
D-lactide, DL-lactide); accordingly, PLA with different chain stereochemistry can be made (See
Figure 1.11). It has been reported that physical interactions (namely stereocomplexation) ex-
ist between PLLA and PDLA, and can then influence the morphology and properties of the
nanocarriers composed of such stereocomplexed hydrophobic core.[83]

Figure 1.11: Lactide stereoisomers and their corresponding polymer.
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The amount of literature on nanomicelles self-assembled from PEG-block-PLA copolymers
is quite large.[77,84–86] This abundance of papers stems from the fact that changing a single
parameter can have a large impact on the properties of the nanocarrier and its release profile.
Despite this abundance of papers, the relation between the structure of a copolymer and its
pharmacokinetics is not easy to predict. There are various properties that can be studied to
evaluate the performance of a drug carrier,[87] namely:

• The stability, which is correlated to the CMC (Critical Micellar Concentration) and Kd

(dissociation constant)

• The size of the nanocarrier

• The surface properties, in particular the hydrophilicity

• The release profile or kinetics

• The loading efficiency

• The morphology

So far, an extensive amount of factors have been reported having an impact on these proper-
ties,[88] especially:

• MW the weight average molecular weight

• c the concentration of nanocarriers in a solution

• HLB the Hydrophilic-Lipophilic Balance

• The molecular dispersity (Ð)

• The length of the core block

• The length of the corona block

• δ ph, δ pl, δ d, the solubility parameters of hydrophobic, hydrophilic block, and drug

• Tg the glass transition temperature

• The biodegradability of the core block

• The biocompatibility of the corona block

• The molar volume of the drug molecules

• The concentration of the drug

• The method for the preparation of the nanocarriers
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Among all these properties, the size of the nanocarrier is of the utmost importance and should
be finely tuned and be as monodisperse as possible.[89] To be successful, a nanomedicine should
be able to circulate in the blood vessels while avoiding any interaction with blood components
and the reticuloendothelial systems (RES), then extravasate at the diseased site, be uptaken by
cells, and release the drug in an intracellular fashion.[90] If the size distribution is high enough,
nanoparticles will not be able to extravasate in healthy tissues. The size of the drug delivery sys-
tem will not only allow a selective extravasation in damaged tissues but will also affect the renal
clearance of drug, as the threshold for glomerular filtration in kidney is approximately 50 kDa,
or 6 nm.[7] The PEG layer is essential to avoid interaction with opsonins proteins and further
elimination by the liver and the spleen.[91] Since PEG is a neutral hydrophilic layer, it is less sus-
ceptible to elimination by the liver and spleen compared to positively charged nanocarriers.[92]

Over the years, to further improve the performance of self-assembled nanoparticles, different
chemical functionalisations have been performed to make these nanocarriers able to respond to
certain stimuli. This stimulus must be exacerbated in the damaged tissue so that the release of
the incorporated drug happens exclusively at the target site. For example, the pH of cancerous
tissues is lower than that of healthy tissues.[75] Authors explained this phenomenon by the aer-
obic glycolysis and lactate production, overexpression of particular biomolecules, extracellular
reactive oxygen species (ROS), and altered redox potential.[93,94] External stimuli such as ultra-
sound or light irradiation can also be used to target tissues in pinpoint therapies.[95] The various
stimuli that have been used over the years are outlined in Figure 1.12.

Figure 1.12: Various stimuli that can be used to enhance nanomedicines specificity. Adapted
with permission.[96] Copyright © 2021 American Chemical Society.
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Lastly, nanocarrier selectivity can be enhanced by attaching a ligand molecule at the end of
the hydrophilic chain.[97] While PEG is very effective for shielding drugs from blood compo-
nents, it has been proven that it also limits the internalisation of such nanomedicines.[87] This
is known as the "PEG dilemma", although it has been observed for other shell-forming chains.
The end-group functionalisation of these chains have been able to circumvent this issue. This
so-called "pilot" molecule, located at the surface of the nanomedicine, can be an antibody, a pep-
tide, a sugar, or another small molecule such as folic acid.[98] Folate receptor are over-expressed
in tumors, folic acid end groups have then been able to increase the selectivity of anticancer
nanomedicines. Folate-drug conjugates have even been able to reach phase III clinical trials.[99]

Reports mentioned that nanomedicines represent a several billion-dollars market; however, only
a very few drug delivery systems have been clinically approved. The most common obstacle to
a market approval is the intricacy of these formulations, which hampers scaling-up a laboratory
procedure.[99]

1.2.2 Block copolymer self-assembly and cubosomes

As previously mentioned, various types of nanoparticles have been developed over the years with
the goal of encapsulating and releasing compounds in a controlled fashion. Organic nanoparti-
cles are either composed of lipids, polymers, or a mixture of the two.[100] The self-assembly of
these lipids or polymers into nanoparticles is driven by their amphiphilicity. Three main types of
nanoparticle morphology are frequently encountered: micelles, worm-like micelles and vesicles.
All these mophologies can be obtained by using either lipids or polymers, and the morphology
achieved depends mainly on the chemical structure of the lipid or polymer used.[101] The con-
cept of critical packing parameter (See Equation 1.1) has been introduced to explain or even
predict the morphology adopted by an amphiphilic compound.[102]

p =
v

a∗ l
(1.1)

p is the critical packing parameter, v is the volume of the hydrophobic chain, l is the length of
the hydrophobic chain, a is the optimum surface area of the hydrophilic part at the hydrophilic-
hydrophobic interface. A particular value of the packing parameter can be translated into an
aggregate shape:

• For p < 1/3, micelles are obtained

• For 1/3 < p < 1/2, worm-like micelles are obtained

• For 1/2 < p < 1, vesicles are obtained

The way the critical packing parameter is computed has been debated over the years, for exam-
ple, R. Nagarajan mentioned that the role of the surfactant tail is usually neglected.[102] How-
ever, a common consensus is that altering the relative volume of the hydrophilic part over the
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hydrophobic part gives rise to different morphologies.[103] The interest in the morphology of
the nanoparticles comes from the different properties of each individual morphology. Indeed,
micelles have been shown to have a better cellular uptake than worms or vesicles.[13] Worm-like
micelles have the highest surface area. Vesicles have the unique advantage to be able to en-
capsulate both hydrophilic and hydrophobic compounds.[104] But while different morphologies
have specific advantages, they also have their own limitations. For instance, vesicles are able
to encapsulate hydrophilic compounds thanks to their hollow-core structure; nevertheless, that
same hollow-core structure renders them unstable against osmotic pressure, making them unable
to perform efficient drug delivery in certain parts of the human body, such as the gastrointesti-
nal tract.[105–107] In this regard, efforts have been made to access different morphologies with
unique sets of properties. One of these morphologies that got some newfound interest are cu-
bosomes.[108] Cubosomes are usually defined as colloids with inverted liquid crystal phases as
internal structure. Liquid crystals have some properties similar to both liquid and solid crystals,
they can flow like a liquid while still having molecules oriented in the same direction. Like mi-
celles and vesicles, cubosomes can be composed of polymers or lipids. They consist of a regular
network of water channels and lipid or polymer membranes.[109] Due to this unique structure,
cubosomes have numerous advantages over traditional morphologies: similarly to worm-like
micelles they have a large specific surface area, akin to spherical micelles they have a high
chemical and mechanical stability, and similarly to vesicles they have the ability to encapsu-
late both hydrophilic and hydrophobic compounds.[110] It has been known for a long time that
lipids are able to self-assemble into liquid crystal phases, including micellar cubic phases.[111]

This phenomenon is driven by the same hydrophobic effect as the self-assembly into micelles:
molecules organise themselves to minimise the contact area between the hydrophobic part and
water, thus minimising the free energy of the system. Interestingly, the critical packing pa-
rameter can be used one more time to explain the transition from traditional morphologies to
cubosomes.[112] By increasing the critical packing parameter even more, a transition from vesi-
cles to cubosomes can be observed. Various articles reported that by using block copolymers
with longer hydrophobic blocks, the critical packing parameter would increase and a vesicle
morphology could be obtained. To increase the packing parameter even more and obtain cubo-
somes, a common strategy is to use ABn star polymers with two or more arms to have an even
higher hydrophobic volume.[113] It should be noted that further increase of the critical packing
parameter can induce a transition from cubosomes to hexosomes.[110] A summary of the nanos-
tructures achievable by varying the structure of a block copolymer is represented in Figure 1.13.

In light of the previously listed advantages of cubosomes, recent reviews presented lipid cubo-
somes as the next generation of smart lipid nanoparticles.[109] However, using lipids presents
some limitations such as the incapacity to control the pore and channel size. This limitation
comes from the short alkyl chain of the lipid. The small size of the hydrophobic tail also means
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Figure 1.13: Schematic representation of the different morphologies that can be obtained by
varying the mean curvature of an amphiphilic block copolymer. Adapted with permission.[113]

Copyright © 2021 John Wiley and Sons.

that mesopores are obtained, consequently limiting the range of compounds that can be en-
capsulated to sub-5 nm molecules. In addition, a stabilising agent is often needed to obtain
lipid cubosome formulations.[114] This stabiliser is usually an amphiphilic block copolymer:
Pluronic™ F127 is often used, which consists of the triblock polymer poly(ethylene glycol)-
poly(propylene glycol)-poly(ethylene glycol) (PEG-PPG-PEG). Thus, using amphiphilic block
copolymers instead of lipids to prepare cubosomes have seen increasing interest over the re-
cent years.[115] The use of polymers for cubosomes circumvent the need for stabilising agents.
Because of their increased molecular weight, they display an increased chemical and mechan-
ical stability. Lastly, the extensive tools offered by polymer chemistry could potentially allow
for precisely engineered cubosomes, with stimuli-responsivity and a functionality tailored for a
specific application.[116] Unfortunately, the diversity of polymer building blocks used for such
systems is low and needs to be addressed.
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1.2.3 Double hydrophilic block copolymers

All of the block copolymers mentioned so far are amphiphilic block copolymers, composed of
one hydrophilic block and one hydrophobic block. This amphiphilicity usually induces self-
assembly at very low concentration. However, double hydrophilic block copolymers (DHBC)s
have gained considerable attention in the recent years.[10] DHBCs, as the name suggests, are
block copolymers composed of two water-soluble polymers. In this instance, it is the hy-
drophilicity difference between the two blocks that drives the self-assembly in water. The hy-
drophilicity difference needs to be quite large for nanoassemblies to form.[117] The self-assembly
of DHBCs can seem counter-intuitive at first but can be understood through a more commonly
observed phenomenon: aqueous two-phase systems (ATPS). An ATPS can form when two ho-
mopolymers are mixed in water at high concentration. Even though only one solvent is used
(water), two phases can be observed, one phase will contain predominantly one homopolymer,
while the other phase the other one.[118] This phenomenon was first observed in 1896, when
M. W. Beijerinck noticed that an agar solution (water-soluble) was immiscible with gelatin or
starch water solutions. These days, the most studied biphasic system is PEG-Dextran.[119] In
this system, PEG is less hydrophilic and less dense than dextran and will then form the upper
layer (See Figure 1.14). This can be exploited by covalently binding these two polymers to
form a DHBC capable of self-assembly in water. Compared to amphiphilic block copolymers,
DHBCs can have an increased biocompatibility and biodegradability.[119,120] It should also be
noted that these DHBCs assemblies can have an increased permeability compared to traditional
liposomes, which might prove useful for the preparation of artificial cells.[121] Similarly to am-
phiphilic block copolymers, DHBCs can form nanoparticles with a broad range of morpholo-
gies: micelles, worm-like micelles, capsules or particles (See Figure 1.14).[119,122–124] These
morphologies can be affected by numerous factors: polymer molecular weight, block lengths
ratio, polymer concentration or polymer architecture.[119,124–129]

Figure 1.14: Schematic representation of an aqueous two-phases system (ATPS) using two hy-
drophilic homopolymers, and the corresponding double hydrophilic block copolymer (DHBC)
self-assemblies in water. Adapted with permission.[117] Copyright © 2021 John Wiley and Sons.
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1.3 Post-polymerisation functionalisation

1.3.1 General functionalisation of polymers

The use of polymers in everyday life has increased tremendously over the last few decades. The
most produced polymers are simple polyolefins like polyethylene (PE) or polypropylene (PP)
that are used as cheap materials or packaging.[130] However, there is an increased demand for
high-value functional polymers with tailored properties, especially for biomedical applications:
cancer therapy, regenerative medicine, drug delivery, bioimaging, biosensing, immune therapy,
tissue engineering, implants, wound dressings, the list goes on.[131] This demand for functional
materials was supported by progress in polymerisation methods: reversible deactivation radical
polymerisation, cationic/anionic ring-opening polymerisation, stereospecific catalytic polymeri-
sation, olefin metathesis polymerisation, enzymatic polymerisation, supramolecular polymeri-
sation and metal catalyst for olefin insertion polymerisation. Despite this abundance of synthetic
methods, some functional groups are extremely challenging to obtain. For example, hydroxyl
or amino groups are incompatible with anionic ring-opening polymerisation since their nucle-
ophilicity can lead to unwanted ring-opening side-reactions. Their properties to act as a ligand
can also be a drawback for polymerisation catalysed by late-transition metals or other Lewis
acids. One way to circumvent this issue is the use of post-polymerisation reactions.[132] This
strategy consists of using a monomer that is not bearing the desired functional group, but in-
stead an inert functional group that can be modified into the desired functional group after the
polymerisation. One of the most common examples is the synthesis of poly(vinyl alcohol)
(PVA). The free radical polymerisation of vinyl alcohol is extremely challenging under normal
conditions since it tautomerises into acetaldehyde at room temperature. Poly(vinyl acetate) is
polymerised instead using radical polymerisation, the resulting polymer is then subjected to a
post-polymerisation hydrolysis to finally afford the desired polymer bearing the hydroxyl group
(See Figure 1.15).[133]

Figure 1.15: Scheme of the synthesis of poly(vinyl alcohol) (PVA) via the post-polymerisation
functionalisation of poly(vinyl acetate).
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For a reaction to be used as a post-polymerisation functionalisation it needs to fulfil certain
criteria. It ideally needs to be a single-step reaction, with a high yield and quantitative con-
version, and with a sufficiently high chemoselectivity and orthogonality so that it can be done
on polymers bearing various functional groups. Additionally, due to the occasional difficulties
to purify polymers, it should require a low catalytic loading (or no catalyst at all) and produce
low amounts of side-products. For these reasons, click chemistry has been increasingly used for
the addition of functional groups to polymer chains.[47] The Diels-Alder cycloaddition is one
example of a reaction that produces no side-products and is compatible with a broad range of
functional groups. The reaction consists of a diene reacting with a dieneophile. Usually, furan
is used as a diene and maleimide is used as a dienophile to form an oxabicycle. On top of that,
the reaction is reversible: the diene and dienophile can be obtained back by heating, thus paving
the way for the synthesis of thermoresponsive materials. Recently, H. Muljana et al. reported
a cross-linked polypropylene through a Diels-Alder post-polymerisation reaction (See Figure
1.16).[134]

Figure 1.16: Scheme for the synthesis of reversibly cross-linked polypropylene via post-
polymerisation Diels-Alder.[134]

The Copper-catalysed azide alkyne cycloaddition (CuAAC) is another commonly used
click reaction. It has been increasingly used in recent years as a post-polymerisation functional-
isation tool as both azide and alkyne are generally inert towards most polymerisation techniques.
Additionally, the reaction can be undertaken in organic solvents or water under mild conditions.
Hasegawa et al. were able to use CuAAC click chemistry to functionalise natural polysaccharide
with various functional appendages (See Figure 1.17).[135]
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Figure 1.17: Copper catalysed azide/alkyne cycloaddition (CuAAC) between 6-azido-6-
deoxycurdlan and alkyne-terminated functional modules. Reagents and conditions: (i) PPh3,
DMF, LiCl, RT, 3 h, then CBr4, 60°C, 24 h; (ii) NaN3, DMSO, 80°C, 36 h; (iii) alkyne-
terminated functional modules, CuBr2, ascorbic acid, propylamine, RT, 12 h, DMSO or NMP.
Adapted from.[135]

One last example of click reactions that have been used are Michael type addition reactions.
Michael type reactions between thiols and activated alkenes can proceed in aqueous medium, at
low temperature, and give good yields.[136] Having an acrylate side-chain is challenging if a free
radical polymerisation is employed but can be achieved through the ring-opening polymerisa-
tion of a lactone. Rieger et al. demonstrated the ease of functionalisation of a poly(caprolactone)
(PCL) bearing an acrylate side-chain via the addition of various thiols.[136] Poly(caprolactone)s
are biodegradable and biocompatible but their functionalisation is challenging due to the sus-
ceptibility of the ester linkage towards nucleophiles. Using Michael-type thiol-ene addition a
PEG chain was grafted on the poly(caprolactone) and an amphiphilic polymer was synthesised
via post-polymerisation functionalisation (See Figure 1.18).

Figure 1.18: Scheme of the synthesis of PCL-g-PEG via a Michael type thiol-ene addition on
an acrylate-bearing PCL. The reaction was performed in THF, using pyridine as a catalyst.[136]

22



CHAPTER 1. INTRODUCTION

1.3.2 Functionalisation of unsaturated polyethers

PEG has found many uses in a broad range of industries but its lack of functional groups
can be detrimental. To remediate this issue, an olefin-bearing polyether poly(allyl glycidyl
ether) (PAGE) has been synthesised via ring-opening polymerisation. Olefins are incompati-
ble with radical polymerisation methods but are generally inerts with techniques like anionic
ring-opening polymerisation.[137] Olefin-bearing polymers can then be modified through post-
polymerisation reactions on alkenes to access a broad range of different functionalities. For
example, PAGE has been reported to undergo cross-metathesis reactions (See next section), iso-
merisation, dihydroxylation, hydroformylation, reductive amination or thiol-ene reactions under
different conditions (See Figure 1.19).[138] Dihydroxylation of the double bond was performed
using osmium tetroxide OsO4 and N-methylmorpholine N-oxide (NMMO) and produced a hy-
drophilic polymer. Isomerisation allowed the subsequent cleavage of the side chain to obtain a
linear polyglycidol. This is a structure of interest as the polymerisation of glycerols traditionally
yields hyperbranched polyglycerols. The hydroformylation followed by reductive amination is
a powerful functionalisation as it allows a broad range of R-groups to be added, on top of an
amino group increasing the polarity of the polymer. Thiol-ene radical additions have also been
used to functionalise PAGE, yielding a polyampholyte polymer capable of protecting living cells
during their cryopreservation.[137] It was proposed that this polymer increases the post-thaw cell
survival by stabilising the cell membrane and inhibiting ice grain coarsening during freezing and
thawing. Finally, the addition of cysteamine hydrochloride promotes the formation of cationic
polymers that could be potentially complex DNA and be used in gene therapy.[16]

Figure 1.19: Scheme of different olefin post-polymerisation functionalisations of PAGE that
have been reported.[138]
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1.3.3 Olefin metathesis as a post-polymerisation functionalisation tool

Olefin metathesis is a very powerful reaction used in the field of organic chemistry to gener-
ate new carbon-carbon bonds. The elucidation of the reaction mechanism and the discovery
of efficient catalysts resulted in Yves Chauvin, Robert H. Grubbs and Richard R. Schrock be-
ing awarded the 2005 Nobel prize in chemistry. Olefin metathesis can generally be classified
into three categories: cross-metathesis (CM), ring-closing metathesis (RCM) and ring-opening
metathesis (ROM) (See Figure 1.20).

Figure 1.20: Scheme of the different categories of olefin metathesis: cross-metathesis, ring-
closing metathesis and ring-opening metathesis.

During a cross-metathesis, two acyclic olefins react to form new olefins with transposed
substituting groups. Controlling this reaction can be challenging since a large number of side-
products can be obtained, including homodimers. Ring-closing metathesis occurs when two
olefins react to form a cyclic olefin and a smaller acyclic olefin. This reaction is more or less
favored depending on the size of the cyclic olefin formed, with 6-membered rings being gener-
ally thermodynamically favored. Another driving force of the reaction is the release of ethylene
when the two olefins reacting together are terminal alkenes. Finally, ring-opening metathesis
consists of the reaction between a cyclic olefin and an acyclic one to form an acyclic diene.
The driving force of this reaction is the release of ring stain.[139] Olefins can be classified into
different types based on their reactivity. Electron-rich and sterically unhindered alkenes are
considered type I olefins; they are very reactive and can homodimerise quickly. Electron-poor
and sterically hindered alkenes are considered Type IV olefins, they cannot homodimerise and
generally will not react with any other olefin. Type II and type III olefins have an intermediate
reactivity; type II can still homodimerise, although slowly, while type III will not homodimerise
(See Figure 1.21).
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Figure 1.21: Structure of different olefin types and scheme of the different metathesis products
based on the olefin type.

Olefin metathesis reactions are catalysed by a metal. The first catalysts used for olefin
metathesis were based on rhenium, tungsten and osmium but were poorly reactive and quite
unstable. Nowadays, molybdenum and ruthenium systems are mostly used, especially Grubbs
I, Grubbs II and Hoveyda-Grubbs II complexes. First-generation Grubbs catalyst is synthesised
from RuCl2(PPh3)3, phenyldiazomethane, and tricyclohexylphosphine in a one-pot procedure.
Second-generation Grubbs catalyst has the same uses as Grubbs I but with a generally higher
activity, on top of being stable to air, moisture and various functional groups. It has the same
structure as Grubbs I with a phosphine ligand replaced with an N-heterocyclic carbene (NHC).
Hoveyda-Grubbs catalyst has the same N-heterocyclic carbene, but the second phosphine ligand
has been replaced by a chelating ortho-benzylidene ligand attached to the benzene rings. The
catalyst has an improved stability compared to the previous two. Its reactivity can be further
tuned by modifying the steric and electronic properties of the added chelate.[140–142] All three
catalyst structures are represented in Figure 1.22.

Figure 1.22: Structure of first-generation Grubbs catalyst, second-generation Grubbs catalyst
and second-generation Hoveyda-Grubbs II catalyst.

