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ABSTRACT

In the last decades, the fabrication of ordered nano- and microporous structures has
attracted increasing interest due to their specific properties and multiple possible applications
in electronics, as templates or in the biological field. The development of such materials has
been favored by the introduction of the simple breath-figure templating method in the
1990’s. In order to fully exploit the potential of these porous materials, the use of advanced
functional molecules as precursors is essential. One suitable class of molecules is the well-
defined linear-dendritic hybrids (LD hybrids) family. The structural variations, multiple end-
groups and possible amphiphilicity of these molecules are significant advantages that could
lead to highly sophisticated functional materials with potential usage in biology. Therefore,
this project was directed towards the synthesis of advanced LD hybrids and the evaluation of
their ability to form ordered functional porous films.

A degradation and toxicity study was initially conducted on polyester-based 2,2-
bis(methylol)propionic acid (bis-MPA) dendrimers under physiological conditions to support
the potential usage of these molecules for biological purposes. The materials were found to
undergo a relatively fast depolymerization process at pH 7.5. Moreover, the initial dendrimer
and its decomposition products were proven to be non-toxic for immune competent cells,
allowing for the utilization of these molecules for biological applications.

A linear-dendritic-linear hybrid library was successfully synthesized from biocompatible
poly(ethylene glycol) (PEG), poly(e-caprolactone) (PCL) and bis-MPA building blocks using
a combination of ring-opening polymerization (ROP)and copper(l)-catalyzed azide-alkyne
cycloaddition (CuAAC). The materials, consisting of one long PEG block connected to the
focal point of the dendron and several PCL arms attached at its periphery, were used to
construct ordered porous films using the breath figure method. The polymeric architecture
strongly affected the ordering of the films with a more regular morphology obtained from a
more flexible polymer. Changing the semi-crystalline PCL to amorphous polylactide (PLA)
also permitted the formation of porous arrays. Interestingly, films obtained from inverted
structures possessing one long PCL block and several short PEG chains, also presented a
regular morphology. Moreover they could be activated to exhibit multiple surface hydroxyl
groups.

To increase the number of orthogonal synthetic methodologies available for the
preparation of advanced macromolecules, high molecular weight dendritic macrothiols were
synthesized. These molecules were efficiently coupled to a number of core molecules via
thiol-ene coupling, generating a comprehensive library of dendritic materials. This approach
represents an attractive alternative to the commonly used, but potentially toxic, CuAAC.

Exploiting the obtained results, a final LD hybrid was synthesized from atom transfer
radical polymerization (ATRP) of 2-hydroxyethyl methacrylate (HEMA) derivatives and
thiol-ene coupling (TEC) with macrothiols. This macromolecule was successfully utilized to
form functional ordered porous arrays and the availability of peripheral alkyne functional
groups was demonstrated by efficient coupling with fluorescent Rhodamine-B. The HEMA-
backbone allowed for the introduction of cross-linkable azide groups that were used to
significantly improve the thermal stability of the films from 50 °C to 200 °C. These materials
have the potential to be used in applications such as catalysis, in medicine and as sensors.



SAMMANFATTNING

Under de senaste decennierna har intresset f6r ordnade nano- och mikropordsa strukturer
Okat da dessa strukturer har specifika egenskaper och dirmed kan anvindas i en rad olika
applikationer, bland annat inom elektronik och biotekniska tillimpningar. Introduktionen av
“breath figure” metoden i slutet av nittonhundratalet har underlittat utvecklingen av dessa
material. FOr att maximalt dra nytta av dessa strukturer, dr det nédvindigt att anvinda
funktionella molekyler som startmaterial. Linjira-dendritiska (LD) hybrider 4dr limpliga
startmaterial eftersom de kan byggas i olika kombinationer, har manga dndgrupper och kan
vara amfifila. Dirmed kommer detta arbete att fokusera pa syntes av multifunktionella LD
hybrider fran biokompatibla byggstenar samt analys av porosa filmer framstillda av dessa
material.

I hela studien anvinds 2,2-bis(metylol)propionsyra (bis-MPA) som dendritisk byggsten.
Dirtor utvirderades dess nedbrytning och toxicitet under fysiologiska férhallanden. Vid pH
7.5 depolymeriserar materialen snabbt och monomerer frigbrs. Varken dendronen eller
monomeren uppvisade nigon toxisk aktivitet mot makrofager  wvitro vilkket moijliggor
anvindning inom biologiska omraden.

Linjira-dendritiska-linjira hybrider syntetiserades framgangsrikt fran biokompatibla
poly(etylenglykol) (PEG),  poly(e-kaprolakton) (PCL) och bis-MPA  via
ringéppningspolymerisation och  koppar(I)-katalyserad —azid-alkyn  cykloadditionskemi
(CuAAC). Biblioteket som byggdes upp bestod av dendroner fran forsta till fjirde
generationen, funktionaliserade med en PEG kedja 1 kidrnan samt PCL av olika lingder i
periferin sd att samtliga molekyler skulle ha en liknande molekylvikt. Dessa material anvindes
for att framstilla porésa filmer. Filmernas porositet visade sig vara starkt beroende av
polymerens arkitektur: den mest flexibla hybriden, som inneholl en dendron av tredje
generationen, formade vilordnade filmer. Isopordsa filmer kunde ocksa framstillas genom
att byta ut delkristallin PCL. mot amorf poly(laktid). For att vidare studera effekten av
arkitekturen, byggdes en inverterad struktur med en dendron av tredje generationen
funktionaliserad med en ling PCL kedja i kidrnan och korta PEG kedjor i dnden. Denna
hybrid gav ocksa upphov till vilordnade filmer med hydroxylgrupper tillgingliga f6r vidare
modifieringar.