While olefin metathesis has been used extensively for the polymerisation of cyclic olefins
(for example the ring-opening metathesis polymerisation (ROMP) of 1,5-cyclooctadiene),[143]
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it can also be used for the post-polymerisation functionalisation of alkene-bearing polymers.
Olefin cross-metathesis was used by Stephen Morrison with the Prunet group to functionalise
different PAGE derivatives (See Figure 1.23).[138]

Figure 1.23: Scheme for the post-polymerisation functionalisation of poly(allyl glycidyl ether)
PAGE, poly(crotyl glycidyl ether) PCGE, poly(prenyl glycidyl ether) PPGE and poly(methallyl
glycidyl ether) PMAGE by cross-metathesis using Hoveyda-Grubbs II catalyst.[138]

It was shown that poly(methallyl glycidyl ether) would not undergo self metathesis pathway,
preventing any cross-linking between polymer chains. It was also demonstrated that various
functional groups could be installed, as well as a cell signalling peptide. The use of ring-closing
metathesis as a post-polymerisation functionalisation tool is less intuitive since it does not intro-
duce any new functionalities. However, introducing cycles in a polymer backbone can modify
a wide range of properties like the glass transition temperature Tg. It was used for the first time
by Grubbs and Coates, for the cyclisation of vinyl substituents in 1,2-polydienes using first-
generation Grubbs catalyst.[139] The reaction was shown to be highly selective and quantitative.
One remarkable phenomenon was that no isolated and unreacted olefin could be detected. The
kinetic profile of the reaction showed that a 90% conversion was quickly achieved, with a second
slower phase up to 100%. This suggests that the catalyst randomly closes adjacent olefins, then
the catalyst migrates through the polymer backbone to scavenge any remaining unreacted vinyl
group by ring-rearrangement metathesis (See Figure 1.24).
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Figure 1.24: Mechanism of the ring-closing metathesis of poly(1,2-butadiene) using first
generation-Grubbs catalyst.[139]

1.3.4 Post-polymerisation functionalisation towards cationic polymers

The science behind nucleic acids has seen tremendous progress. Using again the COVID-19
vaccine as example, the delivery of precisely engineered messenger RNA was proven essential
to allow the production of antibodies capable of fighting the virus.[144] Nonetheless, the use
of nucleic acids for therapeutic applications remains limited. The main bottleneck towards the
development of nucleic acid based medicines is the delivery of the gene towards the desired
cellular site of action. The main obstacle towards an effective gene delivery is the increased
size of the nucleic acids compared to a traditional drug. This large size prevents any diffusion
through the lipid membrane, thus limiting therapeutic benefits.[15] Another handicap is the low
biological stability of these compounds. To solve these limitations, different solutions have been
explored, notably:

• The chemical modification of the oligonucleotide backbone, as well as synthesising
smaller oligonucleotides

• Conjugating the oligonucleotide to carriers such as membrane translocating compounds

• Nanoparticles and supramolecular self-assembly

Regardless of numerous chemical modifications of small oligonucleotides, diffusion through the
cell membrane remains far less efficient compared to small drugs. This led to the development
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of nanosized gene carriers that could enhance membrane permeation.[16] Liposomes or polymer
micelle formulations that are already used to encapsulate small drugs could be used to transport
nucleic acids as well. Yet, what is mostly used are cationic polymers that can complex the nega-
tively charged nucleotides. These complexes have been coined polyplexes.[145] Still, both extra-
cellular and intracellular delivery is not straightforward. Various limitations need to be overcome
by the polyplex to achieve its therapeutic effect. Firstly, the polyplex needs to be able to shield
the nucleic acids from nucleases that would otherwise clear free nucleic acids from the blood-
stream.[146] Secondly, the polyplex must have suitable pharmacokinetics and biodistribution.[14]

An important factor that governs the pharmacokinetics and biodistribution of a nanoparticle is
its size. For example, nanoparticles with a size of 5 nm or less will likely be cleared by the kid-
neys.[147] Unlike traditional polymer micelles, the size of a polyplex will mainly depend on the
cargo, as a single polymer complexed with a small oligonucleotide will assemble into smaller
nanoparticles than a polyplex made of a long plasmid DNA. One limitation of polyplexes is
that the cationic charges needed to complex nucleic acids is also responsible for unwanted side
reactions with blood components, consequently activating the immune system.[148] One way to
remedy to this problem is to use a block copolymer composed of one cationic block and one
non-ionic hydrophilic block such as PEG, to shield these cationic charges from blood compo-
nents.[149] Another way to improve a polyplex efficiency is to introduce ligands, improving cell
binding and consequent cellular internalisation. Without these ligands, polyplexes usually strug-
gle to cross some tissue barriers such as the extremely tight blood-brain-barrier, which cannot be
crossed by passive diffusion.[150] All of these diverse limitations concern only extracellular de-
livery; intracellular delivery comes with numerous additional limitations. The polyplex should
be able cross the cell membrane while preserving the membrane integrity. Thus, a fine balance
should be found between cell permeability and biocompatibility.[151] Secondly, polyplexes are
usually internalised by being engulfed into intracellular vesicles; escaping this vesicle has been
the biggest challenge so far towards an efficient transfection. Finally, after reaching its target
site, which can be the cytosol or the nucleus, the polyplex and its polycationic core should be
able to release the nucleic acid.[152] Such fine balance between cell permeation versus biocom-
patibility, gene protection versus gene release, blood components shielding versus cell binding,
calls for highly tuned polymers, hence the need for post-polymerisation functionalisation tech-
niques.[153]

One of the first cationic polymer used for transfection is poly(ethylenimine) (PEI). Previously,
cationic polymers were able to complex with nucleic acids but failed to perform the endosomal
escape needed for an efficient transfection. PEI takes advantage of the difference between the
extracellular and the endosomal pH. The neutral extracellular pH leads to a moderately proto-
nated PEI able to complex with nucleic acids, which gets increasingly protonated in the acidic
endosome. The increase of the protonation and charge density leads to two effects. Firstly, it
will generate an osmotic pressure that causes the endosome to swell, and destabilise its mem-
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brane. Secondly, the higher cationisation will induce lytic effects to the membrane (See Figure
1.25).[154]

Figure 1.25: Representation of the swelling effect of PEI due to its higher charge density in
an acidic endosome. The income of water and ions leads to the membrane destabilisation and
consequently the endosomal escape. Adapted with permission.[152] Copyright © 2015 American
Chemical Society.

The molar mass and architecture (branched versus linear) of PEI can then be tuned to achieve
a somewhat balance between polyplex stability and gene release. The main limitation of using
PEI as a homopolymer are its nondegradability, high toxicity, and a low variety of functional
groups for further tunability.[132] The high toxicity comes from the cationic charges; these can in-
teract and destabilise the cell surface and trigger cellular death. The cationic charges are also re-
sponsible for activating the complement system, leading to immunological responses.[155] More
complex formulations have then been developed, using PEG to mask these cationic charges, lig-
ands to target specific body area, and sometimes stimuli-responsive crosslinkers to improve the
endosomal release. An example of such polymer can be found in Figure 1.26.[152]

Figure 1.26: Structure of an oligomer used for multifunctional gene delivery using PEG, folic-
acid targeting, and cross-linking cysteines in combination with an endosomolytic siRNA-Inf7
conjugate. Adapted with permission.[152] Copyright © 2015 American Chemical Society.

More recently, efforts were made to replace PEI with nature-derived polymers that have
the advantage of being biodegradable and less toxic. These nature-derived polymers such as
the polysaccharide chitosan have also issues of their own, such as a high dispersity and poorly
controlled structure.[156] Polymers bearing functionalisable groups might be the solution to PEI
dilemma. Indeed, compared to traditional polyamines such as PEI, a functionalisation strategy
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has the advantage of precisely tailoring the charge density of the polymer. Charge density tun-
ability is highly sought, as cationic polymers need to be able to complex the nucleotide but also
release it when needed. A functionalisation with different amino groups could yield a polymer
with a pH dependent protonation, in such a way that the polymer would get increasingly proto-
nated in an acidic endosome, which might trigger an endosomal escape and efficient delivery of a
gene.[157] Furthermore, functional groups might allow cross-linking or the attachment of stimuli-
responsive groups, which could further enhance the shift of polyplex properties when going from
the bloodstream to the endosome. One of the first application of this approach was based on
polymers with a polyacrylate main chain, more specifically poly(N-methacryloxysuccinimide).
The functional side-chains could be substituted by primary/secondary/tertiary amines with vary-
ing hydrophobicity and cationic charges (See Figure 1.27).[132,133]

Figure 1.27: Scheme for the synthesis of polycationic polymers to be used for transfection. A
library a polymer can be synthesised via a post-polymerisation functionalisation approach using
poly(N-methacryloxysuccinimide) as a polymer precursor. NH2-R1 are examples of cationic
hydrophilic side-chains while NH2-R2 are hydrophobic side-chains.

1.4 Project aims

Polycyclic compounds are ubiquitous in nature, mainly as polysaccharides. However, a limited
number of synthetic polycyclic polymers have been produced so far.[158,159] This is unfortunate,
as the presence of rings on a polymer backbone could affect its conformation, further affecting
its properties towards a wide range of applications. The main goal of this project is to use ring-
closing metathesis as a post-polymerisation functionalisation method to access a polycycloether
structure, then to functionalise it to obtain novel polymers:

• Non-ionic hydrophilic polyethers (PEG alternative).

• Cationic polymers (PEI alternative).

• Hydrophobic polyethers (PPG alternative).

• Amphiphilic block copolymers (PEG-b-PLA alternative, poloxamer alternative).
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• Double hydrophilic block copolymers.

The second goal of this project will be to study the self-assembly of all these different polymeric
systems in water to discover the role/importance of a polycyclic backbone. Finally, the third goal
of this work will be to leverage these novel polycyclic structures into functional materials for
biomedical applications (See Figure 1.28).

Figure 1.28: Overview of the different projects of the thesis with examples of structure synthe-
sised.
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Chapter 2

PEGose-PLA nanoparticles for drug
delivery

Parts of this Chapter have been submitted for publication.[1]

2.1 Introduction

It has been emphasised in chapter 1 that the need for PEG alternatives for biomedical applica-
tions is increasing steadily.[7,158] The Prunet group recently reported in collaboration with the
Shaver group the synthesis of a water-soluble amylose mimic coined PEGose.[74] PEGose has
a unique structure: it has both a polyether backbone like PEG and a polycyclic chain like amy-
lose. The PEGose structure might be a convenient middle ground between synthetic polymers
such as PEG or poly(glycerol)s, and natural polymers such as polysaccharides. It combines
some advantages of these structures without some of their drawbacks. For example, PEG chains
cannot be functionalised but end-groups are easily tuned. Polysaccharide chains can be conve-
niently functionalised but it is difficult to only modify end-groups.[64] The PEGose precursor
on the other hand is a functionalisable polycycloether that allows for a convenient modification
of both the polymer backbone and its end-groups. Unlike common natural polysaccharides, the
PEGose mass and purity are easily controlled. A major difference between PEG and a polysac-
charide is that PEG is a flexible polymer while most polysaccharides, due to their polycyclic
structure and their well-defined stereochemistry, are highly rigid. PEGose’s rigidity, however,
can be determined by tuning its tacticity: atactic PEGose is amorphous and flexible, isotactic
PEGose is helical and rigid. It is worth mentioning that unlike amylose, both helical handed-
ness can be readily obtained by monomer choice. Being stiffer than PEG, PEGose could form
nanoparticles with a higher packing number, which may yield more stable nanoparticles and a
better cargo retention.[160] Consequently, in this chapter the aim was to synthesise amphiphilic
block copolymers PEGose-b-PLA that would self-assemble into core-shell nanoparticles. The
nanoparticles would then be tested to see if dyes could be encapsulated then released, to mimic
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drug delivery. Biological in vitro assays were planned to assess the biocompatibility and cell
permeation of the prepared nanoparticles (See Figure 2.1).

Figure 2.1: PEGose-b-PLA structure and schematic representation of its use as a drug carrier.

2.2 Synthesis of PEGose-b-poly(lactic acid) block copolymers

2.2.1 PEB synthesis

Poly(epoxybutene) (PEB) was synthesised by ring-opening polymerisation of commercially
available butadiene monoxide (Figure 2.2a). The reaction was performed in a Schlenk tube,
under inert atmosphere and at ambient temperature employing tetraphenylporphyrin aluminium
chloride (TPPAlCl) as a catalyst and initiator, which was synthesised according to literature in
a 2-step procedure.[74] A 1:50 ratio of butadiene monoxide/TPPAlCl was used to obtain a poly-
mer with approximately 50 repeating units, yielding a mass of 3.5 kDa after 3 days, with a low
dispersity (Ð < 1.20) according to SEC (See Table 2.2). The polymer structure was analysed by
1H NMR, the two terminal protons from the vinyl group displayed a peak around 5.2 ppm, the
remaining alkene proton showed up at 5.7 ppm, the proton from the carbon bearing the vinyl
group showed up at 3.9 ppm and the two remaining protons showed up as a multiplet between
3.6 and 3.4 ppm (See Figure 2.2b). Before using the PCE as a macroinitiator, the structure of the
end-groups were confirmed using electrospray ionisation mass spectrometry (ESI-MS) on a low
molecular weight atactic PEB (See Figure 2.3). Each peak of the mass spectrum are separated
by 70.04 Da which is the molecular weight of the repeating unit. Chlorine-35 and chlorine-37
isotopes can be observed. The polymer mainly formed sodium adducts, each peak masses can
then be calculated using:

Peak mass = n∗Mbutadiene monoxide +MH +MCl +MNa (2.1)
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Figure 2.2: a) Scheme of the synthesis of the PEGose-PLA block copolymer starting from
butadiene monoxide. i. Tetraphenylporphyrin aluminium chloride, ii. Grubbs II catalyst in
dichloroethane, iii. DL-lactide and stannous octoate in toluene, iv. osmium tetroxide and
NMMO in an acetone/water mixture. b) 1H NMR of the synthesised polymers in CDCl3 for
PEB50, PCE50 and PCE50-PLA100 or DMSO-d6 for PEGose50-PLA100. Remaining NMR spec-
tra and integrals can be found in the appendix (See Figure 7.3 and 7.4) c) 1H DOSY NMR of the
block copolymer PCE50-PLA100. d) SEC traces of PEB50, PCE50 and all synthesised PCE-PLA
block copolymers measured in THF.

Figure 2.3: Electrospray ionisation mass spectra of atactic poly(epoxy butene). The masses of
PEB9, PEB10 and PEB11 are shown.
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2.2.2 Ring-closing metathesis towards a polycycloether structure

In the next step, a polycycloether (PCE) was synthesised by performing a ring-closing metathe-
sis reaction on PEB (See Figure 2.2a). Compared to the previous PCE synthesis described in
the literature[74] (Hoveyda-Grubbs II 5.0 mol%), Grubbs II catalyst was used with a decreased
amount of 2.5 mol%. The conversion of PEB to PCE was monitored by integrating the terminal
alkene protons peak at 5.3 ppm (α proton, See Figure 2.2b) corresponding to PEB starting ma-
terial with the internal alkene proton peak at 5.7 ppm (β proton, See Figure 2.2b). Even though
a conversion of 80% could be achieved in an hour, nearly full conversion (>99%) could only
be achieved after 5 days. The mass of the resulting polymer was 2.9 kDa according to SEC,
which supports the elimination of ethylene during the ring-closing metathesis reaction. Since
the synthesised polymer is meant to be used for drug delivery, the main challenge of the block
copolymer synthesis was to avoid any residual metals to achieve a high biocompatibility. Thus,
residual ruthenium was removed employing an oxidative procedure described previously.[161]

Ruthenium content before and after various purification methods was quantitatively evaluated
by ICP-MS. Results showed that 99.5% of the ruthenium were removed successfully with the
oxidative procedure with H2O2, with only 32 ppm of ruthenium left. (See Table 2.1). For in-
dication, the European Medicines Agency established a permitted daily exposure of 10 µg of
ruthenium via parenteral administration. If 10.0 mg of the polymer is injected in the context of a
biomedical application, 32 ppm ruthenium content would represent only 0.32 µg of ruthenium.

Table 2.1: Residual ruthenium content and relative standard deviation (RSD) determined by
ICP-MS after various purification methods: addition of DMSO followed by filtration, gel per-
meation chromatography with Sephadex LH-20, CupriSorb heavy metals resin, oxidative pro-
cedure with H2O2.

Purification Purification Ruthenium RSD
procedure efficiency (%) content (ppm) (%)

Unpurified 0 5941 0.79
DMSO, filtration 74 1544 0.89

DMSO, filtration, GPC 79 1231 1.31
DMSO, filtration, GPC, CupriSorb 92 475 1.24

Oxidative procedure 99.5 32 2.39

2.2.3 PCE-b-PLA block copolymer synthesis

The diblock copolymer PCE-b-PLA was synthesised by ring-opening polymerisation of DL-
lactide using PCE as an initiator and stannous octoate as a catalyst. The reaction was performed
under inert atmosphere using a Schlenk line, in toluene under reflux for 3 h. Four block copoly-
mers were synthesised comprising four different PLA lengths (15, 25, 50, 100 repeating units)
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with a fixed PCE length of 50/2 repeating units (50 ether linkages, 25 6-membered rings). PCE-
b-PLA block copolymer structure was confirmed by 1H NMR, DOSY-NMR and SEC. 1H-NMR
showed peaks corresponding to both blocks, e.g. 5.2 and 1.2 ppm for the PLA block and 5.8
and 4.0-3.5 ppm for the PCE block (Figure 2.2b). Furthermore, DOSY-NMR showed that PCE
and PLA peaks had the same diffusion coefficient whatever the PCE/lactide ratio used for the
ring-opening polymerisation (Figure 2.2c), thus confirming the block copolymer structure. SEC
derived masses of the block copolymers were slightly lower than expected for PCE50-PLA50 and
PCE50-PLA100 (See Table 2.2) which might be due to the structural difference between the two
blocks and the polystyrene standards used for the calibration curve. Nevertheless, the shift of
the peak after polymerisation with decreasing PCE/lactide ratios confirmed the chain-extension
of the polymer. Looking at the SEC elution trace, a single peak could be observed, suggesting
that no PLA homopolymers were formed or that the Sephadex purification step successfully re-
moved any PLA homopolymers (See Figure 2.2d). The mass of the block copolymers was also
calculated by integrating 1H NMR peaks from PLA repeating units against PCE peaks. This
method yielded masses similar to the theoretical ones calculated from the PCE/lactide ratio (See
Table 2.2). While the block copolymer dispersities were quite high considering the polymerisa-
tion type (Ð = 1.32 for PCE50-PLA25 up to Ð = 1.52 for PCE50-PLA100), a recent study showed
that a high polymer size dispersity might be advantageous to obtain nanoparticles with a narrow
size distribution.[162]

Table 2.2: Theoretical polymer masses and experimental polymer masses measured by SEC
and 1H NMR.

Polymer Mn SECa) Mn NMRb) Mn Thrc) Ða)

(kDa) (kDa) (kDa)

PEB50 3.5 - 3.6 1.27
PCE50 2.9 - 2.8 1.37

PCE50-PLA15 4.7 3.7 3.9 1.34
PCE50-PLA25 5.0 4.8 4.6 1.32
PCE50-PLA50 5.6 6.3 6.4 1.37
PCE50-PLA100 7.1 10.9 10.0 1.52

a) measured via SEC in THF with a 1 mL/min flow rate, b) measured via 1H NMR in CDCl3,
c) calculated from starting material equivalents.

2.2.4 PEGose-b-PLA synthesis

The dihydroxylation of the PCE alkene was achieved by using osmium tetroxide and N-
methylmorpholine N-oxide at ambient temperature in a water/acetone solvent mixture. The
conversion was monitored by 1H NMR in DMSO-d6 by integrating the alkene peak at 5.7 ppm.
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Full conversion was achieved overnight. Fully converted PEGose-PLA was found to be only
soluble in DMSO. Due to the insolubility of PEGose-PLA in most organic solvents, the mass
of the block copolymer was calculated from the mass of PCE-PLA. In order to achieve a high
biocompatibility, another route was developed to avoid the use of osmium. First, the diboration
of PCE with bis(pinacolato)diboron was performed, followed by the addition of hydrogen
peroxide and sodium hydroxide to obtain an osmium-free PEGose. However, this method
gave a lower yield and conversion, while not significantly improving the biocompatibility
of the polymer, since osmium-free PEGose showed roughly the same biocompatibility as
PEGose-PLA nanoparticles containing traces of osmium (See Figure 2.9).

2.3 Self-assembly of PEGose-b-PLA in water

2.3.1 Nanoparticle preparation

In order to form nanoparticles, the solvent-switch method was used.[90,163–166] The average di-
ameter of the nanoparticles was determined by using Multi-Angle Dynamic Light Scattering
(MADLS). The hydrodynamic diameter size ranged between 150 nm and 200 nm. No clear
correlation could be observed between the size of the nanoparticles and the length of the PLA
chain (See Table 2.3).

Table 2.3: Hydrodynamic diameter of the nanoparticles in deionised water (0.5 mg/mL) at
25°C prepared from PEGose50-PLA100, PEGose50-PLA50, PEGose50-PLA25 (same sample for
all three angle measurements), PEGose50-PLA15, measured by MADLS using intensity weight-
ing.

PLA units Hydrodynamic diameter PDI Measurement angle

25 149 nm 0.25 15°
25 156 nm 0.03 90°
25 164 nm 0.20 175°
100 190 nm 0.21 175°
50 192 nm 0.16 175°
15 192 nm 0.22 175°

A manual slow addition (1 mL/min) of water in the copolymer DMSO solution allowed
for reproducible results with a low dispersity. The size of the nanoparticles tended to increase
over time, presumably due to aggregation or ripening. Thus, zeta potential measurements were
performed on PEGose50-b-PLA50 and PEGose50-b-PLA100. PEGose50-b-PLA100 nanoparticles
solution had a zeta potential of -5.86 mV while PEGose50-b-PLA50 had a zeta potential of -4.20
mV. These values are similar to the zeta potential values reported for PEG-b-PLA nanoparticles,
usually ranging between -2.0 mV and -11.0 mV.[84,167] The low absolute value of the zeta po-
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tential (less than 30 mV) might be a reason for the aggregation over time of the nanoparticles.
While TEM confirmed the spherical structure of the nanoparticles and their size (See Figure
2.4a), it did not give any insight on the internal structure of the nanoparticles. Based on the
low molecular weight of the block copolymers (between 5 and 11 kDa) and its contour length,
the nanoparticles cannot be traditional polymer micelles. Moreover, both negative staining with
uranyl acetate and the absence of any staining supplied images that did not indicate any hollow
architecture, meaning they are probably not vesicles either (See Figure 2.4).

Figure 2.4: a) TEM image of PEGose50-PLA25 nanoparticles without using any stain. b)
MADLS size measurements of PEGose50-PLA25 nanoparticles solution in deionised water (0.5
mg/mL, 25°C) at 15°, 90° and 175°.

To further prove the absence of a core-shell/hollow structure, the nanoparticles response
towards an osmotic shock were studied. Nanoparticles were formed in deionised water, with a
hydrophobic dye (Nile Red) encapsulated (with insoluble residues filtered out) and then added
to a 100 mg/mL NaCl in water solution. While the size of the nanoparticles increased, it did not
lead to any cargo release, which would be expected for vesicles (See Figure 2.5).[168] However,
one possibility could be that some vesicles did burst but that the Nile Red dye stayed inside the
membrane of the ruptured nanoparticle.

Figure 2.5: Fluorescence trace of PEGose50-PLA50 nanoparticles loaded with Nile Red in
deionised water and in a 100 mg/mL NaCl solution.
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Another argument invalidating the traditional polymer micelle structure is the ability of
PEGose-PLA NPs to encapsulate hydrophilic compounds such as the hydrophilic dye Rho-
damine B (See Figure 2.7a). As PEGose is less hydrophilic than PEG, a stronger interaction
between the chains is expected, which probably led to these highly dense nanoparticles. As
these nanoparticles are neither micelles nor vesicles/polymersomes, we hypothesized that com-
plex aggregates are formed with a PEGose corona and a mixed core composed of PEGose-PLA
aggregates. The chain packing parameter theory could also explain why no micelles were ob-
tained; PEGose is more rigid than PEG, a decreased chain mobility leads to a decreased hy-
drophilic volume/surface, thus a higher packing parameter, leading to more complex structures.

2.3.2 Nanoparticle stability tests

The nanoparticles have a hypothetically highly packed structure, we then envisaged an increased
stability compared to regular micelles and vesicles. To investigate the stability of these particles
in different media, their size was monitored over several days by using DLS (See Figure 2.6).

Figure 2.6: Back-scattering DLS size distribution with intensity weighting of a PEGose50-
PLA50 nanoparticle dispersion (0.5 mg/mL) over 4 days at 37°C, under different conditions: a)
deionised water, b) 0.1 M Tris with 0.17 mg/mL proteinase K from Tritirachium Album, c) 10
mg/mL sodium cholate hydrate in deionised water and d) pH 5.5 solution prepared from diluted
HCl.
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The nanoparticles size remained stable over 3 days at 20°C or 37°C, with even a decrease in
dispersity that we were not able to explain. The nanoparticles even continued to be stable over 1
year when stored at 4°C then extruded through a 0.2 µm filter (some large aggregates may also
have been removed but after drying the solution, no significant mass loss was observed). The
PEGose corona proved to be able to prevent the degradation of PLA by the Proteinase K en-
zyme, which has been employed to degrade PLA before.[169] Additionally, a p-hydroxydiphenyl
test was realised to detect the presence of lactic acid or PLA oligomers but the presence of nei-
ther species could be found. A bile salt concentration of 10 mg/mL and a pH of 5.5 that can
be found in the gastrointestinal tract of the human body[107] did not have any impact on the
size of the nanoparticles as well. The ability of the PEGose-PLA nanoparticles to withstand
enzymes, bile salts, low pH at 37°C could be useful for oral delivery, where highly stable drug
delivery systems are needed. Targeting the gastrointestinal tract could lead to promising results,
as traditional vesicular structures such as liposomes or polymersomes cannot resist this harsh
environment.[170]

2.4 Encapsulation and release of hydrophilic and hydropho-
bic dyes

2.4.1 Encapsulation

To provide an alternative to vesicle formulations, a drug delivery system should be able to en-
capsulate both hydrophobic and hydrophilic compounds. Here, the encapsulation and release of
two different dyes were studied using four different PEGose-PLA block copolymers (method de-
scribed in Chapter 7.2). While the length of the PLA chain did not have an impact on the size of
the nanoparticles (See Table 2.3), it had an impact on the encapsulation of both the hydrophobic
dye Nile Red and the hydrophilic dye Rhodamine B (See Table 2.4).

Table 2.4: Encapsulation efficiency of Rhodamine B and Nile Red for all four copolymers
synthesised: PEGose50-PLA100, PEGose50-PLA50, PEGose50-PLA25 and PEGose50-PLA15.

PLA units Rhodamine B encapsulation Nile Red encapsulation

100 49% 14%
50 68% 52%
25 34% 49%
15 14% 41%

Encapsulation efficiency values are approximative since the experiments were not performed
in triplicates. The highest encapsulation efficiency for both Rhodamine B and Nile Red was
achieved using PEGose50-PLA50. For Rhodamine B, 68% of the dye was successfully encap-
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sulated, 52% in the case of Nile Red. Interestingly, for Nile Red, there was a sharp decrease in
the encapsulation efficiency when increasing the PLA length from 50 units to 100 units. Sim-
ilarly, for Rhodamine B, the encapsulation efficiency declined to 14% for PEGose50-PLA15.
These results illustrate the fact that a longer hydrophobic chain does not systematically lead
to a better encapsulation of hydrophobic compounds. A similar phenomenon was described
by Gianneschi and coworkers,[171] who deduced the mismatch between chain length and en-
capsulation efficiency of hydrophobic compounds to the lower mobility of longer hydrophobic
blocks in the micelle core and during micelle formation. In this chapter, the opposite effect was
found for correlation of hydrophobic chain length and encapsulation hydrophilic compounds, as
elongation of the hydrophobic block led to an increase of hydrophilic dye encapsulation. This
can potentially be explained with the hypothesised decreasing mobility of hydrophilic PEGose
chains at the interface of particles and even more so for internalised PEGose chains anchored to
longer PLA with increasing hydrophobicity. Both PEGose and PLA blocks play an important
role for the encapsulation of hydrophobic and hydrophilic dyes.

2.4.2 Release

The release of both dyes was measured by fluorescence or UV-Vis spectroscopy for Nile Red
and Rhodamine B, respectively (method described in Chapter 7.2). In most cases, nanoparticles
released some of their cargo on the first few days then the release slowed, with still roughly half
of the cargo still encapsulated after one week (See Figure 2.7).

Figure 2.7: a) Amount of Rhodamine B released over 10 days measured by UV-Vis spec-
troscopy. b) Amount of Nile Red released over 4 days measured by fluorescence spectroscopy.

While the encapsulation efficiency of Rhodamine B depends on the length of the PLA chain,
the release profile is similar for all block copolymers. The release profile of Nile Red, however,
highly depends on the PLA chain length. PEGose50-PLA100 had a burst release the first day,
PEGose50-PLA50 had a linear sustained release, PEGose50-PLA25 and PEGose50-PLA15 only
released around 10% of their cargo. PEGose50-PLA50 nanoparticles seem like the most effi-
cient drug carriers, with the best encapsulation efficiency of both dyes and the most sustained
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release. The low leakage of PEGose50-PLA25 and PEGose50-PLA15 could also be promising if
stimuli-responsiveness is added to the drug delivery system. The slower release of hydropho-
bic compounds supports the core-shell structure theory, with hydrophobic compounds in the
core and hydrophilic compounds predominantly in the shell. Additional functionalisation of
PEGose50-PLA50 such as disulfide bonds between the two blocks could be introduced to speed
up the release of hydrophobic compounds. Alternatively, poly(lactic-co-glycolic acid) could be
used instead of PLA as a more easily degradable alternative.[172]

2.5 Cell interactions

2.5.1 Protein aggregation

One of the most important attributes of PEG in drug delivery is its so-called stealth effect. In-
deed, attaching PEG chains to a drug or a nanoparticle will shield it from blood components and
increase its blood circulation time. For PEGose to be a suitable alternative to PEG, it should
be able to replicate this phenomenon. To evaluate PEGose capability of preventing blood com-
ponents adsorption, an in vitro test was realised by incubating FITC-labelled BSA protein with
PEGose-PLA nanoparticles and PLA nanoparticles for one hour at 37°C. The dispersion of
FITC-BSA proteins and nanoparticles was then centrifugated at 10,000 RPM for 15 minutes
to separate the nanoparticles with proteins adsorbed and the free proteins. The fluorescence
intensity of the supernatant was then compared to a FITC-BSA water solution of the same con-
centration that was not incubated with any nanoparticles. The amount of FITC-BSA proteins
that were adsorbed on the nanoparticles can then be calculated using the maximum intensity of
each spectrum:

BSAadsorbed (%) =
Ire f erence − Isupernatant

Ire f erence
∗100 (2.2)

Figure 2.8: Fluorescence emission spectra of a FITC-BSA solution in water (0.02 mg/mL),
incubated with PEGose50-PLA50 (5 mg/mL), or incubated with PLA100 nanoparticles.
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The experiment showed that only 2% of FITC-BSA proteins were adsorbed on PEGose-PLA
nanoparticles, whereas 52% were adsorbed on PLA nanoparticles (See Figure 2.8). The absence
of protein aggregation on PEGose50-PLA50 nanoparticles confirms the potential of PEGose for
increasing the blood circulation time of drug delivery systems. However, the presence of unex-
pected peaks around 600-650 nm casts doubts on the actual intensity at 520 nm, since traces of
an impurity could artificially increase the fluorescein peak. Considering that PEGose is able to
protect PLA from being degraded by the proteinase K enzyme, the lack of BSA protein aggre-
gation was not unexpected.

2.5.2 Cytotoxicity

To assess the capacity of PEGose-PLA nanoparticles to be used in drug delivery, their cyto-
toxicity was evaluated. The cytotoxicity experiments were performed by Emmanuelle Acs in
the group of Jesko Koenke. Cells from a human hepatocellular carcinoma cell line were cul-
tured, then incubated with PEGose-PLA nanoparticles or PEGose homopolymers for 24 h at
37°C. AlamarBlue™ Cell Viability Reagent was then added as a cell health indicator. The flu-
orescence of cells incubated with nanoparticles or homopolymers were compared to a control
without polymer to obtain a cell viability percentage (See Figure 2.9). Given that PEG and amy-
lose are biocompatible, it was expected that PEGose, which shares a similar structure, would
be nontoxic to cells. In vitro cytotoxicity assays confirmed this hypothesis. Even with the
highest concentration of 500 µg/mL the cell viability remained above 80% for PEGose and the
nanoparticles. Interestingly, the cell viability with PEGose-PLA nanoparticles was higher than
the PEGose homopolymer for the highest concentration tested. The PEGose-PLA block copoly-
mer was synthesised through the osmium dihydroxylation route, but the very low amount of
OsO4 used and the intensive dialysis steps seemed to have prevented any undesirable cytotox-
icity. The cell viability when using the PEGose homopolymer decreased when increasing the
concentration from 50 µg/mL to 500 µg/mL while the standard deviation considerably increased.
Synthesising the PEGose homopolymer through the osmium-free pathway did not seem to avert
the drop in cell viability (See Figure 2.9).

Figure 2.9: Human hepatocellular carcinoma cell viability after incubation with osmium-free
PEGose50 or PEGose50-PLA150 nanoparticles prepared using an OsO4 dihydroxylation with a
concentration of 0.5, 5, 50 or 500 µg/mL in a humidified incubator at 37°C under 5% CO2.

43



CHAPTER 2. PEGOSE-PLA FOR DRUG DELIVERY

2.5.3 Cell permeability

To further explore the potential of PEGose-PLA nanoparticles as drug delivery systems, their cell
permeability was studied. Fluorescein isothiocyanate (FITC) was chosen as a fluorescent label
to react with PEGose hydroxyl groups (the reaction to covalently attach the label was performed
before the preparation of nanoparticles). A calibration curve with different solutions of FITC
was prepared to determine the degree of substitution of the PEGose chains by fluorescence
spectroscopy (See Figure 2.10). The degree of substitution was very low (d.s. ≈ 0.0005 FITC
units per PEGose repeating unit), so roughly 2.5% of PEGose50 chains had a FITC tag (d.s.
multiplied by the the number of repeating units), which suggests that the modification of the
polymer structure was small enough to not affect the polymer cell permeability properties.

Figure 2.10: a) Fluorescence trace of FITC solutions in a Tris buffer with concentration ranging
from 2 µM to 10 µM. b) Fluorescence trace of FITC-labelled PEGose50 and PEGose50-PLA50.

After being incubated for 24 h at 37°C, the cells from human hepatocellular carcinoma cell
line and the polymers were observed under a confocal microscope under two different channels:
one to inspect the fluorescence from the homopolymers or nanoparticles, and the other one to
obtain bright-field images of the cells. Merging the images from the two channels shows that the
fluorescent spots from the PEGose homopolymer and PEGose-PLA nanoparticles superimposed
with the cells observed through the bright field channel (See Figure 2.11). These results indicate
that both the homopolymer and the nanoparticles were either able to penetrate the cell membrane
or to attach themselves to the cell surface. An additional experiment with nuclear staining could
confirm that the nanoparticles seem to accumulate in the nucleus. The negligible cytotoxicity of
the nanoparticles as well as their capability to cross the cell membrane exhibit their potential for
intracellular drug delivery and further studies in the future.
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Figure 2.11: Confocal microscope images of a) control (cells incubated without any polymer),
b) cells incubated with PEGose homopolymer and c) cells incubated with PEGose50-PLA50
nanoparticles. For each sample, the fluorescence, bright-field and merged images are shown.
Human hepatocellular carcinoma cells (2·104 cells per well) were incubated at 37°C in a 5%
CO2 atmosphere for 24 h, with a polymer or nanoparticle concentration of 50 µg/mL. The images
were obtained with the help of Emmanuelle Acs, Alexander Plucinski and Jesko Koehnke.

2.6 Conclusion

PEGose, a polymer that shares structural similarities with amylose and PEG, has been used to
form a novel diblock copolymer with PLA. The polymer self-assembled into nanoparticles that
were capable of encapsulating both hydrophilic and hydrophobic dyes. The low cytotoxicity,
high cell permeability, and high stability of these drug carriers could lead to an efficient cargo
delivery in previously problematic harsh environments, such as the gastrointestinal tract. While
additional in vivo biological tests need to be realised, the nanoparticles developed herein appear
as a potential alternative to PEG-based drug delivery systems (See Figure 2.12). This work
might become increasingly relevant as adverse effects of PEG are more and more observed.
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Figure 2.12: Comparison of PEG-b-PLA and PEGose-b-PLA structures and their self-
assemblies (hypothesised morphology in the case of PEGose-b-PLA).
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Chapter 3

Self-assembly of i-PEGose-b-PLA into
polymeric microcubes

3.1 Introduction

It has been mentioned in Chapter 1 of this thesis that by using amphiphilic block copolymers
with longer hydrophobic chains, a transition from micelles to worms then vesicles could be
obtained.[13] By using star polymers with multiple hydrophobic arms, the critical packing pa-
rameter can be even more increased and cubosomes can be observed.[173] To obtain a negative
mean curvature between the hydrophilic and the hydrophobic part, we hypothesised that instead
of increasing the hydrophobic volume we could decrease the hydrophilic volume. To obtain a
block copolymer with a reduced hydrophilic volume, the goal was to once again use PEGose-
b-PLA block copolymers but with an isotactic PEGose block. We assumed that because of the
rigid polycyclic structure and helicity of PEGose, we would obtain more complex nanoparticle
morphologies compared to PEG-b-PLA systems where PEG is highly flexible.

Figure 3.1: Schematic representation of different nanoparticle morphologies in relation to their
packing parameter.
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3.2 Synthesis of the block copolymers

The synthesis of the block copolymers used to prepare anisotropic nanoparticles closely resem-
bles the general scheme applied in Chapter 2 to synthesise atactic PEGose-PLA block copoly-
mers. The main new step is the Jacobsen hydrolytic kinetic resolution of racemic butadiene
monoxide to give enantiopure butadiene monoxide. This enantiopure monomer is then poly-
merised to obtain isotactic poly(epoxybutene) (PEB). The ring-closing metathesis of PEB pre-
served the isotacticity of the polymer and gave an isotactic polycycloether (PCE). Another dif-
ference with the previous chapter is that the tacticity of the poly(lactic acid) (PLA) block was
also investigated. For this reason, i-PCE was used as a macroiniator for the polymerisation of
DL-lactide and L-lactide. The resulting i-PCE-b-PLA was then subjected to a dihydroxylation
to obtain i-PEGose-b-PLA (See Figure 3.2).

Figure 3.2: Scheme for the synthesis of i-PEGose-b-PLA. Conditions used were the same as
for Chapter 2

The obtention of enantiopure butadiene monoxide was previously reported in the Prunet
group by Alkattan et al.[74] The reported enantiomeric excess (ee) was measured via the chiral
HPLC analysis of the 2-naphthylsulfide derivative. This derivative was obtained through the
ring-opening of the enantiopure butadiene monoxide with 2-naphtalenethiol. Analysis of the
two enantiomer peaks showed a 95% ee. In the case of the synthesis of i-PEGose-b-PLA block
copolymers, the success of the kinetic hydrolytic resolution of butadiene monoxide was assessed
by measuring the specific optical rotation of the enantiopure monomer. The optical rotation
was found in good agreement with values reported in the literature (See Chapter 7.5).[26] The
monomer was then used to obtain i-PEB. The tacticity of isotactic poly(epoxy butene) was also
confirmed using 13C NMR (See Figure 3.3), as the spectrum for atactic PEB shows two peaks
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at 81 ppm whereas the spectrum for isotactic PEB only shows a single peak (See Figure 3.3).

Figure 3.3: 13C NMR of atactic PEB30 and isotactic PEB30 in CDCl3. a) Shows the full spec-
trum while b) focuses on PEB stereogenic carbon.

The isotactic PEB was subjected to a ring-closing metathesis to furnish an isotactic polycy-
cloether (PCE). Both i-PEB and i-PCE were analysed using NMR (See Figure 7.8), SEC (See
Figure 3.4) and circular dichroism spectroscopy.

Figure 3.4: SEC traces of i-PEB50 and i-PCE50 measured in THF with a 1 mL/min flow rate.

The circular dichroism spectrum of i-PEB showed a flat baseline, indicating the absence of
any chiral secondary structures. Atactic PCE also showed a flat baseline. However, the circular
dichroism spectrum of i-PCE showed a peak at 198 nm, indicating a positive Cotton effect (the
optical rotation first increases as the wavelength decreases) hinting towards a helical structure
(See Figure 3.5).
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Figure 3.5: Circular dichroism spectra of i-PCE30, a-PCE30 and i-PEB30 as a 0.1 mg/mL solu-
tion in methanol.

In conclusion, the optical rotation, 13C NMR and circular dichroism results all validate the
isotactic structure of the synthesised polycycloether. The isotactic polycycloether was then used
as a macroinitiator for the ring-opening polymerisation of commercially available DL-lactide
to obtain i-PEGose50-PLA50. L-lactide was used to obtain i-PEGose50-PLLA50 (See Figure
3.2). Atactic PCE was also synthesised to further obtain a-PEGose50-PLA50 and a-PEGose50-
PLLA500. Two issues arised when using an isotactic PCE for the ring-opening polymerisation
of DL-lactide. Firstly, PLA homopolymers impurities were obtained, likely due to traces of
water from the monomer or air in the reaction mixture. These homopolymers were removed
after the dihydroxylation reaction, leading to a lower NMR integration of the PLA peaks after
the dihydroxylation compared to after the ring-closing metathesis (See Figure 7.13). Secondly,
full conversion was harder to achieve using an isotactic PCE leading to traces of PCE in one
of the i-PEGose50-PLA50 block copolymers (See Figure 7.13d). Additionally, using PLLA as
a hydrophobic block, the block copolymers were dispersible but insoluble in DMSO, leading
to poor NMR spectra (See Figure 7.10c and 7.10d). The size of the PLLA block was then
determined using the NMR spectrum of the PCE-PLLA precursor, via the relative integration of
the PCE and PLLA blocks (See Figure 7.10).

3.3 Self-assembly of the block copolymers

3.3.1 Self-assembly in deionised water

First, a block copolymer that contained an isotactic PEGose block was used with the same goal
as for the previous chapter: cargo delivery. The objective was to study the influence of PEGose
tacticity as part of a block copolymer. For this reason, i-PEGose50-b-PLA50 was synthesised.
Nanoparticles were prepared and characterised by transmission electron microscopy (TEM) and
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dynamic light scattering (DLS). DLS indicated that the nanoparticles formed using an isotactic
PEGose block had a slightly increased size compared to their atactic counter part (See Table
3.1). Moreover, images obtained from TEM also showed nanoparticles of similar size and mor-
phology (See Figure 3.6).

Figure 3.6: Transmission electron microscopy images of unstained a) i-PEGose50-PLA50 and
b) a-PEGose50-PLA50 in deionised water. Scale bars represent 1 µm. See Figure 7.14 for the
corresponding size analyses.

Table 3.1: Hydrodynamic size of PEGose-b-PLA self-assemblies in deionised water, measured
by dynamic light scattering at an angle of 175°.

Block copolymer Hydrodynamic size (nm)

a-PEGose50-PLA50 169
i-PEGose50-PLA50 226

While the tacticity of the PEGose block did not have an important influence on the size and
morphology of the nanoparticles produced, it could still impact the encapsulation efficiency of
hydrophobic or hydrophilic cargo. i-PEGose50-b-PLA50 have then been used to encapsulate a
hydrophilic and hydrophobic dye: Rhodamine B and Nile Red respectively. Unfortunately, the
encapsulation efficiency of the block copolymer containing an isotactic PEGose block was lower
than that of the atactic counterpart (See Table 3.2).

Table 3.2: Encapsulation efficiency of Rhodamine B and Nile Red for atactic and isotactic
PEGose-PLA block copolymers, determined by UV-vis and fluorescence spectroscopy.

Polymer Rhodamine B encapsulation Nile Red encapsulation

a-PEGose50-PLA50 43 % 25 %
i-PEGose50-PLA50 28 % 11 %
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While these results did not seem to encourage the use an isotactic PEGose block over an
atactic one, the biocompatibility and cellular uptake of the isotactic PEGose homopolymer and
the i-PEGose-PLA block copolymer was still assessed (See Figure 3.8 and 3.7).

Figure 3.7: Confocal microscope images of a) control (cells incubated without any polymer),
b) cells incubated with isotactic PEGose50-b-PLA50 nanoparticles and c) cells incubated with
isotactic PEGose50 homopolymer. For each sample, the fluorescence, bright-field and merged
images are shown. Human hepatocellular carcinoma cells (2·104 cells per well) were incubated
at 37°C in a 5% CO2 atmosphere for 24 h, with a polymer or nanoparticle concentration of 50
µg/mL.
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Figure 3.8: Human hepatocellular carcinoma cell viability after incubation with a) a-PEGose50
or a-PEGose50-PLA150 nanoparticles or b) i-PEGose50, i-PEGose50-PLA50 nanoparticles with
a concentration of 0.5, 5, 50 or 500 µg/mL in a humidified incubator at 37°C under 5% CO2.
The images were obtained with the help of Emmanuelle Acs, Alexander Plucinski and Jesko
Koehnke.

The number of cells alive was close to 100% for both atactic and isotactic homopolymers
and nanoparticles up to a concentration of 50 µg/mL. Usually, a polymer will be considered bio-
compatible if the cell viability is above 80%. The cell viability only decreases at a concentration
of 500 µg/mL for the i-PEGose50-b-PLA50 nanoparticles but this very high concentration will
likely never occur in a drug delivery context. Isotactic PEGose and i-PEGose50-b-PLA50 were
stained using fluorescein isothiocyanate (FITC) and incubated with cells to assess their cellular
uptake. By superimposing the FITC channel and the bright field image, it becomes apparent that
both PEGose homopolymers and nanoparticles are accumulating in cells or on the cell surface.
This means that both the polymer and the nanoparticles could cross the cell membrane and can
potentially partake in intracellular drug delivery. However, these results obtained with isotac-
tic PEGose do not differ significantly from the atactic PEGose results, and do not particularly
warrant the use of isotactic PEGose for this application, considering the extra step needed to
synthesise the isotactic polymer.

3.3.2 Self-assembly in a sodium chloride solution

In deionised water, the block copolymer composed of an isotactic PEGose block had similar
properties to the atactic counterpart. However, in a sodium chloride solution, new nanoparticle
morphologies could be obtained. Such behaviour was first observed when evaluating the stability
of nanoparticles in different buffers. It was noticed that using a 100 mg/mL sodium chloride
solution the size of the nanoparticles increased. More interestingly, the correlation function
obtained from the intensity trace could not be fitted into a single exponential decay function
(See Figure 3.9).
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Figure 3.9: Correlation function obtained from the DLS intensity trace of i-PEGose50-b-PLA50
nanoparticles in water and in a 100 mg/mL sodium chloride solution.

Therefore, Stokes law cannot be used to obtain the particle size because the nanoparticles
are not spherical. This was the first time that non-spherical nanoparticles were obtained using a
PEGose-b-PLA system. To confirm this first observation, TEM was used to compare nanopar-
ticles made from a-PEGose50-PLA50 and i-PEGose50-PLA50 nanoparticles in deionized water
and in a 100 mg/mL sodium chloride solution (See Figure 3.10).