Dendritiska tioler med hég molekylvikt syntetiserades darefter for att kunna framstilla
mer avancerade strukturer genom att Oka antalet ortogonala byggstenar. Dessa makrotioler
kopplades framgangsrikt till olika allyl-funktionella kirnor via tiol-ene kemi (TEC) och ett
komplett bibliotek av dendritiska polymerer erholls. Denna strategi ar ett intressant alternativ
till det potentiellt toxiska CuAAC.

Slutligen syntetiserades en alkyn-funktionell LD hybrid via atom transfer radical
polymerisation (ATRP) fran ett 2-hydroxyethyl metakrylat (HEMA) derivat och TEC
koppling med en makrotiol. Porésa filmer bildades framgangsrikt av detta material och
alkyngrupperna kunde litt modifieras via CuAAC med en azid-funktionell fluorescerande
rhodamine-B. Efter funktionaliseringen av HEMAs sidogrupper med azider samt
tvirbindning av filmerna med UV, erhélls material som var stabila upp till 200 °C . Dessa
funktionella material kan anvindas i manga olika applikationer, bland annat inom katalys,

medicin eller som sensoret.
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Purpose of the study

1. PURPOSE OF THE STUDY

With the fast development of nanotechnology, the preparation of advanced functional
materials has attracted significant attention from the scientific community. A typical example
is the preparation of micro- and nanoporous functional films using the simple breath figure
method. Due to their specific properties, these films have numerous potential applications
for example in electronics or in the biological field for cell culturing or scaffolding. To fulfill
the requirements of such applications, the synthesis of always more sophisticated
macromolecules is essential. Therefore, scientists are continuously presenting new classes of
materials. One significant breakthrough was the introduction of dendritic polymers and
linear-dendritic (LD) hybrids, which possess unique properties. The endless possibilities of
combining different linear and dendritic fragments and the facile introduction of
amphiphilicity into these macromolecules are significant advantages of these structures.
Moreover, considering the multiple end-groups present on the dendritic block together with
the tunable amphiphilic character of the molecules, LD hybrids are foreseen as excellent
candidates for the fabrication of highly functional porous films via the water-templated
breath figure (BF) method.

The general purpose of this study was to synthesize highly functional and stable porous
films that could potentially be used for biological applications. Therefore the synthesis of
biocompatible macromolecules possessing multiple functional groups as well as moieties
allowing for cross-linking, and thus improved stability, of the films was explored. To reach
this final goal, several investigations needed to be conducted. In order to permit the synthesis
of biocompatible materials, thorough investigation of the biodegradability and toxicity of the
building blocks was a prerequisite. Therefore the first study was devoted to an investigation
of the degradation profile and 7 vitro toxicity of bis-MPA dendrimers. In parallel, to
efficiently tailor the film properties, acquiring a deeper knowledge of the effect of LD hybrid
architecture on the formation of ordered porous arrays was essential. Consequently, a
comprehensive study was conducted to explore the effect of the dendritic linker, coupling
chemistry and physical properties of the hybrids on pore formation. Another investigation
was dedicated to the development of new high molecular weight dendritic thiols and their
ability to couple to various core molecules via UV-initiated thiol-ene coupling chemistry.
This study was performed to provide a facile synthetic methodology, available to access
advanced macromolecules in various solvent conditions, as an alternative to the copper(I)-
catalyzed azide-alkyne cycloaddition. Finally the aim of the last study was to exploit the
previously acquired knowledge to design functional LD hybrids and use them to develop
stable and highly functional porous films.







Introduction

2. INTRODUCTION

2.1 POLYMERS

Natural polymers are present on earth since the appearance of life. In fact, they can be
found in many living organisms, for example in the form of DNA, cellulose, collagen, silk or
natural rubber. In the 18" century, natural polymers started to be synthetically modified but
it is only in 1909 that the first fully synthetic polymer was commercialized under the name of
Bakelite (thermosetting phenol formaldehyde resin).' Since then the polymer industry has
been continuously growing and synthetic polymers are today essential components in our
everyday life.

The name polymer is derived from the Greeck words moAU¢ (“polus”, meaning part) and
HEPOG (“meros”, meaning units) and can be translated as “many parts”. A polymer is
therefore simply the assembly of many units or monomers together into a large molecule.
The monomers can be covalently linked to each other in different ways resulting in either
linear or branched architectures (Figure 2-1). Moreover different monomers can be
combined in a single molecule forming block copolymers, alternating copolymers or random
copolymers. Both the composition and the architecture of the polymer strongly affect the
properties of the molecule. Therefore tailoring these two parameters is essential to access
advanced structures with desired properties such as response to an external stimuli,
conductivity or luminescence. While linear or randomly branched polymers are exploited
industrially, block copolymers, stars or perfectly branched structures are particularly
interesting for fundamental research because of their specific properties.

o
o Monomers
o

|
| I

Linear polymers Branched polymers
I |
{ ! } t } ' }
0009%0% 0700000 09000500070 ¢ gis 31' o
Homopolymer Block Alternating Random
I I I
copolymer copolymer copolymer Star Comb Hyperbranched
polymer polymer polymer

Figure 2-1. Illustration of different polymer architectures and compositions.




Introduction

2.2 DENDRIMERS

2.2.1 Definition

Dendritic polymers are one of the latest additions to the polymer family. The name
dendrimer comes from the greek word “6€vépov” (pronounced “dendron”) meaning tree
and reflects the highly branched structure of this group of polymers. Dendritic polymers can
be divided into monodisperse and polydisperse frameworks (Figure 2-2). Among dendritic
polymers, dendrimers and dendrons are particularly interesting structures because of their
structural perfection and high number of functional end-groups. In contrast to the other
sub-classes of the dendpritic family which present molar mass dispersities (D,,) in the range of
1.1 to 10, dendrimers and dendrons have a perfectly uniform structure and can be isolated as
monodisperse compounds.?

Monodisperse Frameworks Polydisperse Frameworks

o
g
é
Dendrimers Dendrons Hyperbranched Dendrigrafts Dendritic-Linear
Polymers Hybrids

Figure 2-2. The dendritic polymer family.

Dendrimers consist of interconnected multifunctional AB» monomers where A and B are
two different functionalities and # is equal or higher than 2 (Figure 2-3). The three-
dimensional structure of a dendrimer is centered on a multifunctional moiety; the core of the
dendrimer. Typically, the core possesses 3 or 4 functionalities. The monomers are attached in
perfect layers around the core, each layer being called a generation. The same structure is
found in dendrons, which are wedges of dendrimers. The external layer of the dendrimer is
decorated with activated groups available for further reaction. Traditionally, the inner part of
the dendrimer was dormant, but new methods have emerged to synthesize dendrimers with
internal functionalities.”*

2.2.2 Synthesis

The first synthesis of a dendritic material was reported in 1978 by Vogtle ef al who
synthesized a branched polypropylene-amine structure.” Their “cascade molecule” was
generated by repetitive monomer addition and activation of the branched molecule. Even
though the achieved structure was of low molecular weight, this work is today acknowledged
as the starting point for research in the dendritic polymer field.
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Figure 2-3. Schematic view of a generation four dendrimer and its architectural
components.

In 1985, two parallel studies were published by Tomalia ¢z 4/” and Newcome ez al.” who
reported the synthesis of poly(amidoamine) (PAMAM) dendrimers and poly(etheramide)
arborols respectively. The strategy used in these works, called divergent growth approach, is
today one of the most used synthetic pathways towards commercial dendrimers. It initiates
dendrimer growth from a multifunctional core and continues outward by repetition of
monomer addition and activation steps. The external B functionalities of the monomer are
initially deactivated during monomer addition and thereafter activated to enable further
growth (Figure 2-4).

Later in the 1990’s, the convergent method, which relies on the construction of perfectly
branched dendrons that are, in a final step, coupled to a multifunctional core, was introduced
by Hawker and Frechet.”

To obtain a flawless structure, good control over each reaction step as well as efficient
chemical reactions and purification steps are necessary, making dendrimer synthesis using a
divergent or convergent approach tedious and time consuming. Therefore, other methods
such as the double stage convergent growth, the double exponential growth or the
orthogonal growth have been developed more recently to facilitate dendrimer synthesis.”

Independently of the employed synthetic strategy, dendrimer growth is restricted by a
steric limit known as the De Gennes dense packing. In fact, the number of monomer units
increases exponentially with dendrimer growth while the available volume grows at a more
slowly pace. Therefore, dendrimers adopt a more globular conformation with increasing

: 10
generation.
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Figure 2-4. Schematic representation of the divergent growth of a generation four
dendrimer.

Today, several types of dendrimers have been synthesized and are widely used in
fundamental research. These include the commercially available PAMAMs (Dendritech®'
and Dendritic Nanotechnologies'®), 2,2,-bis(methylol) propionic acid (Bis-MPA) (Polymer
Factory") and poly(propylene imine) (PPI) (Symo-Chem BV') dendrimers. Other well-
established structures are the poly(benzylether), arborols and phosphorus dendrimers.

2.2.3 Linear-dendritic hybrid materials

The high number of end-groups and specific properties of dendrimers have been
combined with linear polymers to create a new class of materials, the linear-dendritic hybrids
(Figure 2-2). Depending on the relative position of the linear and dendritic blocks, a variety
of architectures can be achieved such as LD, LDL, DLD, (LD),, LD where L. symbolizes a
linear block and D a dendritic structure (Figure 2-5). To preserve the advantages inherent to
the monodisperse character of the dendron or dendrimer, efficient coupling chemistries as
well as controlled polymerization techniques are required. An unlimited variety of well-
defined architectures can thereby be achieved with tailored properties. This approach
represents an elegant way towards the synthesis of amphiphilic macromolecules. Nowadays,

linear-dendritic hybrids have shown promises for applications as nanoreactors, in catalysis,
and in the biomedical field."”"’

LD DLs
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DLD LDLs
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Figure 2-5. Examples of typical linear-dendritic hybrid structures (not to scale).

2.2.4 Biological applications and toxicity of dendrimers

The compact structure of dendrimers gives rise to specific properties such as low intrinsic
viscosity and improved solubility as compared to linear analogs of identical molecular
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weights. These properties originate from the limited entanglement of the polymer chains.
Moreover, their globular structure and inherent cavities can be exploited to encapsulate
molecules, leading to applications in light-harvesting, catalysis or drug delivery.'®"

To exploit the specific properties of dendrimers, biological purposes, such as
nanomedicine or cancer therapy, are particularly suitable since the relatively high cost of
these advanced molecules does not represent an obstacle for such specific applications.
Therefore, several studies have been conducted on the subject using the commercially
available PAMAM, PPI and bis-MPA structures.”** However a critical requirement for
biological usage is the biocompatibility of the system. While PPIs and PAMAMs are

24, 25
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cytotoxic™, bis-MPA dendrimers have proven to be non-toxic and non-invasive and

hence are excellent candidates for biomedical applications.

2.3 CLICK-CHEMISTRY AND EFFICIENT COUPLING REACTIONS

2.3.1 Click chemistry

The concept of click chemistry was introduced in 2001 by Sharpless and coworkers™ and
has had substantial impact in many fields, as revealed by the high number of reviews
published on the subject.””' In order for a reaction to be classified as “click”, a number of
criteria need to be fulfilled such such as being highly efficient, wide in scope, tolerant to
other functional groups and forming stable compounds with no or few bi-products. These
requirements can be achieved because of a high thermodynamic driving force, usually greater
than 20 kcal/mol, associated with click reactions. Therefore click reactions were also
described as being “spring-loaded for a single trajectory” since they process rapidly towards a
single product.