Figure 3.10: Unstained TEM images of isotactic (a, b, c) and atactic (d, e, f) PEGose50-PLA50
in deionised water (a, d) or a 100 mg/mL NaCl solution after 1 hour (b, e) or 3 days (c, f). See
Figure 7.17 for additional TEM images.
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The TEM images indicate that the saline buffer had an influence on both a-PEGose50-b-
PLA50 and i-PEGose50-b-PLA50 nanoparticles, but that it led to different morphologies depend-
ing on the tacticity of PEGose block. Nanoparticles made from an atactic PEGose block started
forming aggregates when added to the NaCl solution. The high contrast spots could indicate
two different phases: a PEGose-rich phase and a PLA-rich phase. After 3 days, spherical
nanoparticles were obtained with a different aspect than the ones formed in deionised water,
with seemingly more compartmentalised cores. The nanoparticles composed of an isotactic
PEGose block formed ’octopus-like’ nanoparticles 1 hour after being added to a NaCl solu-
tion. It should be noted that the similarity to a lightning strike could be an artefact resulting
from the high-voltage used by the TEM electron beam. Nevertheless, after 3 days, cube-shaped
nanoparticles with an uneven surface could be obtained. To further confirm the influence of
sodium chloride on PEGose conformation, circular dichroism experiments were performed on
i-PEGose50 in deionised water and a sodium chloride solution. The wavelength shift of PEGose
Cotton effect confirmed that the helicity of the polymer is indeed impacted by the salinity of the
buffer, potentially due to salting out effects (See Figure 3.11).

Figure 3.11: Circular dichroism spectrum of a-PEGose50 and i-PEGose50 in deionised water
and i-PEGose50 in a 10 mg/mL sodium chloride solution.

3.3.3 Influence of the nanoparticle preparation method

After witnessing the formation of cube-shaped polymeric particles in a saline buffer, the objec-
tive was to reproduce these results and find out which parameters can affect this phenomenon.
It was then decided to study if preparing the nanoparticles in deionised water then adding
solid sodium chloride would produce similar results to preparing the nanoparticles directly in
a sodium chloride solution. Moreover, the influence of the salt concentration and the polymer
concentration was also considered (See Figure 3.13). The order of addition of sodium chlo-
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ride did not seem to have a drastic influence on the morphology of the nanoparticles, meaning
that cube-shaped nanoparticles were obtained in both cases. However, adding sodium chlo-
ride after preparing the nanoparticles in deionised water first produced a more homogeneous
population of nanoparticles, with a roughly five times smaller size (See Figure 3.12). Using a
solution with a smaller polymer concentration (from 10 mg/mL to 1.0 mg/mL) yielded homoge-
neous cube-shaped nanoparticles, with the only noticeable difference being a smaller number of
nanoparticles (See Figure 3.13a and 3.13b). Decreasing the salt concentration from 100 mg/mL
to 10 mg/mL while keeping the polymer concentration at 10 mg/mL led to a less homogeneous
population of nanoparticles, with some spherical aggregates that could be observed (See Figure
3.13a and 3.13c).

Figure 3.12: TEM images of i-PEGose50-b-PLA50 nanoparticles prepared in a) deionised water
then salt was added to make a 100 mg/mL solution (1 µm scale bar). TEM images of nanoparti-
cles prepared in b) a 100 mg/mL sodium chloride solution (5 µm scale bar). See Figure 7.15 for
the corresponding size analysis.
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Figure 3.13: TEM images of i-PEGose50-b-PLA50 nanoparticles in a) a 100 mg/mL NaCl so-
lution at a 10 mg/mL polymer concentration, b) a 100 mg/mL NaCl solution at a 1 mg/mL
polymer concentration, c) a 10 mg/mL NaCl solution at a 10 mg/mL polymer concentration.
See Figure 7.18 for additional TEM images.

3.3.4 Elemental analysis

As the morphology of the nanoparticles in solution and after drying on the TEM grid might be
different, investigation was undertaken to determine if the cube-shaped particles could be some
residual salt crystals. The TEM instrument used is not equipped with an energy-dispersive X-
ray spectroscopy (EDX) system, scanning electron microscopy (SEM) was then used. The first
scanning electron microscope used did not have a sufficient resolution to confirm the morphol-
ogy of the nanoparticles produced but the EDX system confirmed that the sample was more than
95% organic (See Figure 3.14).

Element Wt%

C 83.2
O 12.1
Na 2.1
Cl 1.4
S 0.5

Os 0.5
Ca 0.1

Figure 3.14: Scanning electron microscopy images of a drop of a 10 mg/mL i-PEGose50-b-
PLA50 solution in a 100 mg/mL NaCl solution, further washed by deionised water then dried
again. Table indicating the relative weight of each element in the imaged sample.

Additional imaging was then performed on a SEM allowing for a higher resolution. While
TEM mostly showed images of cube-shaped nanoparticles, SEM also showed sherical particles
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and sheet-like structures (See Figure 3.15). These results could be explained by the drying rate
of the sample droplet. Indeed, Waymouth and coworkers reported that a triblock copolymer
containing a central PEG block and terminal poly(trimethylene carbonate/dithiolane) (PTM-
CDT) blocks could form cube-shaped nanoparticles but only if dried in a vacuum dessicator
(100 mbar), as opposed to a slower air drying.[174]

Figure 3.15: Scanning electron microscopy images of a drop of a 10 mg/mL i-PEGose50-b-
PLA50 solution in a 100 mg/mL NaCl solution, further washed by deionised water then dried
again slowly under atmospheric pressure. Morphologies that can be observed are a) sheet-like
porous structures, b) aggregated cubes or c) aggregated spherical particles. All scale bars are 1
µm

3.3.5 Influence of the nature of the salt

After studying the influence of the salt addition order, the salt concentration and the polymer
concentration, the influence of the nature of the salt was studied. A phosphate-buffered saline
(PBS) was used as well as potassium chloride (KCl) to change the nature of the cation or the
anion. The size of i-PEGose50-b-PLA50 self-assemblies in deionised water were compared to
the nanoparticles obtained in a PBS buffer by DLS. A single exponential decay was obtained for
the DLS correlation function, indicating a single population of spherical nanoparticles. The size
roughly tripled from 113 nm for nanoparticles in deionised water to 297 nm for nanoparticles
in a PBS buffer. The dispersity also increased when a PBS buffer was used (See Figure 3.16).
TEM confirmed the results obtained from MADLS, showing bigger spherical aggregates when
a PBS buffer was used (See Figure 3.17a). Surprisingly, no cube-shaped nanoparticles could be
obtained when potassium chloride was used instead of sodium chloride (See Figure 3.17b). The
nature of the salt thus plays a major role for the obtention of cube-shaped nanoparticles; more
salts could be tested like lithium chloride (smaller cation), sodium fluoride (smaller anion) or
sodium bromide (larger anion).
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Figure 3.16: DLS size distribution of i-PEGose50-b-PLA50 nanoparticles prepared in deionised
water and a PBS buffer. Measured with a 175° angle using intensity weighting.

Figure 3.17: TEM images of nanoparticles obtained from the self-assembly of i-PEGose50-b-
PLA50 in a) a PBS buffer (1 µm scale bar) and b) a 100 mg/mL KCl solution (500 nm scale bar).

3.3.6 Influence of the dihydroxylation conversion

It has been mentioned previously that the dihydroxylation of the isotactic PCE was harder to
achieve than for the atactic counterpart. For this reason, i-PEGose50-b-PLA50 with still 15%
of PCE units was once obtained (See Figure 7.13d). The block copolymer self-assemblies in
a saline buffer were imaged by TEM: only spheres or spherical aggregate/network could be
seen (See Figure 3.18) confirming the necessity of a fully converted PEGose chain to obtain
cube-shaped nanoparticles.
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Figure 3.18: TEM images of a 10 mg/mL 85% converted i-PEGose50-b-PLA50 solution in a
100 mg/mL NaCl solution showing a) spherical particles, b) a worm network, c) an aggregate
of spherical particles. All scale bars represent 1 µm.

3.3.7 Influence of PLA tacticity

Next, i-PEGose50-b-PLLA50 was synthesised to study the influence of the tacticity of the PLA
block. Interestingly, anisotropic nanoparticles could still be obtained but they differed from
the nanoparticles obtained with i-PEGose50-b-PLA50. Indeed, cubes could be observed but
also hexagon-shaped or multicompartmentalised nanoparticles (See Figure 3.19). Finally, a-
PEGose50-b-PLLA500 was synthesised to see if having only an isotactic PLA but an atactic
PEGose block could result in anisotropic nanoparticles. The longer PLLA block prevents a di-
rect comparison of the two block copolymer but TEM indicated that for a-PEGose50-b-PLLA500

no particles could be observed except for disordered aggregates (See Figure 3.20).

Figure 3.19: TEM images of a 10 mg/mL i-PEGose50-b-PLLA50 solution in a 100 mg/mL NaCl
solution showing a) cube-shaped and hollow cube-shaped particles (100 nm scale bar) and b)
hollow hexagonal particles (200 nm scale bar).
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Figure 3.20: TEM images of a 10 mg/mL a-PEGose50-b-PLLA500 solution in a 100 mg/mL
NaCl solution showing various disordered aggregate structures. The scale bar represents a) 200
nm or b) and c) 500 nm.

3.3.8 Stability of the particles toward salt removal

To be used in biomedical applications, nanoparticles have to be stable in buffers traditionally
used for these types of applications. For this reason, we wanted to investigate the stability of
the cube-shaped particles formed towards salt removal. We established that sodium chloride
was needed to form the particles but it was still unknown if forming the nanoparticles then
removing the salt would alter the morphology of the self-assemblies. We used two methods to
remove any salt from the sodium chloride solution: dialysis and centrifugation. The dialysis
simply consisted of dialysing the nanoparticle dispersion against deionised water, using a semi-
permeable membrane with a molecular weight cut-off of 3.5 kDa. The downside of this method
is that the volume of solution inside the dialysis bag tends to increase due to the difference
in osmolarity between the bag content and the deionised water, leading to a reduction of the
polymer concentration. The second method consisted of forming the nanoparticles in the NaCl
solution, centrifugating the nanoparticles, removing the supernatant (NaCl solution) and keeping
the precipitate (nanoparticles), then dissolving the precipitate in deionised water, centrifugating
and removing the supernatant and repeating this step three times. The nanoparticles prepared in
a saline buffer but now in a salt-free solution were then imaged by TEM. Unfortunately, TEM
showed no cube-shaped particles after removing the salt from the buffer (See Figure 3.21).
However, the morphology of the particles differed from the ones obtained in deionised water,
showing spherical aggregates entrapped in a larger network. The dialysis and the centrifugation
re-equilibration in water yielded similar results, with spherical particles a bit more defined in the
case of the dialysis (See Figure 3.21b). It has to be mentioned that the particles are somewhat
resistant to salt removal once they are dried, as after the TEM drying procedure, the nanoparticles
are washed with water to remove any excess sodium chloride but X-Ray powder diffraction
(XRD) characterisation showed that traces of salt crystals remained (See Figure 7.9).
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Figure 3.21: TEM images of a 10 mg/mL i-PEGose50-b-PLLA50 solution in a salt-free solution
prepared by a) centrifugation (200 nm scale bar) or b) dialysis (100 nm scale bar).

3.3.9 Influence of the drying effect

So far, the optimal parameters to obtain cube-shaped or anisotropic nanoparticles have been
determined to be:

• Isotactic PEGose block

• PLA or PLLA block

• 10 mg/mL block copolymer concentration

• 100 mg/mL saline buffer

• Sodium chloride salt

• Preparing the nanoparticles first then adding the salt

• Drying the solution on the grid then washing the solid with deionised water

One question still remains, which is to know if the anisotropic nanoparticles exist in a solution
state or if the TEM drying procedure on the sample grid affects the morphology of the self-
assemblies. To solve this question, cryoTEM imaging was performed on four samples: the
85% converted i-PEGose50-b-PLA50 and i-PEGose50-b-PLA50 in a 10 mg/mL or 50 mg/mL
sodium chloride solution. Due to cryoTEM limitations, the sodium chloride concentration could
not be increased to 100 mg/mL. Similarly, the polymer concentration was recommended to be
low, so it was fixed at 0.15 mg/mL which may be too low. Unfortunately, in these conditions,
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no cube-shaped particles could be observed. Instead, the 85% converted i-PEGose50-b-PLA50

images were mostly empty, with a few aggregates, and i-PEGose50-b-PLA500 had a few spherical
particles (See Figure 3.22).

Figure 3.22: cryoTEM images of a 0.15 mg/mL block copolymer solution of an 85% converted
i-PEGose50-b-PLA50 in a) a 10 mg/mL or b) a 50 mg/mL NaCl solution or i-PEGose50-b-PLA50
in c) a 10 mg/mL or d) a 50 mg/mL NaCl solution.

3.4 Conclusion

In conclusion, i-PEGose-b-PLA block copolymers can be added to the limited library of copoly-
mers used for preparation of anisotropic nanoparticles. Moreover, compared to the PEG-b-
polystyrene polymers that have been reported before,[115] PEGose-PLA has the advantage of
being easily functionalisable, thus enabling the preparation of smart cube-shaped nanoparti-
cles. A large number of parameters have been optimised to consistently observe cube-shaped
or anisotropic nanoparticles using TEM. However, the lack of clear images of cube-shaped
nanoparticles yet using cryoTEM cast doubts on whether these nanoparticles exist in a solu-
tion state. The different morphologies obtained using SEM also hint towards a dependency on
the drying process to obtain anisotropic nanoparticles. Current investigation seems to suggest
that the anisotropic nanoparticles observed are not salt crystals but indeed polymeric particles.
However, while morphological changes start to appear in a solution state, it seems like cubes
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are only obtained once the solvent is fully evaporated. Future work is then needed to focus on
cross-linking the nanoparticles via PEGose hydroxyl groups. This cross-linking would allow the
dispersion of the cube-shaped particles in a broader range of buffers to further use them as an
efficient drug delivery system.
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Chapter 4

Synthesis of PEG-b-poly(cycloether), a
poloxamer mimic containing a helical
block

Parts of this Chapter have been submitted for publication.[2]

4.1 Introduction

Poloxamers were patented in 1973 by Irving Schmolka at BASF.[175] A poloxamer can be de-
scribed as a triblock copolymer, composed of one block of poly(propylene glycol) (PPG) sand-
wiched between two blocks of poly(ethylene glycol) (PEG). These materials were originally de-
veloped to form aqueous gels with potential uses in biomedical or cosmetic applications.[176–180]

Since then, the use of poloxamers has increased dramatically, reaching a total market volume
of $225 million in 2021.[181] One major feature of poloxamers is their surface-active properties.
Their amphiphilicity, ease-of-production, and biocompatibility led to their extensive use in the
cosmetics industry as emulsifiers.[182–185] In recent years, poloxamers have also been used in
biomedical applications such as drug delivery, gene therapy, or even bioprocess applications,
to protect cell cultures from stressful shear conditions.[186–190] Previously, to tailor poloxamer
properties to a specific application, poloxamers were synthesised with various PEG and PPG
chain lengths, effectively modifying the amphiphilicity or hydrophilic-lipophilic balance (HLB)
of the block copolymer. Poloxamers are generally designed by the letter ‘P’ followed by three
digits, the first two digits multiplied by 100 gives the molecular weight of the hydrophobic mid-
dle block, while the last digit multiplied by 10 denotes the % weight content of the hydrophilic
PEG block. For example, P407 is a commonly used poloxamer with a 4,000 g/mol PPG block
and a 70% PEG content.
In order to produce poloxamers with additional properties, poloxamers can be functionalised
with various end-groups.[191,192] For example, Lu and coworkers reported the substitution of the
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hydroxy end-group of a P407 poloxamer with an amino group.[193] The amino end-group im-
proved the mucoadhesive properties of the polymer and its subsequent use as an in-situ hydrogel
drug delivery system for vaginal administration. Katas and coworkers used P407 end-groups to
attach a folic acid targeting ligand to produce a polymeric drug delivery system, which could
target cancer cells due to their over-expression of folic acid receptors.[194] The functionalisation
of the poloxamer led to an improved cellular uptake and minimal toxicity of the micelles and
their cargo. Poloxamers can also be functionalised by adding a reactive linker between each
block. For example, Frey and coworkers described the synthesis of a cleavable PEG-b-PPG-b-
PEG copolymer containing two pH-responsive acetal linkers in the polymer backbone.[195] The
addition of the acetal linker did not prevent the triblock copolymer from showing good surface-
active behaviors. The polymer was used as a surfactant for the miniemulsion polymerisation of
styrene, triggering precipitation via a change of pH. Additionally, replacing the PPG block with
poly(butylene glycol) has been found advantageous in cases where a more hydrophobic block
was needed,[196,197] granting a lower critical micellar concentration (CMC) compared to the cor-
responding PPG-based block copolymers. In particular, Green and coworkers have developed
poly(butylene glycol)-b-PEG to form high-internal phase emulsions (HIPE)s and polymerised
HIPE foams.[198] The block copolymer was able to stabilise an HIPE at a concentration as low
as 0.006 wt%. HIPEs are systems in which the dispersed phase has a fraction volume higher
than 0.74. This high volume can lead to a morphology change from spherical droplets to poly-
hedrons.[199] In addition, HIPEs have unusual properties, like high viscosity and viscoelastic
rheological behavior.[200,201] Frequently, HIPEs are used as a polymerisation template to con-
trol the microstructure of a material.[202–205] Currently, new poloxamer properties have been
obtained by either tuning their hydrophilicity/hydrophobicity ratio (by tuning chain lengths or
introducing more hydrophobic blocks) or by adding functional groups.
In this work, the goal was to use the previously described methodology to produce PCEs in
order to obtain a poloxamer mimic, consisting of either diblock or triblock copolymers with
PEG blocks and a saturated polycycloether block (SPCE), with no additional functional group
(See Figure 4.1). The diblock copolymers containing an unsaturated PCE block would be less
similar to poloxamers than the corresponding triblock copolymers containing an SPCE block.
Nevertheless, these polymers have an identical HLB value to that of the corresponding polox-
amers, but a different rigidity. The increase in rigidity moving from PPG/PEG to PCEs can
be deduced from persistence lengths, e.g. PEG has a persistence length of 0.38 nm,[206] rigid
polysaccharides like Iota-carrageenan and xanthan gum have a high persistence length of 23-26
nm as well as more flexible polysaccharides like locust bean gum and guar gum with random
coil conformations still have a persistence length of 3 nm.[207] PCEs with helical or random coil
conformations come close to polysaccharides, which leads to increased persistence lengths and
higher rigidity than PEG or PPG. Introduction of a rigid block could induce new self-assembly
behaviours and good emulsification properties such as high internal phase (See Figure 4.1).
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Figure 4.1: Simplified scheme of the work achieved here: the synthesis of PEG-PCE block
copolymers and the formation of high-internal phase emulsions (HIPEs).

4.2 Synthesis of the block copolymers

The atactic and isotactic PEB were synthesised according to the procedure described in Chapter
3. End-group modification, ring-closing metathesis, ring-opening polymerisation of ethylene
oxide and subsequent hydrogenation yielded the desired block copolymers (See Figure 4.2).

Figure 4.2: Synthesis scheme of PEG-b-PCEs. i. LiAlH4 in THF (1M), 48h ii. AgNO3 in
ethanol/water (5:1), reflux for 48h iii. Grubbs II catalyst 5 mol% in DCE, reflux for 5 days iv.
NaH and ethylene oxide in THF (2.5 M), 50 °C for 2 days v. Pd/C (10% wt) and H2 in methanol,
24h.

The number of PEB repeating units (30 repeating units, 2.1 kDa) was chosen to mimic the
hydrophobic block in P188 (31 propylene glycol repeating units, 1.8 kDa), one of the commer-
cially most used poloxamers. The polymer molecular weight was estimated by SEC against
poly(styrene) calibration and 1H nuclear magnetic resonance (NMR) through end-group peaks
integration (See Table 4.1). The polymer structure was confirmed by 1H NMR (See Figure 4.3a).
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Figure 4.3: a) 1H NMR of the synthesised polymers PEB30, PCE30, PEG100-b-PCE30 and
PEG100-b-SPCE30 in CDCl3, b) DOSY 1H NMR of the block copolymer PEG100-b-PCE30 in
CDCl3, c) Size-exclusion chromatography traces of PEB30, PCE30 and PEG100-b-PCE30 mea-
sured in THF.

A PEB with only 15 repeating units (1.0 kDa) was also synthesised to allow for electrospray-
ionisation mass spectrometry (ESI-MS) characterisation. ESI-MS confirmed the structure of
PEB repeating units and its chloride and hydroxy end-groups (See Figure 4.4a).

Figure 4.4: ESI-MS spectra of poly(epoxybutene) with a a) chloride end-group, b) hydroxy
end-group and c) hydrogen end-group.
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Following the ROP of butadiene monoxide, H-PEB or HO-PEB were obtained by modifi-
cation of the PEB chloride end-group. In order to obtain a triblock copolymer, HO-PEB was
synthesised to be used later as a macroinitiator for the ROP of ethylene oxide. While Cl-PEB
could have been used, H-PEB was synthesised to prevent any SN2 side-reaction during the ROP
of ethylene oxide, and also because it possesses a similar end-group as those commonly found
in PPG based block copolymers. H-PEB was obtained through the reduction of the chloride
end-group with 10 equivalents of lithium aluminum hydride (LiAlH4) in THF. The reaction
conversion could not be determined by 1H NMR but ESI-MS confirmed both the presence of
H-PEB and the absence of any remaining Cl-PEB (See Figure 4.4c). Sodium, lithium and potas-
sium adducts from the use of LiAlH4 and the Rochelle salt solution could be observed in the
mass spectrum. HO-PEB was obtained using silver nitrate in a water/ethanol mixture. Simi-
larly, analysis by 1H NMR did not indicate if the reaction had proceeded but ESI-MS confirmed
the conversion of the starting polymer and the formation of the HO-PEB structure (See Figure
4.4b). Small peaks corresponding to Cl-PEB were still visible on the HO-PEB mass spectrum
which might lead to some diblock copolymer impurities after the ring-opening polymerisation
of ethylene oxide. SEC showed that both H-PEB and HO-PEB have a similar molecular weight
after the end-group modification, thus confirming the absence of polymer degradation. It is
worth noting that the end-group modification could have been performed after the ring-closing
metathesis for a more convergent synthesis. However, LiAlH4 reduction of Cl-PCE resulted in
a degradation of the polycyclic polymer. The ring-closing metathesis of each PEB polymer was
performed in dichloroethane, using Grubbs II catalyst with a 5 mol% catalyst loading, under
reflux. Reaction completion was confirmed by 1H NMR after 5 days.The polymers were puri-
fied by preparative SEC and characterised by 1H NMR as well as SEC. SEC showed a decrease
in polymer molecular weight, confirming the loss of an ethylene molecule for every two vinyl
groups (See Figure 4.3c and Table 4.1). The isotactic polymers encompass cis 1,4-disubsituted
six-membered rings, which induce helicity. Circular dichroism (CD) confirmed the helicity of
these isotactic polymers (See Figure 4.5).

Figure 4.5: Circular dichroism spectra of a-PCE30, i-PCE30 and i-SPCE30 in a 0.1 mg/mL
solution in methanol.
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The synthesis of the PEG block was achieved through ROP of ethylene oxide using the pre-
viously synthesised PCE as a macroinitiator and sodium hydride as a base (heated at 50°C over
two days). A diblock copolymer was obtained when H-PCE was used as macroinitiator for the
ROP of ethylene oxide and a triblock copolymer was formed with HO-PCE, due to the protic
hydroxy end-group on both ends. The block copolymer, now water-dispersible, was purified by
dialysis against water. In the 1H NMR spectrum, the peak at 3.6 ppm confirmed the presence of
the PEG block (See Figure 4.3a).