While Sharpless originally envisioned applications of click chemistry for the synthesis of
biologically active molecules, the concept has also had a significant impact in the field of
polymer science.” Actually in polymer chemistry, the efficiency of click reactions, the lack of
byproducts and the simple purification by precipitation have presented strong advantages for
the synthesis of advanced macromolecular architectures which would not have been
achievable with classic chemical reactions. However, the requirements of click chemistry
have been revised when applied to polymer synthesis and conjugation reactions.” For
instance, in polymer-polymer conjugations, equimolarity is of critical importance since the
separation of polymers of similar structures is difficult to perform. Moreover, the starting
materials must be readily available or easily synthesized and the reaction must proceed under
simple reaction conditions, ideally in the presence of oxygen and water.

Nowadays, a number of reactions has been classified as “click reactions”, as initially
described by Sharpless. These include i) the cycloaddition of unsaturated species, especially
1,3-dipolar cycloaddition reactions but also Diels-Alder transformations, i) nucleophilic
substitution chemistry, particularly ring-opening reactions of strained heterocyclic
electrophiles, iif) carbonyl chemistry of the “non-aldol” type and iv) addition to carbon-
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carbon multiple bonds, especially oxidative cases such as epoxidation but also Michael
addition of Nu-H reactants.”

2.3.2 Copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC)

The non-catalyzed azide-alkyne reaction was already introduced in 1893 when the first
synthesis of 1,2,3-triazoles from diethyl acetylenedicarboxylate and phenyl azide was
presented by Michael ¢z @/ This reaction, also known as the Huisgen reaction because of
the wide study performed by Huisgen e a/. on 1,3 dipolar cycloadditions in the middle of the
20" century”, produces a mixture of 1,4 and 1,5 disubstituted products (Scheme 2-1). Later
in 2002, two parallel studies of Fokin and Sharpless® and Meldal ez /" reported the first
synthesis of a selective 1,4-disubstituted triazole using copper (I) catalyst for the azide-alkyne

cycloaddition. This reaction is now usually referred to as the copper(I)-catalyzed azide-alkyne
cycloaddition (CuAAC).

1.3-dipolar cycloaddition of azide and alkyne

N N .
A N\ —R N
R——R + R—N; ——————>» ‘: i + >_<
R R' R’ R

Cu(I)-catalyzed azide-alkyne cycloaddition

N
N R
N/ N
R——— H + R——N, ———» j /
R

Scheme 2-1. Overview of the thermal 1,3-cycloaddition and CuAAC reactions.™

The reaction mechanism was proposed by Fokin and Finn in 2007 (Scheme 2-2).”” A large
variety of copper catalysts can be used for this type of reaction provided that Cu(l) is
generated. To facilitate the reaction, the concentration of Cu(l) catalyst must be kept at its
maximum. The catalyst can originate from a Cu(II) pre-catalyst together with a reducing
agent, from a Cu(I) catalyst associated with a base or amine ligand and a reducing agent or
from a Cu(0) compound (such as a wire), the surface of which forms the required Cu(I)
catalyst. Since the toxicity of copper can be an obstacle for biological applications, copper-
free variations such as stain-promoted alkyne-azide cycloaddition have been developed.™ "
For a more detailed overview of the catalytic systems used in CuAAC, the reader is
encouraged to read one of the many reviews published on the subject.” ** Today, the
CuAAC is by far the most used of the click reactions and it has been proven to be highly

suitable for polymer synthesis.*
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Scheme 2-2. Overview of the mechanism of the CuAAC reaction.”

2.3.3 Thiol-ene coupling chemistry (TEC)

Thiol-ene chemistry was first reported by Posner ¢ al. in 1905* who showed that thiols
and enes can react spontaneously or in the presence of an acid. Later, in 1926 it was
discovered that allyl mercaptan spontaneously gels upon heating, and this report is
considered to be the first example of a thiol-ene polymerization reaction.'” Attention was
then focused on two particular thiol-ene reactions, namely the thiol-ene free-radical addition
to electron rich/electron poor catbon-carbon double bonds and the catalyzed Michael
addition of thiols to electron deficient carbon-carbon double bonds.*

Free-radical thiol-ene chemistry was largely exploited in the last century at an industrial
scale, mostly for the production of cross-linked systems. However, this type of chemistry
suffered from bad odor of the initiating thiol monomers, yellowing of the product (mostly
due to remaining residues of initiator) and rapid weathering. The consecutive introduction of
cheap acrylate-based systems led to the abandonment of this system.

The revival of this chemistry is mainly related to the development of new photoinitiators
and the incorporation of thiol monomers in acrylic systems to lower oxygen inhibition and
improve the final network properties.” Due to its high efficiency, the term “click” was
recently applied to the thiol-ene reaction and a lot of research work has been devoted to this
type of chemistry.”
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Scheme 2-3. The idealized free-radical thiol-ene reaction.

In general, thiol-ene polymerization is a step growth process involving two steps: addition
of the thiyl radical to the carbon-carbon double bond (propagation) and hydrogen
abstraction from a thiol group by a carbon-centered radical to regenerate a thyil radical (chain
transfer) (Scheme 2-3). The thiol-Michael addition, which undergoes an anionic chain
process, follows a similar mechanism with the radicals being replaced by their anionic
counterparts.” A clear advantage of the thiol-ene coupling reaction in comparison to other
classical free-radical polymerizations is the low sensitivity towards oxygen inhibition. The
peroxy radicals formed by reaction of a carbon-centered propagating radical with molecular
oxygen is able to abstract a thiol hydrogen thus reforming a thiyl radical susceptible to
continue the main propagation (Scheme 2-4). However, the final products are different and
removal of oxygen prior to reaction is preferred when a well-defined structure is desired.

Scheme 2-4. Hydrogen abstraction vs. oxygen-scavenging routes for the free-radical
thiol-ene reaction.

10
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The reaction rate is greatly influenced by the structure of the ene involved. Generally, the
reactivity of the ene decreases with decreasing electron density of the carbon-carbon double
bond. Norbornene, methacrylate, styrene and conjugated dienes are special cases affected by
other factors.” One significant side reaction in the free-radical thiol-ene system is the
homopolymerization of the ene but by appropriately choosing the ene monomer, the thiol-
ene reaction can be favored (Figure 2-6).*> > The thiol-Michael addition reaction involves
electron-deficient enes such as (meth)acrylates, maleimides, o,3-unsaturated ketones or
acrylonitriles and can be catalyzed by strong bases, metals, organometallics or Lewis acids.

Today, the thiol-ene coupling (TEC) has been shown to be suitable for the synthesis of
sophisticated macromolecules and polymers.” *> ** ** The absence of toxic transition metal
catalyst as well as the development of new catalyst-free TEC reactions represent a clear

52,53

advantage of TEC for biological applications.

Vinyl ether Allyl ether Methacrylate

NS N X o

Increasing homopolymerization

Increasing ene reactivity for TEC

¢ )

Figure 2-6. Ene monomer reactivity and degree of homopolymerization of the ene
monomers.

2.4 CONTROLLED POLYMERIZATION TECHNIQUES

The synthesis of well-defined macromolecules not only requires the use of efficient
coupling chemistries but also necessitates good control over polymer chain length and
dispersity. This requirement can be fulfilled by the use of controlled polymerization
techniques such as ring-opening polymerization (ROP)™ and reversible-deactivation radical
polymerization (RDRP)”. The family of RDRP includes nitroxide mediated polymerization
(NMP),”**® atom transfer radical polymerization (ATRP)” and reversible addition
fragmentation chain transfer (RAFT)*> ' polymerization. From this family, ATRP is the most
studied system due to its versatility, compatibility with a wide range of monomers and the

commercial availability of different ligands.

11
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2.4.1 Ring-Opening Polymerization of cyclic esters (ROP)

ROP is a useful polymerization technique applicable to a variety of cyclic monomers
including lactones, lactides, cyclic carbonates, siloxanes and ethers. While aliphatic polyesters
can be synthesized either by traditional polycondensation of alcohols and acids or by ROP of
cyclic esters, high molecular weight polyesters are most efficiently synthesized by ROP of
lactones or lactides. ROP can proceed through different mechanisms (anionic, cationic,
coordination, activated monomer, activated chain end or polymerization in disperse media)™®
%2 among which the coordination-insertion polymerization using tin(II)-2-ethylhexanoate (or
tin octoate), Sn(Oct),, as catalyst is the most common. Advantages of Sn(Oct), reside in its
high efficiency, relatively low toxicity (approved by the Food and Drug Administration) and

commercial availability.®’

0 0
o e s
}Sln.o>_<:\; + ROH <———= Oct-Sn-OR Jho»_c\;
o
0
Oct-Sn-OR  +  ROH RO-Sn-OR + >\—<:\;
HO

ep 2

Coordinati O SN OR | et
RO-Sn-OR + O:O oordination 5 nsertion R’O\[]/\/\/\O—Sn-OR
0 (o} 0

tep 3

Step 1

g

s

ge
R \I‘]/\/\/\O’SnOR + ROH R’OWOH + RO-Sn-OR

0 o}

Scheme 2-5. Coordination-insertion mechanism for ROP of e-caprolactone with an
alcohol as co-initiator (ROH). Step 1 shows the formation of the active catalyst, step 2
describes the initiation and step 3 illustrates the equilibrium between activated and
deactivated chain-ends.

The coordination-insertion mechanism proposed for the polymerization of e-caprolactone
starts by the formation of an initiator from Sn(Oct), and a co-initiator (usually an alcohol or
amine). The active initiator opens and inserts the cyclic ester monomer hence forming the
polymeric chain. Possible side reactions are transesterifications, macrocyclizations or
esterifications with octanoic acid.”* A significant drawback of this mechanism is the difficulty
to completely remove the tin catalyst considering. Therefore, other synthetic methods

involving organic catalysts or enzymes are being thoroughly investigated.**

From the family of cyclic esters, lactide (LA) and e-caprolactone (CL) are highly used
monomers, the main reasons being their biocompatibility and biodegradability which makes

12
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their polymeric derivatives suitable for biological applications.” ROP is also an efficient tool
for the synthesis of advanced macromolecules such as amphiphilic polymers or dendritic-

17,66

linear hybrids.

2.4.2 Atom Transfer Radical Polymerization (ATRP)

The first reports on ATRP were published in 1995 by parallel studies from Kato et a/,”
Wang and Matyjaszewski® and Percec and Barboiu”. However the chemistry underlying the
ATRP, known as atom transfer radical addition (ATRA), was already introduced in the
1940’s." In conventional radical polymerizations, the continuous initiation, the fast radical
propagation and the occurrence of termination reactions result in broad dispersities and
absence of control over the nature of the end-groups. In ATRP, the termination reactions
are significantly suppressed and mainly initiation and propagation take place. In order to
control the propagation, a fast initiation is necessary to ensure that all chains start
propagating simultaneously. Suppression of termination reactions is achieved by creating a
dynamic equilibrium between active and dormant species, while shifting the equilibrium
towards the dormant side (Scheme 2-6). By doing so, the concentration of active radicals is
lowered and thus the probability of termination reactions strongly reduced. Consequently,
the living character of the end-groups can be preserved.”

Dormant side Active side
kact
Pr—X + M{"L —~——— P +  X—Mt™TL
Ko k
deact w \
P,—P,
Monomer

Scheme 2-6. ATRP equilibrium. P" is the propagating radical, Mt™ is the transition metal
catalyst at the oxidation state m, L is the ligand and X an halogen atom. k., k..., k, and k;
represent the rate constants of activation, deactivation, propagation and termination
respectively.