Diffusion-ordered spectroscopy (DOSY) indicated that the diffusion coefficient associated
with the PEG peak was the same as diffusion coefficients associated with PCE peaks, thus con-
firming the presence of a block copolymer structure, with the absence of PEG homopolymers
(See Figure 4.3b). SEC did not indicate an increase of the molecular weights, contrary to pre-
dicted, but a shift towards lower elution times has been previously reported in cases of block
copolymer formation.[208] In the current case, the measured molecular weight was even slightly
lower than before the ROP. These results could be explained by various reasons. Firstly, the
column is calibrated with poly(styrene) standards, the structure of which differs greatly from
the analysed amphiphilic block copolymer. Secondly, block copolymer architectures have been
reported to appear with a lower molecular weight than expected due to conformational effects
arising from two blocks of different solubilities leading to a smaller hydrodynamic radius than
the starting block.[208] In any case, the presence of a monomodal SEC peak, combined with
the correct 1H NMR spectrum and a single diffusion coefficient from all DOSY polymer peaks
confirm the presence of the desired structure (See Figure 4.3). As previously mentioned, the
molecular weight of the PCE homopolymer was estimated by SEC and 1H NMR. The block
copolymer molecular weight was then estimated by comparing the integration of PEG peaks
and PCE peaks to deduce the PEG block length (See Table 4.1).

Synthesis of SPCEs required one last step involving heterogeneous hydrogenation of the
alkene moieties, to obtain a structure that closely mimics the PPG block of a poloxamer. Be-
cause of the versatility of the unsaturated PCE structure, that can be functionalised/cross-linked
for various applications, we studied the self-assembly and interfacial properties of both unsatu-
rated PCE-PEG and saturated SPCE-PEG. SPCE-PEG were obtained through the hydrogenation
of the respective PCE-PEG in methanol over palladium on carbon under a hydrogen atmosphere.
The block copolymers were purified by dialysis against deionised water. The reaction conver-
sion was monitored by 1H NMR, and full conversion was confirmed through the disappearance
of the alkene peak. CD confirmed that the PCE retained its helicity after the hydrogenation (See
Figure 4.5). In total, 9 block copolymers were synthesised, with either diblock or triblock ar-
chitectures, atactic or isotactic tacticity, saturated or unsaturated 6-membered rings, and varying
PEG lengths (100 or 200 repeating units) (See Table 4.1).
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Table 4.1: Theoretical polymer molecular weights and experimental polymer molecular weights
measured by SEC and 1H NMR. The number of repeating units is based on a single ether link-
age. Critical Aggregation Concentrations (CACs) measured by fluorescence spectroscopy and
surface tensions measured by droplet shape analysis.

Mn Mn Mn Surface
Polymer Theoa) SECb) NMRc) Ðb) CACd) tensione)

(kDa) (kDa) (kDa) (mg/mL) (mN/m)

aPEB30 2.1 2.4 2.7 1.19 - -
iPEB30 2.1 2.3 2.6 1.18 - -
aPCE30 1.7 2.1 - 1.21 - -
iPCE30 1.7 2.0 - 1.22 - -

aPCE30-PEG100 6.1 1.9 6.7 1.14 0.12 32.5
aPCE30-PEG200 10.5 2.6 9.6 1.39 0.15 36.6
iPCE30-PEG100 6.1 2.9 7.5 1.18 0.04 30.8
iPCE30-PEG200 10.5 2.0 13.2 1.31 0.22 37.7

aSPCE30-PEG100 6.1 2.9 6.7 1.32 0.05 26.7
iSPCE30-PEG100 6.1 2.3 7.5 1.14 0.21 35.1

PEG50-aPCE30-PEG50 6.1 2.0 6.2 1.18 0.15 42.0
PEG50-aSPCE30-PEG50 6.1 2.5 9.2 1.37 0.04 42.7
PEG50-iPCE30-PEG50 6.1 2.0 5.1 1.27 0.11 46.5

a) calculated from starting material equivalents, b) measured via SEC in THF with a 1 mL/min
flow rate (See Figure 7.20) , c) measured via 1H NMR in CDCl3 (See Figure 7.21 and 7.22), d)
measured via fluorescence spectroscopy using pyrene as a fluorescence probe, e) measured at
20°C using a contact angle goniometer and droplet shape analysis.

4.3 Self-assembly properties of PEG-polycycloethers

Poloxamers are amphiphilic polymers that can self-assemble in water. Self-assembly is driven
by the minimisation of interactions between the hydrophobic block and water, to reach an equi-
librium and reduce the free energy of the system.[209] PEG-PCE block copolymers have the
same number of carbon and oxygen atoms per block as a poloxamer. The HLB of a poloxamer
should be almost identical to its corresponding PEG-PCE block copolymer when calculated
using either Griffin’s method or Davies’ method.[210] While the main driving force of block
copolymer self-assembly is the relative hydrophobicity of each block, the rigidity of a block can
have an influence on the conformations it can take, thus affecting the final morphology of the
aggregates.[211–217] In that regard, we decided to study the self-assembly properties of PEG-PCE
block copolymers in water, to identify any potential divergence from the properties of traditional
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poloxamers. We first measured the critical aggregation concentration (CAC) of our polymers by
fluorescence spectroscopy using pyrene as a fluorescent probe (See Figure 4.8a).[218] For refer-
ence, P188 is a PEG38-b-PPG29-b-PEG38 block copolymer; it has a similar molecular weight
and hydrophilic/hydrophobic ratio as PEG100-b-PCE30 (See Figure 4.10c). The CMC of P188
is published as 4.1 mg/mL at 37°C (it increases as the temperature decreases, with no detectable
CMC at 20°C, See Figure 4.6).

Figure 4.6: Fluorescence intensity trace for poloxamers P188, P407 and P123 at different con-
centrations, using pyrene as a fluorescence probe, at 20°C. CMC determination by plotting I3/I1
ratio (peak intensity was measured at 372 nm I1 and 384 nm I3) as a function of concentration.
No CMC could be observed for poloxamer P188 and P407 as described in the literature.

By comparison, all PEG-PCE block copolymers had a CAC more than ten times lower at
20°C (See Table 4.1). Therefore, using a polycyclic structure as a hydrophobic block, one
can obtain a block copolymer with a much lower CAC while preserving a short hydrophobic
block length. The resulting polymer is then both highly hydrophilic and self-assembles at low
concentration. A similar result would not be achievable using a poloxamer structure, because
the length of the hydrophobic block would have to be increased or the length of the hydrophilic
block decreased to lead to a lower CAC (See Figure 4.6).
After exploring the effect of a polycyclic hydrophobic block on the CAC of the block copolymer,
we investigated the effect of tacticity. Comparatively, the effect of tacticity (atactic/isotactic),
PEG length (100 units or 200 units), architecture (diblock/triblock), and degree of unsaturation
had a rather small influence on the value of the block copolymer CAC (See Table 4.1). Yet, some
trends can be noticed: a longer PEG length leads to a higher CAC, triblock copolymers tend to
have a lower CAC, isotactic PCEs favor slightly higher CACs, and the presence of unsaturated
units did not lead to any noticeable effect on the CAC. The size of the aggregates formed by
the self-assembly of PEG-PCE block copolymers were measured using dynamic light scattering
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(DLS) (See Figure 4.8b). P188 has been reported to form micelles with a 5-10 nm diameter.[219]

A P123 5.0 mg/mL solution formed self-assemblies with an average diameter size of 18 nm
at 20°C (See Figure 4.7). PEG-PCE block copolymers formed larger aggregates, with a mean
diameter ranging from 64 nm to 132 nm (See Table 4.2).

Figure 4.7: Size of poloxamers P188 and P407 polymers, and P123 self-assemblies in water,
at 20°C, at a concentration of 5 mg/mL. Measured by dynamic light scattering, using back-
scattering (175°) and intensity weighting.

Table 4.2: Nanoparticle diameter size (intensity weighting) of the synthesised PEG-PCE block
copolymers in deionised water (1 mg/mL), measured via dynamic light scattering with a 175°
scattering angle.

Block copolymer Nanoparticle diameter size (nm)

aPCE30-PEG100 109
aPCE30-PEG200 93
iPCE30-PEG100 101
iPCE30-PEG200 64

aSPCE30-PEG100 92
iSPCE30-PEG100 85

PEG50-aPCE30-PEG50 132
PEG50-aSPCE30-PEG50 121
PEG50-iPCE30-PEG50 89

Looking at the intensity distribution of the aggregate diameter size plot, two populations of
aggregate can sometimes be observed if the sample is analysed shortly after preparation, with
one major peak around 100 nm and a smaller peak at 10 nm (See Figure 4.8c). Considering
the small molecular weight of the synthesised block copolymer, this result suggests that the
polymer can self-assemble into 10 nm micelles but will form larger aggregates over time. Again,
previously mentioned parameters (tacticity, PEG length, architecture, degree of unsaturation)
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had a relatively low influence on the size of the aggregates. Samples with lower CAC produced
slightly larger aggregates (atactic, shorter PEG, triblock).

Figure 4.8: a) CAC plot for isotactic PCE30-b-PEG100 using the intensity of the emission spec-
trum at 373 nm (I1) and 384 nm (I3). Nanoparticle size distribution of b) isotactic PCE30-
b)-PEG100 after a day and c) isotactic SPCE30-b-PCE30 over 7 days, measured by dynamic
light scattering (DLS) using an intensity-weighted distribution, d) transmission electron mi-
croscopy (TEM) images of unstained isotactic PCE30-b-PEG100 in deionised water, 1 day after
the nanoparticles preparation (1 µm scale bar) (See Figure 7.24 for additional TEM images and
size analysis.

The main factor leading to larger aggregates is time: the peak at 10 nm was not noticeable
by DLS one week after suspending the polymer in water. The mean diameter size also increased
over time (See Figure 4.8c). To confirm the aggregate structure further, the aggregates were im-
aged using transmission electron microscopy (TEM). The diameter of the aggregates imaged by
microscopy correlated with the results from DLS measurements. TEM also indicated the spher-
ical shapes of the aggregates (See Figure 4.8d). Additional DLS characterisation was realised to
measure the particle size after 6 months. In intensity weighted distributions a small amount of
large particles (500-900 nm) could be observed but the samples consisted mostly of 40-50 nm
particles (See Figure 4.9), showcasing the stability of the self-assemblies.
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Figure 4.9: Size of PEG-polycycloether self-assemblies in water at a concentration of 5 mg/mL,
after 6 months kept at room temperature. Measured by dynamic light scattering, using back-
scattering (175°) and intensity weighting.

In conclusion, tweaking the rigidity of the hydrophobic block of a poloxamer by using a
PCE led to a block copolymer with a high hydrophilic/hydrophobic ratio, and a high propensity
to form aggregates. This could lead to novel drug delivery systems with high encapsulation
efficiencies and high loading content.

4.4 Emulsification properties of PEG-b-polycycloether block
copolymers

Poloxamers are extensively used in the cosmetic industry due to their surfactant properties. For
example, poloxamer P184 can be used as an emulsifier for the formulation of various skincare
or haircare products like face creams or shampoos. In this regard, the emulsification properties
of the synthesised PEG-PCE block copolymers were studied and compared to traditionally used
poloxamers. Despite PEG-PCE polymers having a similar HLB value as poloxamers, they were
expected to have a different behaviour since it has been previously reported that the rigidity
of a surfactant can influence its properties.[220–222] To determine what polymer concentration
should be used, a batch of emulsions were prepared with an increasing concentration from 0.01
wt% to 0.5 wt%, and a fixed n-dodecane/water ratio of 1:1. The polymer used was an isotactic
PCE30-b-PEG100. A concentration as low as 0.05% was sufficient to obtain an emulsion but
it was only at a concentration of 0.5% that a single emulsion phase was obtained (See Figure
4.10b). Kolliphor® P407 technical information recommends a polymer concentration ranging
from 1% to 5% to be used as an emulsifier. Thus, a concentration of 0.5% can be considered
advantageously low.
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Figure 4.10: Emulsion pictures of isotactic PCE30-b-PEG100 with a) 0.5% block copolymer
concentration and a varying oil/water ratio and b) fixed 65:35 oil/water ratio and a varying
block copolymer concentration. c) Emulsion pictures and calculated HLB values of isotactic
SPCE30-b)-PEG100 and P188. d) Microscopy images of isotactic PCE30-b-PEG100 with a 0.5%
block copolymer concentration a varying oil/water ratio (scale bar 100 µm).

For further studies, all other emulsions were investigated at a fixed polymer concentration of
0.5 wt%. The second parameter studied was the oil/water ratio with an increasing n-dodecane
content from 10 to 80 vol% (See Figure 4.10a). All emulsions obtained were oil-in-water (O/W)
emulsions irrespective of the oil/water ratio. The nature of the emulsion was confirmed by a
droplet test, putting a drop of the emulsion in pure n-dodecane or water to see in which phase
it readily dissolves. The propensity of the block copolymers to form O/W emulsions can be
attributed to their high EG content and high HLB value. These O/W emulsions can also be
observed using poloxamers with similar molecular weights that have a high EG content like
poloxamers P188 or P407. However, using these poloxamers and a high oil content usually
leads to an unstable O/W emulsion, with phase separation of both the oil and water phases
(See Figure 4.10c). When a PCE and a low oil content were used, a phase separation could be
observed over time, with an O/W emulsion phase at the top and a water phase at the bottom.
The intensity of this separation decreased with an increasing oil content. The reason seems to be
that HIPEs are formed regardless of the oil content used, with excess water forming a separate
phase to enable HIPE formation. A single-phase emulsion, stable for at least one week could be
obtained using a high oil/water ratio of 80% oil (See Figure 4.10a).
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It is worth nothing that replacing n-dodecane with toluene, a low viscosity solvent, that is
more prone to phase separation, led to the same behavior (See Figure 4.11).

Figure 4.11: Optical microscopy pictures of iPCE30-PEG200 block copolymer emulsion, with a
polymer concentration of 0.5 wt.% and a 65:35 toluene/water ratio (100 µm scale bar).

The HIPE nature of the emulsion was confirmed by the presence of more than 74% oil in the
O/W emulsion. Microscopy of the emulsions at different ratios gave similar images of crowded
oil droplets, with barely any noticeable continuous phase between them (See Figure 4.10d, 4.12
and 4.13). The diameter of the droplets was similar throughout the samples, averaging at 61 µm
with a standard deviation of 15 µm (See Figure 4.14).

Figure 4.12: Optical microscopy pictures of a) PEG50-iSPCE30-PEG50, b) PEG50-aSPCE30-
PEG50, c) PEG50-aPCE30-PEG50 block copolymer emulsions, with a polymer concentration of
0.5 wt.% and a 65:35 n-dodecane/water ratio (100 µm scale bar).
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Figure 4.13: Optical microscopy pictures of a) aPCE30-PEG100, b) aPCE30-PEG200, c) iPCE30-
PEG100, d) aPCE30-PEG200, e) aSPCE30-PEG100, f) aSPCE30-PEG100 block copolymer emul-
sions, with a polymer concentration of 0.5 wt.% and a 65:35 n-dodecane/water ratio (100 µm
scale bar).

Figure 4.14: Microscope image of an iPCE30-b-PEG100 emulsion with a polymer concentration
of 0.5 wt.% and a 50:50 n-dodecane/water ratio, along with a size distribution of droplet diame-
ters.

Finally, the influence of the block copolymer structure was studied. In particular, the tacticity
(atactic/isotactic), the block architecture (diblock/triblock), the PEG length (100 units or 200
units), and the degree of unsaturation of the PCE backbone. A batch of emulsion was prepared
with a fixed block copolymer concentration of 0.5% and a fixed oil/water ratio of 65:35, using
all of our block copolymers (See Figure 4.15).
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Figure 4.15: Emulsion pictures of different PEG-b-PCE block copolymer at 0.5 wt.% concen-
tration and a 65:35 n-dodecane/water ratio after a) 1 day and b) 4 months.

While an oil/water ratio of 80:20 yielded more stable emulsions, an oil/water ratio of 65:35
was chosen to check if a phase separation would happen over time for all samples. As mentioned
before, the degree of unsaturation on the PCE did not influence the CAC and the self-assembly
of the block copolymer. In a similar fashion, the degree of unsaturation did not seem to have an
impact on the emulsification properties of a given PEG-PCE block copolymer: O/W HIPEs were
obtained (See Figure 4.12 and 4.13) and iSPCE30-b-PEG100 produced emulsions with the same
stability as isotactic PCE30-b-PEG100 emulsions. The lack of different behavior of both poly-
mer types could be expected due to the only marginal change in polarity between unsaturated
and saturated repeating units. The effective stabilisation of emulsions by PCEs with unsaturated
units proves itself to be interesting as it might be useful for further design for specific applica-
tions, either through functionalisation or cross-linking of the double bond.

Using an isotactic PCE gave a higher CAC, which correlated with less stable emulsions.
However, using both an isotactic PCE and a longer PEG chain (200 units) produced stable emul-
sions. One reason could be that short PEG and isotactic PCE are more prone to self-aggregation;
using a longer PEG would reduce the tendency of the block copolymer to self-assemble and pro-
mote interfacial assemblies. For atactic PCEs, increasing the number of repeating units of the
PEG chain from 100 to 200 decreased the CAC of the block copolymer, but it did not drastically
change the nature or stability of the emulsions formed. Emulsions formed with the triblock
copolymers were less stable, with a phase separation of both water and n-dodecane after a few
days. The effect was more pronounced using an isotactic PCE. Overall, the influence of the iso-
tactic block on the emulsification properties was more pronounced for the triblock copolymer
(leading to unstable emulsions unless longer PEG chains were used), while for diblock copoly-
mers the effect of tacticity on emulsion behavior was only marginal. A hypothesis could be that
the rigidity of the hydrophobic middle block due to helicity would prevent bending of the block
copolymer into a curved conformation, which is required for efficient interaction of triblock
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copolymers at oil/water interfaces.
The stability of the emulsions formed was assessed by looking at any phase separation or

creaming after 4 months (See Figure 4.10 and 4.18) and inspecting the droplet aspect and size by
optical microscopy (See Figure 4.16). Atactic PCE30-b-PEG100 and atactic SPCE30-b-PEG100

showed the best results, with no phase separation and microscopy images still showing HIPEs
with a droplet size remaining similar over 6 months. In order to evaluate these poloxamer mim-
icking polymer systems with respect to their role models P188, P407 and P123, various proper-
ties (CAC, particle size, surface tension, HIPE formation) were studied for a direct comparison
(See Figure 4.6, 4.7 and 4.17).

Figure 4.16: Optical microscopy images of n-dodecane/water 80:20 vol% emulsions formed by
PEG-polycycloethers block copolymer after 6 months. Scale bars are 30 µm.

Figure 4.17: Optical microscopy images of n-dodecane/water 80:20 vol% emulsions formed by
poloxamers P188, P407 and P123 after a day. Scale bars are 10 µm. CMC, surface tension and
ethylene oxide content is indicated.
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Figure 4.18: Volume of the oil phase (top, yellow), emulsion phase (middle, beige) and water
phase (bottom, blue) of emulsions prepared with PEB-b-PCE block copolymer at 0.5 wt.% con-
centration and a 65:35 n-dodecane/water ratio after 1 day and 4 months. a) PEG50-iSPCE30-
PEG50 b) PEG50-aSPCE30-PEG50 c) PEG50-aPCE30-PEG50 d) iPCE30-PEG200 e) aPCE30-
PEG200 f) iSPCE30-PEG100 g) aPCE30-PEG100 h) aSPCE30-PEG100 i) iPCE30-PEG100.

It was observed that lowering the ethylene oxide content of the block copolymer led to
a lower CMC, larger particles, lower surface tensions and a smaller droplet size. It is then
interesting to notice that the PEG-PCE synthesised behaved more like a poloxamer with a large
hydrophobic block than the poloxamer it is structurally mimicking. Even compared to P123,
PEG-PCEs generally showed lower surface tensions, lower CAC, large particle size, and a high
propensity to form HIPEs. Overall, while the HLB of a surfactant is often used to predict the
nature of the emulsion formed, the current chapter shows that use of a polycyclic hydrophobic
block with similar HLB but different rigidity can drastically alter the behavior of a surfactant:
lowering its CAC, modifying its self-assembly morphology and promoting the formation of
high-internal phase emulsions.

4.5 Conclusion

As the demand for high-performance surfactants increases, the new PEG-polycycloether block
copolymers described here stand as potent alternatives to more traditional poloxamers. They
exhibit properties that could not be obtained simply by tuning poloxamer block lengths or end-
groups, e.g. low CAC with high PEG content, and HIPEs in a broad range of conditions. While
additional studies are required to introduce these new polymers into practical applications, these
properties could lead to the development of new emulsifiers for use in the food industry, cos-
metics, or biomedicine. The impact of a polycyclic middle block highlights the limitations of
HLB theory, and further studies are required to understand the explicit relationship between the
polycyclic structure and the stereochemistry of the polymers on their conformation in water and
at interfaces. The olefin present in the unsaturated polycycloethers allows for functionalisation
or cross-linking, paving the way for the preparation of smart surfactants with stimuli-responsive
properties.
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Figure 4.19: Summary of the work achieved in this chapter. Only PEG-b-SPCE-b-PEG is drawn
for simplicity.

4.6 Future work on cell protection

Poloxamers are used for emulsion formulations but they are also increasingly used for the pro-
tection of cell membranes, in biomedical or bioengineering applications to reduce cell death.[186]

To this end, future work will focus on the potential interactions between the synthesised block
copolymers and cells or liposomes. It has already been reported in the literature that replacing
the poly(propylene glycol) block with a more hydrophobic poly(butylene glycol) could improve
the cell binding.[223] However this improved cell binding did not induce a better cell protection.
The polycyclic structure of the PCE block could be advantageous, its high rigidity potentially
leading to a reduced membrane destabilisation. Preliminary tests focused on preparing lipo-
somes out of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) as cell mimics. Nile
Red was loaded in the liposome membrane; incubation with PEG-b-PCE for a week did not
induce any decrease of Nile Red fluorescence, confirming the integrity of the liposome mem-
brane (See Figure 4.20). Additionally, pulse-field gradient NMR experiments were performed
to show that the block copolymer could effectively bind to the liposome (See Figure 4.21). The
intensity of the PEG peak decreased to a lesser extent when the block copolymer was incu-
bated with liposomes, indicating a lower diffusion coefficient and a higher mass. Since the same
block copolymer was used with and without incubation with liposomes, it shows that the block
copolymer was able to bind to the liposome membrane. Future tests are ongoing to study the
cell protection potential of PEG-b-PCE.
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Figure 4.20: Fluorescence spectrum of Nile Red loaded POPC liposomes, after and before
incubation with PEG-b-PCE block copolymers.