ATRP is a versatile polymerization method. This technique has been applied to the
polymerization of several monomers such as styrenics, acrylates, methacrylates, acrylamides,
methacrylamides and acrylonitriles. It is also tolerant to various functional groups including
epoxides, cyanides, amines and hydroxyls. Moreover ATRP can be performed in both bulk
and solution, using either organic or aqueous media. However, even though ATRP is a
commonly used polymerization method, it suffers from several drawbacks. Firstly, the
relatively high amount of transition metal catalyst required for the polymerization can result
in coloring and toxicity of the synthesized polymeric material. Secondly, ATRP is highly
sensitive to oxygen and thorough deoxygenation of the system is necessary, complicating the
synthetic procedure. Nevertheless, the high versatility of ATRP towards monomer structures

13
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and its tolerance to various solvents and functional groups make this system a suitable tool
for the synthesis of diverse molecules. Additionally, the living character of the end-groups

allows for further polymerization or functionalizations and permits the preparation of

. 71,72
advanced macromolecular architectures such as block or star polymers."

2.5 HONEYCOMB FILMS

2.5.1 Breath figure method

Nano- and microporous structures with long-range ordering have for long attracted

scientific interest due to their numerous possible applications in optics,”™ ™

76-78 : . 79-81
Sensors or life science

catalysis,
. A myriad of techniques have been introduced for their
preparation such as colloidal crystal templating, microphase separation of copolymers or
biotemplating. However all these methods require the removal of the template to access the
porous structure. A significant breakthrough in the field was the introduction of the breath
figure (BF) method in 1994 by Frangois and coworkers.”” BF is a template-free method in
which pores are generated from the condensation of water droplets on a cold surface.* **
The method originates from observations of Aitken who reported already in 1893 the
formation of water droplets on solid surfaces, a concept that was further investigated by
Rayleigh in the beginning of the 19" century®> *. Later Knobler and Beysens noticed that
BFs could also form on paraffin oil and they observed that an hexagonal pattern was
generated with droplets separated by a thin film of oil.*”™

The “breath figure” method, whose name originates from the mode of generation of
these arrays of droplets, can produce ordered arrays of pores over large areas (4-50 mm?)
with pore sizes in the nanometer to micrometer range. This simple and inexpensive method
can today be applied to a multitude of systems including synthetic polymers, grafted cellulose

fibers™ or gold nanoparticles’'.

2.5.2 Mechanism of the BF formation

Although this phenomenon has been known for a long time, its detailed mechanism is
still not well understood. The mechanism accepted today was suggested by Srinivasarao and
is based on formation and consecutive “crystallization” of BFs.”” In a first step, a
hydrophobic polymer is dissolved in a volatile organic solvent, generally non miscible with
water, and the solution is drop cast on a solid substrate under humid atmosphere (relative
humidity, RH, above 50 %). Upon evaporation of the solvent, the temperature of the surface
of the solution drops down to -6 to 0 °C” resulting in nucleation of water droplets all over
the surface. The droplets grow in size and self-arrange into arrays of hexagonally packed
droplets. Simultaneously, the polymer precipitates at the water/organic solvent interface,
stabilizing the droplets and preventing coalescence. After complete evaporation of the
organic solvent and the water, an array of ordered pores is obtained (Figure 2-7).”
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Figure 2-7. Formation of a honeycomb film by the BF method.

In the dried films, the pores are often interconnected suggesting that coalescence must
have occurred in the final stage of the film formation. Moreover, several layers of pores can
sometimes be observed caused by diffusion of the water droplets into the organic solution.
Which mechanism is responsible for the hexagonal arrangement of droplets is still not cleatly
established but Marangoni convection and thermocapillary forces have been suggested to
explain this phenomenon.”

2.5.3 Stability of the films

Due to the nature of the film formation process, which only relies on precipitation around
a dynamic template, the porous films are easily damaged by heat or solvent, limiting their
possible use in a number of applications. To overcome this drawback, two main approaches
have been suggested, namely blending and cross-linking. *>** The blending process consists
in adding a linear polymer to star polymers of identical structure to improve the strength of
the film. For example Stenzel-Rosenbaum e /. showed that by adding up to 20 wt % of
linear polystyrene to a solution of polystyrene stars, less brittle films were obtained.” The
other approach, capitalizes on cross-linking via UV irradiation, thermal treatment or
chemical reaction to improve both the thermal and solvent stability of the films. One
example is the UV irradiation of polystyrene films performed by Li ¢# 2/ which resulted in an

improved resistance towards various organic solvents as well as temperatures up to 250 °C.%

2.5.4 Polymer architecture

In their introductory work, Francois ez al. reported the formation of breath figures from
polystyrene stars and polyparaphenylene-block-polystyrene cast under moist air flow from
carbon disulfide.” Today the library of architectures known to form BF while cast under
appropriate conditions has been extended to include linear,””*”” hyperbranched™” and rod-
coil block polymers'”. Although it was originally thought that linear polystyrene was
inappropriate for the formation of BFs due to slow precipitation at the solvent/water

101,104,105 3¢ has now been demonstrated that ordered films can be obtained from this

interface,
. . . .. 106 . .
material when cast under optimized conditions.”” However, in comparison to more

favorable systems such as branched or star polymers, linear polymers require a fine-tuning of
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the casting conditions. To overcome this drawback, surfactants can be added to the

polymeric solution to stabilize the droplets and favor the formation of films.”* """

Changes at the molecular level such as number of arms for a star polymer or nature of the
end-groups are critical parameters to control the size and shape of the pores. At constant
molecular weight, increasing the number of arms of polystyrene stars from 5 to 18 results in

% Other studies have revealed

a significant decrease in pore size from 800 nm to 250 nm.
that by changing the end-groups of polystyrene stars from hydroxyl to perfluoroalkyl, the

shape of the pores was changing from spherical to cylindrical.'”

2.5.5 Parameters governing the film properties

Initial studies on the BF method have revealed that variables such as humidity, solvent, air
flow, temperature, substrate, concentration of the solution, polymer architecture and type of
polymer are crucial to control the quality of the film. By tailoring the casting parameters, the
pore size can be tuned between 200 nm and 20 pum.”