Figure 4.21: 1H NMR spectrum focused on the PEG peak of the PEG-b-PCE block copolymer
in D2O, before (blue line, start of the DOSY experiment) and after applying the pulse-field
gradient, with (green line, end of the DOSY experiment, decreased intensity proportional to the
diffusion coefficient) and without (red line) incubation with liposomes.
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Chapter 5

Synthesis of polycyclic cationic polymers

5.1 Introduction

Cationic polymers are a broad class of materials that can be used in a variety of applications,
from adhesives to antibacterial agents.[224–228] Recently, a lot of attention has been put into us-
ing cationic polymers as a non-viral vector.[16,229,230] Indeed, plasmid DNAs being negatively
charged, they can complex with positively charged polymers to form a neutral polyplex. These
polyplexes can be used in gene therapy to improve the delivery of these nucleic acid-based ther-
apeutics. The most commonly used cationic polymer is poly(ethylene imine) (PEI).[15] PEI can
be synthesised as a linear or branched polymer with varying molecular weights. One issue with
PEI is that it is not functionalisable, leading to a fixed number of positive charges per repeating
units. This density of positive charges is an important factor for an efficient gene delivery system
as it impacts the complexation efficiency of the polymer.[150] It also affects the cell permeation
efficiency, as well as the endosomal escape and subsequent release of the gene. Too many posi-
tive charges would lead to a cytotoxic polymer, unable to release the complexed DNA. Too little
negative charges would lead to complexation issues and a poor endosomal escape.[231] In this
chapter, the goal was to use a polycycloether as a platform to access different cationic polymers
via post-polymerisation functionalisations (See Figure 5.1). These polymers have a polycyclic
structure, which is a structural feature that has not been extensively studied in the past. Addi-
tionally, it has been reported that helical transfection agents might improve the cell penetration
of a gene delivery system.[232] The synthesised isotactic PCE being helical, we hypothesised that
the different cationic polycycloethers we obtain may have unique properties as DNA vectors.
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Figure 5.1: Structures of the different cationic polymers synthesised from a functionalisable
polycycloether for transfection applications.
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5.2 Post-polymerisation functionalisation of a polycycloether

5.2.1 Hydroaminated PCE

Figure 5.2: Scheme for the synthesis of a hydroaminated PCE.

The first post-polymerisation functionalisation of PCE exploited the reactivity of the internal
alkene towards radicals (See Figure 5.2). N-phenyl-9-mesityl 2,7-dimethylacridinium tetrafluo-
roborate was used as a metal-free catalyst along with blue light to catalyse the reaction between
PCE, ammonium carbonate and 2-aminothiophenol.[233] The reaction allowed the introduction
of primary amines on the main polymer backbone. Characterisation via 1H NMR revealed that
full conversion was never achieved, as alkene peaks were still present (See Figure 5.3). The
incomplete conversion of the polymer led to the insolubility of the polymer in water. The water
solubility was improved by doing the osmium dihydroxylation of the remaining olefins but this
led to a low number of cationic charges on the polymer. The theoretical number of amino groups
is already low, with a single amino group for every repeating unit, so an incomplete conversion
might lead to too little charges for an efficient gene complexation.

Figure 5.3: 1H NMR of PCE30 in CDCl3, Hydroamino PCE in CDCl3, Thiolamino PCE in
CD3OD and Diamino PCE in D2O.
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5.2.2 Thiol-ene functionalisation and guanidinium PCE

Figure 5.4: Scheme for the synthesis of a thiol or guanidinium-functionalised PCE.

The reactivity of the internal alkene towards radicals was further explored by using thiol-ene
reactions (See Figure 5.4). Blue light was used as well as 2-aminoethanethiol but a poor conver-
sion (52%) was again confirmed by 1H NMR (See Figure 5.3). The poor conversion once again
resulted in a poor water solubility and a low amount of cationic charges. Two reasons could
explain this modest conversion. Blue light catalysed reactions are sometimes dependant on the
system used for the irradiation, so the low power output of our system could have impeded the
kinetics of the reaction. However, trials were performed using azobisisobutyronitrile (AIBN) as
a more traditional radical initiator but the conversion was still low. This leads to the second and
most plausible explanation: internal alkenes are not as reactive as external alkenes. This is an
issue since the novelty of the synthesised polymer structure lies in its polycyclic structure that
implies internal olefins. Radical reactions are then probably not the best way to functionalise
a polycycloether. However, in an attempt to increase the water solubility and charge density of
the polymer, the free amino group was converted in a guanidinium group. This time the reaction
was successful with a good conversion, but the solubility issue remained.

5.2.3 Diamino PCE

Figure 5.5: Scheme for the diboration of PCE and the synthesis of a diamino PCE.

The insufficient conversion of radical reactions forced us to reconsider our strategy. To this
end, the PCE was first submitted to a diboration then it further reacted with methoxyamine and
potassium tert-butoxide (See Figure 5.5).[234] A diamino PCE was obtained with full conversion
(See Figure 5.3). The relatively good water solubility of the polymer led us to believe that it
could consequently be tested for transfection tests.
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5.3 Biocompatibility and transfection

Before transfection tests were performed, the biocompatibility of the newly synthesised cationic
polymers was assessed. Cationic polymers usually run the risk of being cytotoxic. This cyto-
toxicity is generally due to the cationic charges that can potentially disrupt the integrity of cell
membranes, leading to cell death.[225] The biocompatibility of four cationic polymers was then
evaluated (See Figure 5.6). Surprisingly, the cell viability remained high even at high concentra-
tion (500 µg/mL). Even though it slightly decreased, it remained above 80%. The cell viability
reached 120% in the case of the guanidinium functionalised PCE. While this behaviour is pecu-
liar, it has been reported that in some cases a cell population can show increased growth when
a polymer is introduced. However, visual inspection of the cells showed that aggregates were
formed in the case of the poorly water-soluble cationic polymers (hydroamino PCE, thiolamino
PCE and guanidinium PCE). This aggregation might be the reason for the unconventionally
high biocompatibility of the synthesised cationic polymers. Nevertheless, as the water-soluble
diamino PCE also performed relatively well (88% cell viability at 500 µg/mL), some transfection
tests were carried out.

Figure 5.6: Human hepatocellular carcinoma cell viability after incubation with hydroamino-
PCE30, thiolamino-PCE30, guanidinium-PCE30 and diamino-PCE30 with a concentration of 0.5,
5, 50 or 500 µg/mL in a humidified incubator at 37°C under 5% CO2. Cell studies were per-
formed with the collaboration of Emmanuelle Acs and Jesko Koehnke. Bar plots are available
in the appendix, see Figure 7.25.

The nature of the transfection test consisted in mixing one of the four synthesised cationic
PCE with a gene that contained the information needed by the cell to produce a fluorescent
protein. The cells were then observed using a confocal microscope. If fluorescent cells were
visible, it meant that the cationic polymer was able to complexe the gene, cross the cell mem-
brane, perform the endosomal escape and release the gene to the nucleus. A control sample was
performed using poly(ethylene imine). The control sample showed fluorescent cells but none of
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the PCE showed any photoluminescence at all. At this point, it is hard to tell at which step of the
transfection issues arised. Taking into account the poor water solubility of the PCEs and their
low cationic charge density, this result is not surprising and orients us towards the synthesis of
polymer containing more amino groups.

Figure 5.7: Confocal microscope images of a) positive control (cells incubated with the fugene
transfection agent), b) negative control (cells incubated without any polymer, c) cells incubated
with diamino-PCE30, d) thiolamino-PCE30, e) guanidinium-PCE30 and f) hydroamino-PCE30.
For each sample, the fluorescence, bright-field and merged images are shown. The images were
obtained with the help of Emmanuelle Acs.

89



CHAPTER 5. POLYCYCLIC CATIONIC POLYMERS

5.4 Additional post-polymerisation functionalisations

5.4.1 Epoxidation and subsequent ring-opening

Figure 5.8: Scheme for the epoxidation of PCE and subsequent ring-opening reactions.

In order to add functional groups more easily to polycycloethers, the epoxidation of olefins
has been performed using meta-chloroperoxybenzoic acid (mCPBA) (See Figure 5.8). A good
conversion was obtained but the epoxide was found to be relatively unstable in regards to air
and moisture. The polymer solubility shifted from being soluble in organic solvents to water-
soluble as it was progressively hydrolysed. The subsequent ring-opening of the epoxide with a
nucleophile was then performed in situ. The epoxy PCE is a good platform to access a lot of
different functionalities, the epoxide can potentially be opened by a wide range of nucleophiles
such as alcohols, thiols or amines. As a first step, methylamine was used to open the epoxy
PCE. Compared to the hydroamino PCE, a secondary amine is obtained but a hydroxyl group
is also added, which improves the water solubility of the resulting polymer. A good conversion
was obtained, with no alkene peak remaining on 1H NMR (See Figure 5.9) and the polymer
was water-soluble. Pentaethylene hexamine was also used as a nucleophile to open the epoxy
PCE and gave similar results as methylamine, meaning a good conversion (See Figure 5.9) and
a water-soluble polymer.
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Figure 5.9: 1H NMR of methylamino-PCE30, hexamino-PCE30 and PEGose30-g-PEI10 in D2O.
1H NMR of PEGose30-g-Poly(tosylaziridine)10 in CDCl3. Small peaks in the phenyl region
between 7 and 8 ppm correspond to traces of tetraphenylporphyrin catalyst impurities.

5.4.2 PEGose-g-poly(ethylene imine)

Figure 5.10: Scheme for the synthesis of PEGose-g-PEI.

Finally, in order to add even more cationic charges to this polycycloether backbone, the
ring-opening polymerisation of a tosyl protected aziridine was undertaken, using PEGose as
a macroinitiator (See Figure 5.10). The aziridine was protected with a tosyl group in order to
obtain a linear poly(ethylene imine) side-chain, instead of branched one. PEGose was obtained
through the osmium dihydroxylation of PCE as described in previous chapters. The base used
for this anionic ROP was a phosphazene base P2-t-Bu. p-Toluenesulfonyl isocyanate was
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used to improve the nucleophilicity of PEGose, as hydroxyl groups are normally not suitable
for the ring-opening polymerisation of aziridines. After the reaction, the solubility of the
polymer shifted from being water-soluble to soluble in organic solvents, which allowed for
mass determination by size-exclusion chromatography in THF (See Figure 5.11).

Figure 5.11: SEC trace of PEGose30-g-poly(tosylaziridine)10 measured in THF.

PEGose30 homopolymer has a mass of 4.4 kDa. SEC trace of PEGose-g-PEI shows two
majors peaks, a first peak at 8.0 kDa with a dispersity of 1.12 and a second peak at 1.3 kDa with
a dispersity of 1.15. The first peak could correspond to the graft copolymer while the second
peak could correspond to poly(tosylaziridine) homopolymers. These homopolymer chains may
come from the ring-opening polymerisation of tosylaziridines monomers initiated by traces of
water. The mass increase from 4.4 kDa to 8.0 kDa confirms that some of the hydroxyl groups
from PEGose were able to initiate the ROP of tosylaziridine monomers. 1H NMR in CDCl3
showed the presence of phenyl protons from the newly added tosyl groups (See Figure 5.9).
To obtain a hydrophilic graft copolymer, the tosyl groups were removed using sodium bis(2-
methoxyethoxy)aluminium hydride (Red-Al) as a hydride reductant. Full deprotection of the
tosyl groups could not be achieved but the 85% conversion rate obtained is in agreement with
previously reported values in the literature on polytosylaziridine homopolymers.[235] DOSY 1H
NMR showed the same diffusion coefficient for PEGose peaks as for PEI peaks, confirming
the copolymer structure and potentially the purification of low-mass PEI homopolymers that
could have been formed due to traces of water in the reaction mixture. (See Figure 5.12). De-
spite the incomplete deprotection of poly(tosylaziridine) side-chains, the copolymer was water-
dispersible and might be used as a transfection agent.
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Figure 5.12: DOSY 1H NMR of a-PEGose30-g-PEI10 in D2O.

5.5 Conclusion and future work

In conclusion, a broad range of polycyclic cationic polymers has been synthesised. These poly-
mers have a varying amount of nitrogen, from 1 to 10 nitrogen atoms per 6-membered rings.
They were synthesised via radical reactions, diboration intermediates, ring-opening polymeri-
sation or epoxidation and subsequent ring-opening. Radical reactions yielded unsatisfactory
conversion rates while other reactions were more efficient. Increasing the number of nitrogen
atoms per repeating units shifted the solubility of the PCE from organic solvents to water. Ini-
tial transfection results were negative but the more soluble PCEs with an increased amount of
cationic charges still need to be tested. The design of the test may also need to be reworked,
with more emphasis on the length and charge density of the polymer used to ensure a good
fit between the polymer and the nucleic acids. Additional tests might also be needed to mea-
sure quantitatively the number of charges on the polymer in respect to pH. Moreover, dynamic
light scattering characterisation of the polyplex might provide some preliminary data to confirm
the complexation of the peptide with the cationic polymer. Finally, to increase even more the
number of cationic charges on the polymer backbone, the synthesis of a polycyclic aziridine is
underway.
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Conclusion

The ring-closing metathesis reaction has been previously reported as a post-polymerisation func-
tionalisation tool to access an unusual polycycloether structure.[74] While this polymer discovery
could have been kept at the stage of scientific curiosity, the goal of this research was to leverage
this singular structure into materials with unique properties.
Firstly, PEGose-PLA block copolymers were synthesised. The introduction of a polycyclic hy-
drophilic block allowed the preparation of highly stable nanoparticles, capable of encapsulating
and steadily releasing both hydrophilic and hydrophobic cargoes. The developed PEGose-PLA
nanoparticles were shown to be an efficient PEG-free drug delivery system. Secondly, con-
trolling the tacticity of the polycyclic block led to polymeric nanoparticles with a rare cubical
morphology. Dynamic morphological changes could be obtained in response to different salt
concentration stimuli. The reportedly advantageous properties of anisotropic nanoparticles are
another argument towards the use of PEGose-PLA systems for biomedical applications. Thirdly,
polycycloether-PEG block copolymers were synthesised and used as surfactants. Their structure
mimicked the ubiquitously used Poloxamers, but the introduction of a rigid helical block led to
unexpected behaviours. While normally hard to achieve, high-internal phase emulsions were
obtained at low concentrations, irrespective of the oil/water ratio used. Additionally, liposome
membrane binding experiments suggest potential use for cell protection and bioengineering ap-
plications, with biological tests currently ongoing. Finally, polycyclic cationic homopolymers
were synthesised with a tunable amount of cationic charges. Although more work is underway,
this paves the way for the synthesis of novel polymeric gene vectors.
In conclusion, the state of the art on cyclopolymers has been improved, via the expansion of
the current library of cyclopolymers but also through the discovery of their unusual properties
for various applications. Future work should focus on deepening our understanding of the poly-
mer structure and its relation to self-assembly morphologies. Additional biological tests could
be performed, like drug delivery with doxorubicin to kill cancer cells. More cationic polymers
could be synthesised, with a focus on polyaziridines and additionnal transfection tests.
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Experimental

7.1 Materials

Benzaldehyde (>99%), calcium hydride, DL-lactide, D-lactide, L-lactide, n-dodecane, N-
methylmorpholine N-oxide, phenylboronic acid, potassium osmate, propionic acid, pyrrole
(98%) and stannous octoate were obtained from Alfa Aesar. 2-Aminoethanethiol hydrochloride,
2-aminothiophenol, ammonium carbonate, benzylamine, benzyl chloroformate, chlorobenzene,
diethylaluminum chloride solution in hexane (1 M), 2,2-dimethoxy-2-phenylacetophenone,
ethylene oxide solution in THF (2.5 M), H-pyrazole-1-carboxamidine hydrochloride, lithium
aluminum hydride solution in THF (1 M), mesyl chloride, methoxyamine (2.0 M in THF),
meta-chloroperoxybenzoic acid, N-phenyl-9-mesityl 2,7-dimethylacridinium tetrafluorobo-
rate, palladium on activated carbon (10% wt), pentaethylene hexamine, phosphazene base
P2-t-Bu solution (2.0 M in THF), potassium tert-butoxide, p-toluenesulfonyl chloride, p-
toluenesulfonyl isocyanate, rhodamine B, sodium bis(2-methoxyethoxy)aluminium hydride
(Red-Al), sodium hydride (60% dispersion in mineral oil) and silver nitrate (>99%), were
obtained from Sigma-Aldrich. Grubbs II catalyst (>97%) was purchased from Carbosynth.
(-)-(R,R)-N,N’-bis(3,5-di-tert-Butylsalicylidene)-1,2-cyclohexanediaminocobalt(II) (98%),
acetic acid (>99%) and 1,2-dichloroethane (99.8%, extra dry) were obtained from Fisher
Scientific. Gibco™Minimum Essential Medium (MEM) medium, Gibco™fetal bovine serum
(FBS) and Gibco™0.25% trypsin-EDTA (1x), Gibco™MEM non-essential amino acid solution
(100x) (without L-glutamine), Gibco™L-glutamine solution (200 mM), Gibco™penicillin-
streptomycin (with 10,000 units penicillin and 10 mg streptomycin/mL), Gibco™Phosphate
Buffered Saline (10x) (PBS) solution were purchased from Fisher Scientific. AlamarBlue™Cell
Viability Reagent and Prolong™Antifade Glass mountant were purchased from Invitrogen. 4%
Formaldehyde in PBS was purchased from ChemCruz. 96-Well cell culture microplates were
obtained from Corning. Cell-culture treated Nunc™Lab-Tek™II Chamber Slide™systems
for microscopy sample preparation were purchased from Thermo Fisher Scientific. Dry
tetrahydrofuran (THF), dry dichloromethane (DCM), and dry toluene were obtained using an

95



CHAPTER 7. EXPERIMENTAL

in-house solvent purification system (Pure-SolvTM 500 Solvent Purification System). Other
solvents were purchased from Fisher chemicals and were HPLC-grade. Butadiene monoxide
(Alfa Aesar, 98%) was dried over calcium hydride for 24 h under reflux and distilled under
an atmosphere of argon. DL-lactide, D-lactide and L-lactide were purified by recrystallisation
from ethanol followed by another recrystallisation from ethyl acetate. Reactions involving
air-sensitive agents and dry solvents were performed in glassware that had been oven-dried
(150°C) or flame-dried prior to use. These reactions were carried out with the exclusion of air
using an argon atmosphere. Preparative size-exclusion chromatography (SEC) was performed
under forced flow conditions using HPLC graded solvents and Sephadex LH-20 (Alfa Aesar)
as solid support. Rochelle salt solution (10%) was prepared by dissolving potassium sodium
tartrate tetrahydrate (Sigma-Aldrich) in deionised water.

7.2 Characterisations
1H NMR and DOSY spectra were recorded on either a Bruker AVI DPX-400 or a Bruker
DPX-400 (400 MHz) instrument. The chemical shifts are expressed in parts per million (ppm)
referenced to TMS. CDCl3, D2O and DMSO-d6 were used as solvent. Diffusion-Ordered
Spectroscopy (DOSY) was performed using the ledbpgp2s pulse sequence. High viscosity
solvents such as D2O and DMSO-d6 were favored to reduce convection effects. The maximum
gradient power used was 50 G/cm, the diffusion delay D20 was 0.08 sec, the diffusion gradient
pulse length P30 was 3000 µsec, 16 gradient steps were performed with 64 scans for each.

Size-exclusion chromatography (SEC) was conducted in THF at 35°C using a column
system with an Agilent PL Gel Guard Column (5 µm) and an Agilent PL Gel Mixed-D Column
(5 µm) as well as an Agilent Infinity1260 II RID and calibration with poly(styrene) standards.

Dynamic light scattering (DLS) measurements on PEGose-b-PLA nanoparticles were
performed on a ZetaSizer by Malvern with HPLC-grade water as solvent.

Multi-angle dynamic light scattering (MADLS) measurements were performed using
an Anton Paar Litesizer 500 using forward scattering (15°), side scattering (90°) and back
scattering (175°). The light source was a semiconductor laser diode at 40 mW, 658 nm. All
experiments were performed three times and the average size distribution was calculated.

Transmission electron microscopy (TEM) experiments were performed on a JEOL
1200 EX TEM running at 80 kV, tiff images were captured using a Cantega 2K X 2K camera
and Olympus ITEM Software. To prepare negative stained samples: suspension droplets (5
µL) were placed on top of the surface of Carbon coated 400 mesh copper grids which were
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previously Glow discharged using a Quorum Q150T ES High vacuum system. Samples were
left for 5 min to allow attachment, then grids were floated sample side down three times for
30 secs each onto distilled water droplets before negative staining with 2% aqueous uranyl
acetate for 5 min then allowed to air dry. To prepare unstained samples, droplets (5 µL) were
placed on top the surface of carbon coated 400 mesh copper grids, which were previously Glow
discharged using a Quorum Q150T ES High vacuum system. Samples grids were left to air dry
before imaging.

Small-Angle X-Ray Scattering (SAXS) scattering curves (See Figure 7.7) were obtained by
Daniel McDowall using the beamline B21: high-throughput small-angle X-ray scattering at
Diamond Light Source.[236]

Scanning Electron Microscopy (SEM) imaging was performed using a Philips/FEI XL30
ESEM Environmental Scanning Electron Microscope. A drop of nanoparticle solution was
evaporated overnight at room temperature then coated with gold using a Polaron SC7640
auto/manual high resolution sputter coater. Chemical composition of the material was done
using an Oxford Instruments Energy 250 energy dispersive spectrometer system (EDS) attached
to the SEM. Additional SEM images were obtained using a Carl Zeiss Sigma variable pressure
analytical SEM with Oxford microanalysis.

Samples for cryogenic transmission electron microscopy (cryo-TEM) were prepared
by applying a 4 µl droplet of sample suspension to lacey carbon copper grids (200 mesh, Sci-
ence Services) and plunge frozen into liquid ethane using a Vitrobot Mark IV (FEI, Eindhoven,
Netherlands) set at 4°C and 95% humidity. The grids were mounted on a cryo transfer holder
(Gatan 914, Gatan, Munich, Germany) and transferred into a JEOL JEM-2100 (JEOL GmbH,
Eching, Germany) transmission electron microscope for imaging. The microscope was operated
at an acceleration voltage of 200 kV and micrographs were recorded with a bottom-mounted
4 × 4k CMOS camera (TemCam-F416, TVIPS, Gauting, Germany) at a magnification of 50
000×, corresponding to a pixel size of 2.32 Å at the specimen level. Total electron dose for each
micrograph was kept below 15 e-/Å-2.

High-resolution mass spectrometry (HRMS) was performed on a Bruker microTOFq
High Resolution Mass Spectrometer using an Electrospray (ESI) ion source coupled to a
time-of-flight (ToF) analyser.

Powder X-Ray diffraction (PXRD) was performed using a Rigaku MiniFlex equipped
with a Cu sealed tube X-ray source, a Kβ foil filter and a NaI scintillator.
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Inductively coupled plasma mass spectrometry (ICP-MS) experiments were made on
an Agilent 7500ce ICP-MS fitted with a self-aspire Teflon nebuliser doing 10 repeats per peak
on masses 101, 102 and 104. Concentrations were calculated against Ru standard Alfa Aesar
Specpure®.

Emulsion droplets formed with PCE-b-PEG block copolymers were analysed using a Le-
ica DM750 binocular optical microscope without any dilution. Double hydrophilic block
copolymer solutions in water were imaged using a VisiScope IT406 inverted trinocular LED
fluorescence microscope by VWR. Size distribution was collected using ImageJ software.

LogP values were calculated using the MolInspiration software.

Enantiopure butadiene monoxide optical rotation was measured using an Autopol III Po-
larimeter, with a mean value obtained through 5 measurements.