In general the structural properties of the film such as pore size and regularity are
dependent on kinetics of solvent evaporation and water condensation. Several studies have
been performed on the growth of the droplets and showed that the droplets grow slowly in

35
035 s reached where R

the beginning and that after 3 seconds a stable regime with R « t
represents the radius of the droplet.””* """ In order to obtain large pores, a high humidity and
long evaporation time are thus necessary. On the opposite, a fast evaporation rate will favor
the formation of small pores. This kinetic control is typically valid for stars or comb
polymers. As such control can be obtained through variation of several parameters such as
humidity, solvent, air flow, temperature or concentration of the solution, it leads to the
formation of ordered arrays under a broad window of casting conditions. Humidity is
probably the most important factor and a relative humidity level above 50 % is necessary to
create favorable condensation. In general the pore size increases almost linearly with
increasing humidity.'"" On the contrary, increasing the air flow or the polymer concentration

results in a decrease in pore size.”

2.5.6 Amphiphilic polymers

Amphiphilic polymers represent a special case in the formation of BFs. For this kind of
systems, the formation of ordered porous array is a thermodynamically driven process in
which the hydrophilic to hydrophobic balance and associated interfacial tension are critical
parameters. The amphiphilic polymer chains act as interfacial active compounds and the
strong interaction of the hydrophilic segment with water strongly affects the regularity of the
films. While the introduction of polar end-groups or short hydrophilic segments favors the
formation of regular arrays of pores, long hydrophilic blocks might induce coalescence of
water droplets thereby preventing the formation of an ordered porous array. These systems
require a fine-tuning of the casting conditions and well-ordered films are more difficult to
obtain than with a kinetic-dependent system.
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Figure 2-8. Schematic representation of the formation of inverse micelles and the
arrangement of amphiphilic polymers at the water/organic solution interface during film
casting.

Nevertheless, amphiphilic structures are of particular interest for applications requiring
functionalization of the pores. These block copolymers are prone to form inverse micelles
when dissolved in a non polar organic solvent. When water condenses on the surface of the
solution, these inverse micelles start interacting with water and the polymer rearranges
around the water droplets. Such mechanism leads to an enrichment of the pores in

112-115

hydrophilic functionalities (Figure 2-8).

2.5.7 Applications

Due to their specific morphology, honeycomb films are potential candidates for a myriad
of applications including photoelectric conversion, sensors or catalysis.”* Moreover the
simple and fast preparation process of these films render them attractive as template for
other kinds of structural materials. The combination of a hydrophobic polymer matrix with
surface roughness and the presence of air within the pores gives rise to highly hydrophobic
films that could, after optimization of their optical properties (transparency), be suitable for
coatings of substrates such as windows.” Finally, honeycomb films are interesting for
biological applications such as cell culture scaffolds since their morphology and mechanical

properties can favor cell attachment and proliferation.%’ o
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3. EXPERIMENTAL

3.1 DEFINITIONS

Throughout the thesis, the hydroxyl functional dendrimer of generation four based on a
TMP core will be noted TMP-G4-OH.

The LDL hybrids materials will be referred to as Alk-G#-PCL, after ROP of PCL with a
DP of x from a generation # alkyne functional dendron and PEG,,-G#-PCL,_ after CuAAC
reaction with a PEG of molecular weight 2 000 g/mol. The materials synthesized via TEC
reaction will be noted PEG,,-S-Gn-PCL._. The macromolecule obtained from ROP of lactide
will be noted PEG,,-G3-PLA,,. The inverted LDL will be denoted PCL,,-G3-TEG-THP
and PCL,,-G3-TEG-OH respectively before and after deprotection of the THP group.

Dendrimers built from a disulfide core will be noted S,-(Gn-Ac), or S,-(Gn-OH), and the
macrothiols will be referred to as HS-G#-Ac and HS-G#-OH as acetonide (Ac) and hydroxyl
(OH) functionalized and with G# indicating a dendron of generation 7.

The LDs based on the HEMA-benzylidene monomer will be referred to as poly(HEMA-
Bz),,-G2-TEG-Alk where 22k is the molecular weight (22000 g/mol) of the linear
poly(HEMA-Bz) block, G2 is a dendritic linker of generation two, TEG stands for
tetraecthylene glycol and Alk represents the terminal alkyne groups. The random polymer
based on HEMA-Benzylidene and HEMA-azide monomers will be noted poly(HEMA-Bz-
ran-HEMA-N,).

3.2 MATERIALS

Bis-MPA was kindly donated by Perstorp. TMP, hydroxyl functional bis-MPA dendrimers
of generation 4 and alkyne functional dendrons were provided by Polymer Factory. e-
caprolactone (Acros Organics) was distilled over CaH, and stored over molecular sieves (4
A) under argon (g). Tin (I)-2-ethylhexanoate (95%) (SnOct,) was dried using molecular
sieves (4 A) in a solution of dry toluene prior to use. The extractions were performed using a
10 wt% NaHSO, aqueous solution as acidic water phase and a 10 wt % Na,CO; aqueous
solution as basic water phase. Flash chromatography was performed using silica gel for
column chromatography, ultra pure, 40-60 um, 60A from Acros organics.
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Benzylidene-protected 2,2-bis(methylol)propionic acid anhydride (benzylidene-protected
bis-MPA anhydride) and 06-azidohexanoic anhydride were synthesized according to

1o 1T PEG-N; was synthesized as reported earlier.'™

previously published procedures.
All other starting materials were purchased from commercial sources (Sigma-Aldrich,
Chemtronica or VWR) and used as received.

3.3 INSTRUMENTATION

MALDI-TOF MS spectrum acquisitions were conducted on a Bruker UltraFlex
MALDI-TOF MS with SCOUT-MTP Ion Source (Bruker Daltonics, Bremen) equipped with
a N,-laser (337nm), a gridless ion source and reflector design. The instrument was calibrated
using SpheriCalTM calibrants purchased from Polymer Factory Sweden AB. A THF solution
of DHB/HABA (10 mg/mL) dopped with sodium trifluoroacetate was used as matrix. The
software FlexAnalysis Bruker Daltonics, Bremen, version 2.2 was used for spectra analysis.