Surface tension values were measured by using an Ossila contact angle goniometer.
Block copolymer solutions in water were prepared with a fixed concentration of 0.5 wt% and
analysed at ambient temperature. For each solution, shape analysis was performed on three
drops, using 5 different frames for each drop, the surface tension value was then averaged.

Hydrophilic-Lipophilic Balance (HLB) values were calculated using Chemaxon HLB
predictor through the MarvinSketch software, using Griffin’s method.

Circular dichroism studies were performed on a Chirascan circular dichroism spectrom-
eter. Temperature was kept at 20°C, spectra were recorded in triplicates from 180 to 260
nm, with an acquisition time of 1.0 s and a wavelength step increase of 1 nm. The sample
concentration was kept at 0.1 mg/mL.

Fluorescence spectroscopy studies were made on a Horiba Duetta Bio fluorescence and
absorbance spectrometer. A blank was used before each experiment. Both blank and sample
absorption spectra were recorded before each experiment to correct the Inner Filter Effect. Nile
Red fluorescence was observed with an excitation wavelength of 435 nm and the emission
wavelength was recorded from 445 to 800 nm. Integration time was 0.1 s, detector binning was
0.5 nm (1 pixel). Excitation and emission bandpass were 5 nm. The CAC of each PCE-b-PEG
block copolymer was measured by fluorescence spectroscopy using pyrene as a fluorescence
probe as described in the literature.[218] Measurements were made on a Horiba Duetta Bio
fluorescence and absorbance spectrometer. A blank consisting of deionised water was used
before each experiment. Block copolymer solutions of different concentrations were prepared
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in water, before adding 12 µL of a 0.5 M pyrene solution in ethanol. Both blank and sample
absorption spectra were recorded before each experiment to account for the Inner Filter Effect.
Excitation wavelength was fixed at 334 nm and emission wavelength was recorded from 360
to 450 nm. Integration time was 0.1 s, detector binning was 0.5 nm (1 pixel). Excitation and
emission bandpass were 5 nm. Peak intensity was measured at 372 nm (I1) and 384 nm (I3).
CAC was determined by plotting the I3/I1 ratio against the block copolymer concentration and
reading the intersection of the regression trendlines at low and high concentrations.

UV-Vis spectroscopy measurements were performed using a Shimadzu UV Mini 1240
UV-vis Spectrophotometer, at ambient temperature. To calculate Rhodamine B encapsulation
efficiency, after removing unloaded dye through dialysis, absorbance was measured through a
UV-Vis spectrometer, an empty nanoparticle solution was used as a blank. The time needed to
remove all unloaded dyes was determined by doing the dialysis of a solution of pure Rhodamine
B in water and measuring the time needed to reach a near zero absorbance.

Rhodamine B encapsulation e f f iciency (%) =
sample absorbance

re f erence absorbance
∗100 (7.1)

Rhodamine B release profiles were performed by keeping empty and loaded nanoparticles
solution in a 10 kDa MWCO dialysis bag with a 1000-fold excess volume of deionised water,
changing the water twice a day. The absorbance was measured and compared with an empty
nanoparticle solution as a reference. Nile Red encapsulation efficiency was determined after
removing insoluble residues, the water solution was evaporated then solubilised in DMSO and
sonicated for 15 minutes then stirred overnight. Fluorescence intensity was then measured and
compared to the Nile Red DMSO reference solution.

Nile Red encapsulation e f f iciency (%) =
sample f luorescence intensity

re f erence f luorescence intensity
∗100 (7.2)

Nile Red release profile was determined by measuring the fluorescence intensity of the sam-
ples over time and comparing it to the fluorescence intensity just after removing unloaded Nile
Red.

Remaining Nile Red content (%) =
f luorescence intensity t0
f luorescence intensity t

∗100 (7.3)

7.3 Methods

Nanoparticle preparation
Typical procedure to obtain 100-150 nm PEGose-PLA nanoparticles: PEGose-b-PLA block
copolymer was dissolved in DMSO (0.6 mL) with a concentration of 10 mg/mL then 2 mL
of deionised water was added dropwise very slowly under stirring (250 RPM). The drop rate
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was kept constant with an addition rate of 1 mL/min. The solution was then dialyzed overnight
against an excess of deionised water to remove the DMSO (3.5 kDa MWCO).

Dye loading
Rhodamine B or Nile Red was solubilised in a 5 mg/mL PEGose-b-PLA block copolymer
solution in DMSO, and 2 mL of deionised water was added dropwise. The Rhodamine B
solution was dialyzed against a 1000-fold excess of deionised water for 4 h, the water was
changed after 30 min, then every hour. Nile Red was dialyzed against a 1000-fold excess of
deionised water for 4 h then filtered to remove insoluble residues.

Nanoparticle stability tests
PEGose-b-PLA block copolymer was dissolved in DMSO (0.6 mL) with a concentration of
10 mg/mL then 2 mL of deionised water was added dropwise very slowly under stirring.
The drop rate was kept constant with an addition rate of 1 mL/min. The solution was then
dialyzed overnight against an excess of deionised water to remove the DMSO (5 kDa MWCO).
Buffers, enzyme or salts were added to obtain five different conditions: deionised water at
ambient temperature, deionised water at 37°C, 0.1 M Tris with 0.17 mg/mL proteinase K
from Tritirachium album at 37°C, deionised water with 10 mg/mL sodium cholate hydrate
at 37°C, pH 5.5 solution prepared from diluted HCl at 37°C. Nanoparticle size distributions
were monitored every day for 4 days using DLS. Additionally, for the proteinase K solution,
a qualitative p-hydroxydiphenyl test was realised to check the presence of lactic acid or PLA
oligomers. One drop of the nanoparticle solution was taken and 1 mL of concentrated sulfuric
acid was added. The solution was heated to 85°C then cooled down to ambient temperature and
the color of the solution inspected. A purple color would indicate the presence of lactic acid or
PLA oligomers.

Biocompatibility
Human hepatocellular carcinoma cell line (HepG2, ECACC No. 85011430) was cultured in
MEM medium supplemented with 10% FBS, 100 U/mL penicillin, 100 µg/mL streptomycin,
2 mM L-glutamine and 1% non-essential amino acids. All cells were grown in a humidified
incubator at 37°C under 5% CO2 and passaged in every 3 days. Cells were seeded at a den-
sity of 1.104 cell/well into 96-well plates and incubated at 37°C in a 5% CO2 atmosphere. The
second day, the cells were treated with the different samples (a-PEGose and PEGose-b-PLA)
at 0.5 µg/mL, 5 µg/mL, 50 µg/mL, and 500 µg/mL and incubated for 24 h at 37°C in 5% CO2.
After the incubation period, Alamar Blue reagent was added to each well according to the man-
ufacturer’s instructions (10% v/v) and cells were incubated at 37°C in 5% CO2 for additional 4
h. The fluorescence measurements were performed by a CLARIOstar microplate reader (BMG
Labtech, Ortenberg, Germany) (λ exc = 560 nm; λ em = 590 nm). The percent cell viability was
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calculated in reference to the untreated control cells using the following formula:

Cell Viability (%) =
sample f luorescence intensity
control f luorescence intensity

∗100 (7.4)

Cells without treatment with samples were considered as control. The percent cell viability
was calculated comparing the fluorescence intensities of each well to the fluorescence intensity
of the untreated cells. This assay was repeated 3 times on different passages of cells. The
median value of cell viability was selected for graphical representation.

Cell permeation experiment and Confocal Laser Scanning Microscopy (CLSM)
FITC-labelled (emission wavelength λ = 493 nm) samples (PEGose homopolymer and
PEGose50-PLA50 nanoparticles) were dissolved in water (10 mg/mL). Samples for CLSM were
prepared by seeding 2·104 cells in each well of the Nunc™Lab-Tek™II Chamber Slide™ as
well as treated with polymer samples on the same day (final concentration 50 µL/mL). Cells
without treatment with polymer samples were considered as control. Slides were incubated at
37°C in a 5% CO2 atmosphere for 24 h. The second day, cells were washed with PBS (1%)
and then fixed with 4% formaldehyde in PBS for 15 min before being washed twice with PBS
(1%). The samples were layered with antifade mountant and a thin cover glass. Slides were
left to dry, covered, in a sterile hood overnight before being stored in the dark at 4°C. CLSM
and bright-field microscopy were performed on a Zeiss LSM710 confocal microscope (Zeiss,
Gottingen, Germany) using software Carl Zeiss ZEN 2011 v7.0.3.286. 0.55 DIC (Carl Zeiss,
White Plains, NY, USA), Neofluar 20× and N-Achroplan 10×/0.25 Ph 1 (Carl Zeiss, White
Plains, NY, USA) objectives were used. The images were taken with two different channels:
one for the fluorescent polymers (FITC, 486-570 nm) and one for a bright-field image of the
cells.

Emulsion preparation
To prepare an emulsion, the typical procedure consisted of dissolving the polycycloether/PEG
block copolymer in water, adding the oil, keeping a total volume of 4 mL, then using IKA
Ultra-Turrax T18 homogeniser for 4 minutes at 13,500 rpm. Toluene and n-dodecane were
investigated as oil types. Block copolymer concentration ranged from 0.01% to 0.5%. Oil/water
ratios ranged from 5% to 90%. The nature of the emulsion (O/W versus W/O) was determined
by measuring the conductivity of the emulsion as well as doing a drop test; that is, putting a drop
of the emulsion either in pure oil or pure water.
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7.4 Chapter 2 - PEGose-b-poly(lactic acid) nanoparticles for
cargo delivery

Tetraphenylporphyrin - TPPH2

TPPH2 was synthesised from freshly distilled pyrrole (4.6 g, 68 mmol) and benzaldehyde
(7.2 g, 68 mmol) in propionic acid (300 mL) under reflux for 4 h. The crude product was
precipitated upon standing overnight at ambient temperature, filtered and then washed with
water and methanol (20 mL). The obtained crystals were recrystallised from CHCl3/CH3OH
(1:2 v/v) and dried overnight under vacuum to give TPPH2

[74] (2.8 g, 27% yield) as purple
crystals.

1H-NMR (400 MHz, CDCl3) δ = 8.84 (s, 8H, H1 H2), 8.22 (s, br, 8H, H4 ortho), 7.76
(s, 12H, H4 meta para), -2.76 (s, 2H, H3).

Tetraphenylporphyrin aluminium chloride - TPPAlCl

TPPH2 (10 mg, 0.16 mmol) was dissolved in dry DCM (3 mL) and 1 M diethylaluminium
chloride solution in hexane (1.8 mL, 1.8 mmol) was added slowly. After 3 h, the volatiles were
removed in vacuo, and the product was washed with hexane and dried overnight. Without further
purification, the product was used for the synthesis of PEB in the same vessel.
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Synthesis of poly(epoxybutene) - PEB50

PEB was synthesised by a modified literature procedure.[74] TPPAlCl was prepared in a
flame-dried Schlenk tube by dissolving TPPH2 (1.35 g, 2.20 mmol, 1 equiv) in dry DCM (40
mL) and adding slowly a 1 M diethylaluminum chloride solution in hexane (2.20 mL, 1 equiv).
After 3 h the volatiles were evaporated using vacuum and a N2-cooled trap. TPPAlCl was then
dried overnight. Racemic 3,4-epoxy-1-butene (14.0 g, 22.0 mmol, 100 equiv) was added the
next day to the dried TPPAlCl and the resulting mixture was subsequently stirred at ambient
temperature for 2 days. The mixture was quenched with a few drops of 1 M aqueous HCl
under stirring. The volatiles were removed in vacuo, and the resulting polymer was dissolved
in a 1:1 methanol/DCM mixture for purification by size-exclusion chromatography (Sephadex
LH-20, 1:1 methanol/DCM). The fractions were concentrated, and the polymer was dried under
vacuum overnight to give a brown oil (11.5 g, 82%).

1H-NMR (400 MHz, CDCl3) δ = 5.77-5.69 (m, br, 1H, H3), 5.33-5.13 (m, br, 2H, H4),
4.02-3.91 (m, br, 1H, H2), 3.60-3.38 (m, br, 2H, H1).
13C-NMR (126 MHz, CDCl3) δ = 136.2 (C3), 117.8 (C4), 80.8 (C2), 72.1 (C1).

Synthesis of polycycloether – PCE50

PCE was synthesised by a modified literature procedure.[74] In a large round-bottomed flask,
PEB (600 mg, 0.25 M) was stirred for 15 min in 1,2-dichloroethane (38 mL) at reflux. Then,
second-generation Grubbs catalyst (178 mg, 210 µmols, 2.5 mol %) in DCE (5 mL) was added
slowly under argon. After 5 days, the reaction mixture was cooled to ambient temperature
and 1.5 mL (100 equiv) of DMSO was added and the mixture stirred for 1 h. The volatiles
were removed in vacuo, and the residue was purified using size-exclusion chromatography
(Sephadex LH-20, 3:1 methanol/DCM). The volatiles were removed in vacuo, and 5 mL of
DCM was added. Adapted from a literature procedure, the mixture was cooled in an ice-bath,
2.5 mL (100 equiv) of 30% aqueous hydrogen peroxide was added and vigorously stirred for 1
h. The layers were then separated and the organic phase was washed with 50 mL of an aqueous
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sodium sulfite solution (100 mg/mL). The oxidative process was repeated one more time, the
volatiles were removed in vacuo and the resulting PCE was dried overnight to give a grey solid
(198 mg, 52%).

1H-NMR (400 MHz, CDCl3) δ = 6.16–5.64 (2H, H3 H4), 4.37–3.99 (2H, H2 H5),
3.92–3.30 (4H, H1 H6).
13C-NMR (126 MHz, CDCl3) δ = 132.0–124.0 (C3 C4), 74.1–73.2 (C5), 71.2–70.4 (C2),
70.4–69.3 (C6), 68–66.6 (C1).

Synthesis of polycycloether-block-poly(lactic acid) – PCE50-b-PLA100

Pure DL-lactide (259 mg, 3.6 mmol, 100 equiv) and PCE (100 mg, 0.036 mmol, 1 equiv)
were mixed in anhydrous toluene (5 mL) and the mixture was degassed by the freeze-pump-
thaw method. Under an argon atmosphere, stannous 2-ethyl-hexanoate (5 mg, 12 µmols, 0.01
equiv) was added and the reaction mixture was refluxed in an oil bath for 3 h. Subsequently, the
toluene was removed under reduced pressure, and the residue was solubilised in THF to perform
purification by size-exclusion chromatography (Sephadex LH-20, THF) to give PCE-b-PLA as
a brown oil (348 mg, 87%).

1H-NMR (400 MHz, CDCl3)
PCE δ = 6.16–5.64 (2H, H3 H4), 4.37–3.99 (2H, H2 H5), 3.92–3.30 (4H, H1 H6).
PLA δ = 5.25-5.10 (4H, H8), 1.70-1.45 (12H, H7).

Synthesis of PEGose-block-poly(lactic acid) – PEGose50-b-PLA100

PCE-b-PLA (448 mg, 1.0 mmol of the PCE monomer unit) was dissolved in acetone/water
(5:1, 20 mL). Dried N-methylmorpholine-N-oxide was then added to the mixture (129 mg, 1.1
mmol, 1.1 equiv). The reaction mixture was stirred in an ice bath, and then 0.1 mol % of freshly
prepared OsO4 solution (100 µL, 1% in water) was added slowly and the resulting mixture was
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stirred for an additional 2 h at 0°C. The reaction mixture was then stirred overnight at ambient
temperature. To quench the reaction, 126 mg (1 equiv) of sodium sulfite was added and the
resulting mixture was stirred for 1 h. Water was added (20 mL) and the mixture was then
dialyzed (3.5 kDa MWCO) against deionised water over 24 h, regularly changing the water.
The resulting solution was evaporated to yield PEGose-b-PLA as a grey solid (357 mg, 74%).

1H NMR (400 MHz,(CD3)2SO)
PEGose δ = 4.43–3.61 (8H).
PLA δ = 5.25-5.10 (4H, H8), 1.70-1.45 (12H, H7).

Diborated PCE

Diborated PCE synthesis was adapted from Nóvoa et al.[237] In a flame-dried round-
bottomed flask, PCE (112 mg, 0.5 mmol, 1 equiv), B2pin2 (254 mg, 1.0 mmol, 2 equiv) and
NaOMe (32 mg, 0.3 mmol, 0.6 equiv) were dissolved in a minimum amount of methanol and
the resulting solution was refluxed overnight. The mixture was purified by SEC (Sephadex
LH-20, methanol) and the volatiles were removed under vacuum to afford the diborated CPE as
a brown oil (300 mg, 82%).

1H-NMR (400 MHz, CDCl3) δ = 4.25–3.05 (6H, H1 H2 H5 H6), 2.30-1.25 (2H, H3
H4), 1.23–1.05 (24H, H5).

Osmium-free synthesis of PEGose

Adapted from a literature procedure.[237] Diborated PCE (100 mg, 0.27 mmol, 1 equiv) and
1 M aqueous NaOH (2.7 mL, 2.7 mmol, 10 equiv) were mixed. Then a 30% aqueous solution

105



CHAPTER 7. EXPERIMENTAL

of H2O2 (0.3 mL, 5.4 mmol, 20 equiv) was added dropwise. The mixture was stirred overnight
at 80°C. The mixture was dialysed (3.5 kDa MWCO) against deionised water overnight. The
volatiles were evaporated to give osmium-free PEGose as a grey solid (13 mg, 34%).

1H-NMR (400 MHz, D2O) δ = 4.43 – 3.61 (8H). 13C-NMR (126 MHz, D2O) δ = 77.9
(C3), 74.7 (C4), 69.2 (C6), 67.2 (C5), 65.1 (C2), 64.0 (C1).

FITC-labelled PEGose

Adapted from de Belder and Granath procedure.[238] FITC-labelled PEGose and PEGose-
b-PLA were prepared by mixing the polymer (100 mg) in 1 mL of dry DMSO and 50 µL of
pyridine. The fluorescent dye isothiocyanate fluorescein was then added (10 mg) followed by
dibutyltin dilaurate (2 mg). The reaction mixture was heated to 95°C for 2 h. Subsequently, the
labelled polymer was dialyzed (3.5 kDa MWCO) against deionised water over 48 h, regularly
changing the water. The water solution was then concentrated and the polymer dried in vacuo
(84 mg, 84%, d.s. 0.0005). The degree of substitution was determined by preparing a standard
curve with FITC solutions in a Tris buffer, with concentrations ranging from 10-6 to 10-5 mol/L.
The wavelength of absorption was fixed to 493 nm and labelled polymers were dissolved in a
Tris buffer.
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7.5 Chapter 3 - Self-assembly of i-PEGose-b-PLA into poly-
meric microcubes

Synthesis of enantiopure (R) butadiene monoxide

Enantioenriched 3,4-epoxy-butene was obtained by hydrolytic kinetic resolution using a chi-
ral (salen)CoIII complex. Commercially available (R,R) N,N’-bis(3,5-di-tert-butylsalicylidene)-
1,2-cyclohexanediaminocobalt(II) complex (1.3 g, 2.1 mmol, 0.015 equiv) in toluene (10 mL)
was treated with acetic acid (1.5 mL) and stirred under air for 3 h. The crude mixture was left
under vacuum overnight. The complex residue obtained was dissolved in racemic 3,4-epoxy-
1-butene (10 g, 140 mmol). The solution was cooled to 0°C and H2O (1.80 mL, 100 mmol,
0.71 equiv) was added dropwise. After 96 h at ambient temperature, (R)-3,4-epoxy-1-butene[74]

(2.50 g, 35.7 mmol, 32%) was isolated by vacuum transfer into a catch flask cooled with liquid
N2.
[α]20

D +13.6° (c 1.0, Et2O).
[α]22

D +14.8° (c 1.18, Et2O); lit.[26]

1H-NMR (400 MHz, CDCl3)
δ = 5.56-5.46 (2H, H4), 5.30–5.25 (1H, H3), 3.34–3.29 (1H, H2), 2.96-2.92 (1H, H1), 2.64-2.59
(1H, H1’).

Synthesis of isotactic poly(epoxybutene) - i-PEB

Isotactic PEB was synthesised by the same procedure as for atactic PEB, using enantiopure
butadiene monoxide instead. Yield: 2.8 g, 73%.

1H-NMR (400 MHz, CDCl3) δ = 5.73-5.69 (m, br, 1H, H3), 5.28-5.15 (m, br, 2H, H4),
4.01-3.93 (m, br, 1H, H2), 3.57-3.39 (m, br, 2H, H1).
13C-NMR (126 MHz, CDCl3) δ = 136.1 (C3), 117.9 (C4), 80.8 (C2), 72.0 (C1).
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Synthesis of isotactic polycycloether - i-PCE

Isotactic PCE was synthesised by by the same procedure as for atactic PCE, using an
isotactic PEB instead. Yield: 412 mg, 48%.

Synthesis of isotactic polycycloether-block-poly(DL-lactic acid) - i-PCE50-PLA50

i-PCE50-PLA500 was synthesised by the same procedure as for a-PCE50-PLA100. Yield:
312 mg, 82%.

1H-NMR (400 MHz, CDCl3)
PCE δ = 6.04–5.62 (2H, H3 H4), 4.32–3.89 (2H, H2 H5), 3.82–3.28 (4H, H1 H6).
PLA δ = 5.24-5.01 (1H, H8), 1.83-1.72 (3H, H7).

Synthesis of isotactic polycycloether-block-poly(L-lactic acid) - i-PCE50-PLLA50

i-PCE50-PLLA50 was synthesised by the same procedure as for a-PCE50-PLA50 using an
isotactic PCE homopolymer and L-lactide. Yield: 297 mg, 78%.

1H-NMR (400 MHz, CDCl3)
PCE δ = 6.10–5.64 (2H, H3 H4), 4.39–3.95 (2H, H2 H5), 3.90–3.52 (4H, H1 H6).
PLA δ = 5.35-5.08 (1H, H8), 1.71-1.54 (3H, H7).

Synthesis of isotactic PEGose-block-poly(DL-lactic acid) - i-PEGose50-PLA50
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i-PCE-b-PLA (448 mg, 1.0 mmol of the PCE monomer unit) was dissolved in acetone/water
(5:1, 20 mL). Dried N-methylmorpholine-N-oxide was then added to the mixture (129 mg,
1.1 mmol, 1.1 equiv). The reaction mixture was stirred in an ice bath, and then 0.1 mol %
of freshly prepared OsO4 solution (100 µL, 1% in water) was added slowly and the resulting
mixture was stirred for an additional 2 h. The reaction mixture was stirred overnight at ambient
temperature. To quench the reaction, 126 mg (1 equiv) of sodium sulfite was added and the
resulting mixture was stirred for 1 h. Water was added (20 mL) and the mixture was then
dialyzed (3.5 kDa MWCO) against deionised water over 24 h, regularly changing the water.
The resulting solution was freeze-dried to yield i-PEGose-b-PLA as a grey solid (357 mg, 74%).

1H NMR (400 MHz,(CD3)2SO)
PEGose δ = 4.43–3.61 (8H).
PLA δ = 5.25-5.10 (1H, H8), 1.70-1.45 (3H, H7).

Synthesis of isotactic PEGose-block-poly(L-lactic acid) - i-PEGose50-PLLA50

i-PEGose50-PLLA50 was synthesised by the same procedure as for i-PEGose50-PLA50

using i-PCE-b-PLLA as starting material instead. Yield: 174 mg, 72%.

The product was not soluble in DMSO-d6 or any other solvent, leading to the absence of
a proper NMR characterisation.
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7.6 Chapter 4 - Synthesis of PEG-b-poly(cycloether), a polox-
amer mimic containing a helical block

Atactic and isotactic poly(epoxybutene) were synthesised following the procedure described in
the previous chapter.

Reduction of poly(epoxybutene) chloride end-group leading to i-H-PEB30

Isotactic H-PEB30 was synthesised by dissolving isotactic Cl-PEB30 (400 mg, 190 µmol, 1
equiv) in THF (4 mL), then slowly adding a LiAlH4 solution in THF (1 M, 2.0 mL, 2.0 mmol,
10 equiv). The mixture was stirred at ambient temperature for 48 h, quenched with methanol
(1 mL) then concentrated under vacuum. DCM (10 mL) and a 10% aqueous Rochelle salt
solution (10 mL) were added and the mixture was stirred for 4 h. The organic phase was then
separated, washed three times with deionised water, dried over magnesium sulfate, and filtered.
The volatiles were removed under vacuum, and the resulting polymer was dissolved in a 1:1
methanol/DCM mixture for purification by preparative SEC (Sephadex LH-20, methanol/DCM
1:1). The fractions were concentrated, and the polymer was dried under vacuum overnight to
give a brown oil (isotactic H-PEB30: 324 mg, 81%).

1H-NMR (400 MHz, CDCl3) δ = 5.77-5.69 (m, br, 2H, H3), 5.33-5.13 (m, br, 4H, H4),
4.02-3.91 (m, br, 2H, H2), 3.60-3.38 (m, br, 4H, H1).
13C-NMR (126 MHz, CDCl3) δ = 136.2 (C3), 117.8 (C4), 80.8 (C2), 72.1 (C1).

Reduction of poly(epoxybutene) chloride end-group leading to a-H-PEB30

Atactic H-PEB30 was synthesised following the previous procedure using atactic Cl-PEB30.
Yield: 312 mg, 78%.
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Hydroxy substitution of poly(epoxybutene) chloride end-group leading to i-HO-PEB30

Isotactic HO-PEB30 was synthesised by dissolving isotactic Cl-PEB30 (500 mg, 240 µmol,
1 equiv) and silver nitrate (210 mg, 2.50 mmol, 10 equiv) in a mixture of ethanol (10 mL) and
deionised water (2 mL). The reaction mixture was then refluxed for 48 h and subsequently
concentrated under vacuum. The resulting polymer was dissolved in DCM (10 mL), and the
resulting solution washed three times with water, dried over magnesium sulfate, and filtered.
The volatiles were removed under vacuum, and the resulting polymer was dissolved in a 1:1
methanol/DCM mixture for purification by preparative SEC (Sephadex LH-20, methanol/DCM
1:1). The fractions were concentrated, and the polymer was dried under vacuum overnight to
give a brown oil (isotactic HO-PEB30: 430 mg, 86%).

1H-NMR (400 MHz, CDCl3) δ = 5.77-5.69 (m, br, 2H, H3), 5.33-5.13 (m, br, 4H, H4),
4.02-3.91 (m, br, 2H, H2), 3.60-3.38 (m, br, 4H, H1).
13C-NMR (126 MHz, CDCl3) δ = 136.2 (C3), 117.8 (C4), 80.8 (C2), 72.1 (C1).

Hydroxy substitution of poly(epoxybutene) chloride end-group leading to a-HO-PEB30

Atactic HO-PEB30 was synthesised following the previous procedure using atactic Cl-
PEB30. Yield: 405 mg, 81%.

Synthesis of atactic polycycloether-block-poly(ethylene glycol) – a-PCE30-b-PEG100

In a flame-dried Schlenk tube, atactic H-PCE30 (300 mg, 0.18 mmol, 1 equiv) was added
and dried overnight under vacuum. Sodium hydride was added (43 mg, 1.8 mmol, 10 equiv),
dry THF was introduced (3 mL), then the mixture was stirred at 50°C for 3 h. The mixture was
cooled down to ambient temperature then ethylene oxide in THF (2.5 M, 7.2 mL, 18 mmol,
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100 equiv) was added and the mixture was stirred at 50°C for 2 days. An aqueous sodium
hydroxide solution was then added (1 M, 1.0 mL) and the mixture was stirred overnight at
ambient temperature. The mixture was finally quenched with an aqueous HCl solution (1 M,
1.0 mL) then the volatiles were removed under vacuum. The resulting polymer was dissolved
in deionised water and dialyzed (1.0 kDa MWCO) against deionised water over two days. The
resulting solution was freeze-dried and i-PCE30-b-PEG100 was obtained as a viscous brown oil
(atactic PCE30-b-PEG100: 522 mg, 57% yield).

1H-NMR (400 MHz, CDCl3)
PCE δ = 6.16–5.64 (2H, H3 H4), 4.37–3.99 (2H, H2 H5), 3.92–3.30 (4H, H1 H6).
PEG δ = 3.58-3.62 (27H, H7 H8)
13C-NMR (126 MHz, CDCl3)
PCE δ = 132.0–124.0 (C3 C4), 74.1–73.2 (C5), 71.2–70.4 (C2), 70.4–69.3 (C6), 68–66.6 (C1).
PEG δ = 70.2-70.8 (C7 C8)

Synthesis of isotactic polycycloether-block-poly(ethylene glycol) – i-PCE30-b-PEG100

Isotactic i-PCE30-b-PEG100 was synthesised following the previous procedure using
isotactic H-PEB30. Yield: 238 mg, 52%.

Synthesis of isotactic poly(ethylene glycol)-block-polycycloether-block-poly(ethylene glycol)

– PEG50-iPCE30-PEG50

PEG50-b-iPCE30-b-PEG50 was synthesised using the previous procedure, using isotactic
HO-PCE30 as substrate. Yield: 233 mg, 51%.

Synthesis of atactic poly(ethylene glycol)-block-polycycloether-block-poly(ethylene glycol)

– PEG50-aPCE30-PEG50
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PEG50-b-aPCE30-b-PEG50 was synthesised using the previous procedure, using atactic
HO-PCE30 as substrate. Yield: 247 mg, 54%.

Synthesis of atactic saturated polycycloether-block-poly(ethylene glycol) – aSPCE30-b-

PEG100

Atactic SPCE30-b-PEG100 was synthesised by adding the corresponding PCE30-b-PEG100

(58 mg) to a 25 mL round-bottomed flask. Under an argon atmosphere, methanol was added
(2 mL) followed by Pd/C (10% wt, 12 mg). The flask was degassed then hydrogen was
introduced. The mixture was stirred at ambient temperature for 24 h. The reaction mixture was
then filtered, concentrated under vacuum, and the resulting oil solubilised in water, followed
by dialysis (1.0 kDa MWCO) against water for 24 h. The aqueous solution was freeze-dried
and SPCE30-b-PEG100 was obtained as a viscous yellow oil (atactic SPCE30-b-PEG100: 42 mg,
76%).

1H-NMR (400 MHz, CDCl3)
PCE δ = 4.35–3.95 (2H, H2 H5), 3.81–3.42 (8H, H1 H6).
PEG δ = 3.58-3.62 (27H, H7 H8)

Synthesis of isotactic poly(ethylene glycol)-block-saturated poly(cycloether)-block-

poly(ethylene glycol) – PEG50-b-iSPCE30-b-PEG50

PEG50-b-iSPCE30-b-PEG50 was synthesised using the previous procedure, using isotactic
PEG50-b-iPCE30-b-PEG50 as substrate. Yield: 41 mg, 74%.
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7.7 Chapter 5 - Synthesis of polycyclic cationic polymers

Synthesis of hydroaminated PCE

Adapted from the Yi-Dan Du et al. procedure,[233] N-phenyl-9-mesityl 2,7-dimethylacridinium
tetrafluoroborate (14 mg, 28 µmol, 5.0 mol%) was added under argon in a Schlenk-tube. Am-
monium carbonate (793 mg, 8.25 mmol, 15 equiv) was then added, followed by DCM (100
mL), PCE (0.55 mmol, 62 mg), 2-aminothiophenol (20.5 mg, 1.65 mmol, 30 mol%) and PhCl
(10 mL). The reaction mixture was stirred at RT under irradiation with blue LEDs for 48 h.
The conversion was monitored by 1H NMR by integrating the alkene peak. After 2 days, the
volatiles were removed in vacuo. The crude mixture was purified by Sephadex LH-20 using
methanol as eluent. The volatiles were removed in vacuo to give the desired polymer as a black
oil (17 mg, 31% yield).

1H-NMR (400 MHz, CD3OD) δ = 6.18-5.59 (unconverted alkene protons), 4.52-3.10
(7H, H1 H2 H3 H5 H6), 2.59–1.50 (1H, H4).

Synthesis of thiol-ene PCE

Adapted from the J. Hunt et al. procedure,[239] PCE (1.1 mmol, 124 mg) and 2-
aminoethanethiol hydrochloride (8.8 mmol, 1.0 g, 8 equiv) were mixed with 20 mL of 1:1
MeOH/water. 2,2-Dimethoxy-2-phenylacetophenone (55 µmol, 14 mg, 0.05 equiv) was added
then argon was bubbled through the reaction mixture for 30 min to degas. The solution was
irradiated with blue light (maximum emission peak 365 nm) and stirred for 24 h. Volatiles
were evaporated and the residue was solubilised in a minimum of methanol then purified by
Sephadex LH-20 using methanol as eluent. The volatiles were removed in vacuo to give the
desired polymer as a black oil (65 mg, 31% yield).
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1H-NMR (400 MHz, CD3OD) δ = 6.21-5.73 (unconverted alkene protons), 4.25-2.78
(11H, H1 H2 H3 H5 H6 H7 H8), 2.56–2.12 (1H, H4).

Synthesis of guanidinium PCE

The resulting Thiol-ene PCE (65 mg, 0.34 mmol) was dissolved in a pH 10 buffer. 1H-
pyrazole-1-carboxamidine hydrochloride (150 mg, 1.02 mmol) was then added. The reaction
mixture was stirred under reflux overnight. The volatiles were evaporated under vaccum then
the residue was solubilised in a minimum of methanol then purified by Sephadex LH-20 with
methanol as the eluent. After drying under vaccum, the guanidinium-functionalised PCE was
obtained as a black oil (35 mg, 45% yield).

1H-NMR (400 MHz, D2O) δ = 8.52-6.88 (4H, guanidinium protons), 4.51-2.22 (13H,
H1 H2 H3 H4 H5 H6 H7 H8).

Synthesis of diamino PCE

Adapted from the E. Edelstein et al. procedure,[234] t-BuOK (112 mg, 1 mmol, 5.0 equiv)
was cautiously placed in a small Schlenk tube. Methoxyamine (1.96 M in THF, 0.33 mL, 0.66
mmol, 3.0 equiv) was then added. The diborated CPE (75 mg, 0.20 mmol, 1.0 equiv) was
added as a solution in toluene (0.66 mL) to achieve a final substrate concentration of 0.2 M.
The Schlenk tube was sealed with tape and stirred for 24 h at 80°C. After letting the reaction
mixture cool down to ambient temperature, water was added. The mixture was stirred at RT for
1 h then the volatiles were evaporated under vaccum. The residue was solubilised in deionised
water then dialyzed over 2 days using a 1.5 kDa MWCO membrane. After removing the water
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under vacuum, the polymer was obtained as a black oil (18 mg, 62% yield).

1H-NMR (400 MHz, D2O) δ = 4.47-3.17 (8H).

Synthesis of epoxyPCE

Polycycloether (PCE) (448 mg, 4.0 mmol of the monomer unit) was dissolved in
dichloromethane (5 mL). meta-Chloroperoxybenzoic acid (mCPBA) (66%, 448 mg, 12.0
mmol) was dissolved in dichloromethane (2 mL) and the resulting solution was added dropwise
at 0°C. The crude product was then kept in solution under inert atmosphere and the desired
nucleophile was then added in situ for the synthesis of hydroxyaminoPCE or hexaminePCE.

Synthesis of methylaminePEGose

To a solution of epoxyPCE (1.0 mmol of the monomer unit) in dichloromethane (5 mL)
was added a solution of methylamine in THF (2.0 M, 5.0 mL, 10 mmol, 10 equiv) at 0°C.
The solution was kept stirring for 48 h then concentrated under vacuum. The resulting oil was
dissolved in water, purified by dialysis (1.0 kDa MWCO) over 3 days then freeze-dried to
obtain methylaminePEGose as a brown oil (58 mg, 36% yield).

1H-NMR (400 MHz, D2O) δ = 4.31-2.44 (11H).

Synthesis of hexaminePCE
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To a solution of epoxyPCE (1.0 mmol of the monomer unit) in dichloromethane (5 mL)
was added dry DMSO (5 mL) then pentaethylene hexamine (2.32 mL, 2.32 g, 10 equiv) at
0°C. The solution was kept stirring for 48 h then concentrated under vacuum. The resulting oil
was dissolved in water, purified by dialysis (1.0 kDa MWCO) over 3 days then freeze-dried to
obtain hexaminePCE as a brown oil (175 mg, 49% yield).

1H-NMR (400 MHz, D2O) δ = 4.20-2.50 (28H).

Synthesis of PEGose-g-poly(tosylaziridine)

In a flame-dried Schlenk tube, PEGose (100 mg, 1.37 mmol), THF (10 mL), and a t-Bu-P2
solution in THF (2 M, 0.2 mL, 0.3 equiv) were added. A solution of tosylaziridine (2.70 g,
13.7 mmol, 10 equiv) and p-toluenesulfonyl isocyanate (0.21 mL, 1.37 mmol, 1 equiv) in THF
(2 mL) was then added. The reaction mixture was stirred at 50°C for 24 h. The product was
precipitated in methanol, filtered, washed with methanol, then concentrated under vacuum. The
polymer was then dissolved in a minimum of dichloromethane then purified by size-exclusion
chromatography (Sephadex LH-20, DCM/MeOH 3:1) to afford the desired polymer as a grey
solid (246 mg, 6% yield).

1H-NMR (400 MHz, CDCl3) δ = 7.94-7.56 (2H, H-ortho tosyl), 7.39-7.09 (2H, H-meta
tosyl), 4.04-3.02 (4H, H7 H8), 4.04-3.02 (0.6H, H1 H2 H3 H4 H5 H6), 2.50-2.13 (3H, tosyl).
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Synthesis of PEGose-g-PEI

PEGose-g-poly(tosylaziridine) (200 mg, 1.02 mmol) was dissolved in toluene (5 mL)
then a sodium bis(2-methoxyethoxy)aluminium hydride (Red-Al) solution in toluene (70
wt%, 1.16 mL, 4.04 mmol, 4 equiv) was added. The reaction mixture was refluxed overnight
then concentrated under vacuum. The resulting product was dissolved in water then purified
by dialysis (1.0 kDa MWCO) against water over 3 days. The polymer solution was then
freeze-dried to afford PEGose-g-PEI as a grey solid (31 mg, 71%).

1H-NMR (400 MHz, D2O) δ = 3.91-3.18 (0.6H, H1 H2 H3 H4 H5 H6), 2.74-2.49 (4H,
H7 H8).
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Appendix

Figure 7.1: SEC traces of atactic PEB50 and PCE50, measured in THF with a 1 mL/min flow
rate.

Figure 7.2: SEC traces of PCE50-PLA15, PCE50-PLA25, PCE50-PLA50, PCE50-PLA100 mea-
sured in THF with a 1 mL/min flow rate.
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Figure 7.3: 1H NMR spectra of a) PCE50-PLA100 b) PCE50-PLA50 c) PCE50-PLA25 d) PCE50-
PLA15 in CDCl3. Alkene protons from the PCE block were normalised to 2.

Figure 7.4: 1H NMR spectra of a) PEGose50-PLA100, b) PEGose50-PLA50, c) PEGose50-PLA25
and d) PEGose50-PLA15 in DMSO-d6.
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Figure 7.5: 1H NMR DOSY spectra of a) PCE50-PLA100, b) PCE50-PLA50, c) PCE50-PLA25
and d) PCE50-PLA15 in CDCl3.

Figure 7.6: TEM images of PEGose50-PLA50 stained with uranyl acetate (a. b. and c.) or
without using any stain (d. and e.). The nanoparticles were prepared by dialysing the DMSO
block copolymer solution against deionised water. Scale bars are 200 nm.
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Figure 7.7: SAXS scattering curves for a-PEGose50-PLA100, i-PEGose50-PLA50 and a-
PEGose50-PLA50 in deionised water and i-PEGose50-PLA50 in a 10 mg/mL NaCl solution. The
scattering curves were obtained by Daniel McDowall using the beamline B21: high-throughput
small-angle X-ray scattering at Diamond Light Source.[236] The data was consequently fitted
into a homogeneous sphere with an adsorbed layer model.
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Figure 7.8: 1H NMR spectra of a) i-PEB50 and b) i-PCE50 in CDCl3 and c) i-PEGose50 in D2O.
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Figure 7.9: Powder X-ray diffraction of one dried drop of a i-PEGose50-PLA50 100 mg/mL
NaCl solution.

Figure 7.10: 1H NMR spectra of a) a-PCE50-PLLA500 and b) i-PCE50-PLLA50 in CDCl3 and
c) a-PEGose50-PLLA500 and d) i-PEGose50-PLLA50 in D2O.
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Figure 7.11: 1H NMR DOSY spectra of a) a-PCE50-PLLA500 and b) i-PCE50-PLLA50 in
CDCl3.

Figure 7.12: SEC traces of a-PCE50-PLLA500 and i-PCE50-PLLA50 measured in THF with a 1
mL/min flow rate.
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Figure 7.13: 1H NMR spectra of a) a-PCE50-PLA50, c) i-PCE50-PLA50 and e) i-PCE50-PLA50
in CDCl3 and b) a-PEGose50-PLA50, d) partly converted a-PEGose50-PLA50 and f) i-PEGose50-
PLA50 in D2O.
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Figure 7.14: Transmission electron microscopy images of unstained a) i-PEGose50-PLA50 and
b) a-PEGose50-PLA50 in deionised water with corresponding size analysis (193 nm mean diam-
eter for a) and 228 nm for b)). Scale bars represent 1 µm.

Figure 7.15: TEM images of i-PEGose50-b-PLA50 nanoparticles prepared in deionised water
then salt was added to make a 100 mg/mL solution (1 µm scale bar) with corresponding size
analysis.
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Figure 7.16: TEM images of i-PEGose50-b-PLA50 nanoparticles in a 100 mg/mL NaCl solution
at a 10 mg/mL polymer concentration (1 µm scale bar) with corresponding size analysis.

Figure 7.17: Additional unstained TEM images of isotactic PEGose50-PLA50 in a 100 mg/mL
NaCl solution after a) 1 hour or b 3 days (1 µm scale bar).
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Figure 7.18: Additional TEM images of i-PEGose50-b-PLA50 nanoparticles in a 100 mg/mL
NaCl solution at a 1 mg/mL polymer concentration (500 nm scale bars).
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Figure 7.19: Mass spectra of atactic Cl-PEB15, atactic HO-PEB15, atactic H-PEB15 and corre-
sponding adducts. Adducts peaks are separated by 70.04 Da. The polymers with 9 repeating
units have been pinpointed in each spectrum.
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Table 7.1: m/z values of Cl-PEB15, HO-PEB15 and H-PEB15 adducts. The adducts in bold are
shown in Figure 7.19.

Cl-PEB Adducts m/z

[Na + Cl-PEB8]* 619.2969
[Na + Cl-PEB9]* 689.3376
[Na + Cl-PEB10]* 759.3787
[Na + Cl-PEB11] 829.4189
[Na + Cl-PEB12] 899.4596
[Na + Cl-PEB13] 969.4997
[Na + Cl-PEB14] 1039.5397
[Na + Cl-PEB15] 1109.5798
[Na + Cl-PEB16] 1179.6174
[Na + Cl-PEB17] 1249.6595
[Na + Cl-PEB18] 1319.6997
[Na + Cl-PEB19] 1389.7387
[Na + Cl-PEB20] 1459.7722

HO-PEB Adducts m/z

[Na + HO-PEB7]* 531.2948
[Na + HO-PEB8]* 601.3386
[Na + HO-PEB9]* 671.3822
[Na + HO-PEB10] 741.4258
[Na + HO-PEB11] 811.4692
[Na + HO-PEB12] 881.5127
[Na + HO-PEB13] 951.5563
[Na + HO-PEB14] 1021.5998

H-PEB Adducts m/z

[Li + H-PEB7] 499.3253
[Na + H-PEB7] 515.3201
[K + H-PEB7] 531.2937

[Li + H-PEB8]* 569.3673
[Na + H-PEB8]* 585.3620
[K + H-PEB8]* 601.3357
[Li + H-PEB9] 639.4093
[Na + H-PEB9] 655.1037
[K + H-PEB9] 671.3776
[Li + H-PEB10] 709.4512
[Na + H-PEB10] 725.4452
[K + H-PEB10] 741.4195
[Li + H-PEB11] 779.4931
[Na + H-PEB11] 795.4866
[K + H-PEB11] 811.4613
[Li + H-PEB12] 849.5348
[Na + H-PEB12] 865.5273
[K + H-PEB12] 881.5031
[Li + H-PEB13] 919.5765
[Na + H-PEB13] 935.5677
[K + H-PEB13] 951.5451
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Figure 7.20: Size-exclusion chromatography traces of a) the homopolymers, b) diblock and c)
triblock copolymers measured in THF.

147



Figure 7.21: 1H NMR of the synthesised polymers in CDCl3: a) aPEB30, b) iPEB30, c) aPCE30,
d) iPCE30, e) aSPCE30-PEG100, f) PEG50-aSPCE30-PEG30 and g) iSPCE30-PEG100.

Figure 7.22: Diffusion-Ordered Spectroscopy (DOSY) 1H NMR in CDCl3: a) PEG50-iPCE30-
PEG50, b) PEG50-aPCE30-PEG50, c) aPCE30-PEG100, d) aPCE30-PEG200, e) iPCE30-PEG100
and f) iPCE30-PEG200.
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Figure 7.23: Surface tension measurement of a) PEG50-iPCE30-PEG50 b) PEG50-aSPCE30-
PEG50 c) aPCE30-PEG100 d) iSPCE30-PEG100 e) iPCE30-PEG200 f) aPCE30-PEG200 g) iPCE30-
PEG100 h) PEG50-aPCE30-PEG50 i) aSPCE30-PEG100 and j) water. The green line corresponds
to the detected edge of the droplet, the blue line corresponds to the simulated fit used to calculate
the surface tension. The difference between the simulated edge and the detected edge is the root
mean squared error (RMSE). The instrument was calibrated on k) a 10.00 mm ball.
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Figure 7.24: Additional transmission electron microscopy (TEM) images of unstained isotactic
PCE30-b-PEG100 in deionised water with size analysis, 1 day after the nanoparticles preparation
(1 µm scale bar for a), b), c) and 200 nm for d)).
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Figure 7.25: Human hepatocellular carcinoma cell viability after incubation with hydroamino-
PCE30, thiolamino-PCE30, guanidinium-PCE30, diamino-PCE30, a-PEGose50, i-PEGose50, a-
PEGose50-PLA50 and i-PEGose50-PLA50 with a concentration of 0.5, 5, 50 or 500 µg/mL in a
humidified incubator at 37°C under 5% CO2. Cell studies were performed with the collaboration
of Emmanuelle Acs and Jesko Koehnke.
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