'H NMR and "C NMR experiments were performed on a Bruker Avance NMR
instrument. 'H NMR spectra were acquired at 400 MHz and °C NMR spectra were acquired
at 100 MHz. The residual solvent peak was used as internal standard.

SEC using THF (1.0 mL min™) as the mobile phase was performed at 35 °C using a
Viscotec TDA model 301 equipped with two T5000 columns, a VE 5200 GPC autosampler,
a VE 1121 GPC solvent pump, and a VE 5710 GPC degasser (all from Viscotec/Malvern.).
A calibration method was created using narrow linear polystyrenes standards. Corrections for
flow rate fluctuations were made using toluene as an internal standard. Viscotec OmniSEC
4.0 software was used to process data.

SEC using DMF as mobile phase (0.2 mL. min" with 0.01 M LiBr) was conducted at 50
°C on a TOSOH EcoSEC HLC-8320GPC system equipped with an EcoSEC RI detector
and three columns (PSS PFG 5 um; Microguard, 100 A, and 300 A) from PSS GmbH. A
conventional calibration method was created using narrow linear poly(methyl methacrylate)
standards. Toluene was used as an internal standard for correction of flow rate fluctuation.
The data were processed with the software PSS WinGPC Unity version 7.2.

SEC using CHCI, as mobile phase (1 ml min"', 30 °C) was performed on a Verotech PL-
GPC 50 Plus system equipped with a PL-RI detector and two PLgel 10 um mixed D (300 x
7.5 mm) columns from Varian. The calibration was created using polystyrene standards.

UV light irradiation (macrothiols, paper 4) was carried out with a Hamamatsu 15662
equipped with a L. 6722 Hg-Xe lamp. The intensity was 20-60 mW cm”, measured with a
Hamamatsu C6080-03 light power meter, calibrated for 365 nm. UV light irradiation
(poly(HEMA-Bz)-G2-OH,paper 5) was conducted using a UVP Black-Ray® B-100AP High
Intensity UV Lamp at a wavelength of 365 nm.
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DSC measurements were conducted on a Mettler Toledo DSC. Heating and cooling rate
were set to 10 °C min™".

Contact angle and interfacial tension measurements were performed on a KSV
Instrument CAM 200 equipped with a Basler A602f camera. All measurements were
conducted at 25 °C under 50 % RH. Values of interfacial tension were acquired using the
pendant drop method.

Optical microscopy was conducted on a Leica DM IRM optical microscope.

FE-SEM images of gold (LDL hybrids, paper 3) or platinum (LD hybrids, paper 5)
sputtered samples were acquired on a Hitachi S-4300 FE-SEM.

AFM topographic images were recorded on a CSM Instrument Atom Force Microscope
in tapping mode. The images were analyzed using the free software Gwyddion 2.12.

Confocal fluorescence microscopy was performed using a Zeiss LSM5 Pascal
microscope equipped with a 63x/1.4 NA oil immersion objective. Rhodamine-B
fluorescence was excited at 543 nm and emission was detected with a long pass 570 nm filter.

3.4 POLYMER SYNTHESIS

This section describes some of the typical synthetic procedures used in this thesis.
Detailed experimental setups, procedures and characterization data can be found in the
appended papers and in their supplementary information.

3.4.1 Synthesis of PEG-Gn-PCL LDL hybrids

A library of LDL hybrids was synthesized via ROP of ¢-CL and CuAAC reaction (Figure
3-1). Typical examples of synthetic protocols used for the ROP and CuAAC reactions of the
PEG,,-Gn-PCL, materials are given below.

3.41.1 ROP of e-CL and LA initiated from bis-MPA dendrons.

Hydroxyl terminated bis-MPA dendrons of generation 1 to 4 functionalized with an
acetylene moiety at the focal point and propargyl alcohol were used as macroinitiators for the
ROP of CL and LA. The reactions were performed using Sn(Oct), as catalyst in toluene at
110 °C. The targeted DPs were calculated to be reached at 75 % monomer conversion.

A typical procedure is given as example: a flame dried round bottom flask was equipped
with a stir bar and charged with alk-G3-OH (475 mg, 0.55 mmol). The flask was sealed with
a septum and 1 ml of dry toluene was added to the system. The flask was heated to 110 °C
and toluene was removed by vacuum. The flask was filled with argon gas and e-CL (19.4 ml,
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175.20 mmol) and toluene (20 ml) were added to the system. After complete dissolution of
the initiator, Sn(Oct), (0.44 ml of a 1 mmol/ml solution in toluene, 0.44 mmol) was
introduced in the flask and the progtess of the reaction was followed by 'H NMR. Once a
monomer conversion of 75 % was reached, the vessel was removed from the oil bath,
diluted with DCM and precipitated in MeOH. The white precipitation was collected and

dried under vacuum.
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Figure 3-1. Schematic representation of a PEG,-G3-PCL,, a PEG,-S-G3-PCL,, a
PEG,,-G3-PLA, and an inverted PCL_-G3-TEG-OH LDL hybrids.
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3.4.1.2 Synthesis of PEG-Gn-PCL LDL hybrids by CuAAC reaction

Coupling of the alkyne functional bis-MPA-PCL dendrons to the azide terminated PEG
was conducted using DIPEA and Cu(PPh,);Br in a [alkyne]:[azide|:[DIPEA]:[Cu(PPh;);Br]
feed ratio of 1:5:5:1.

Generally, PEG,-N; (322 mg, 0.16 mmol) and alk-G3-PCL30 (1 g, 0.031 mmol) were
dissolved in THF. DIPEA (20 mg, 0.15 mmol) and Cu(PPh;);Br (28 mg, 0.030 mmol) were
added to the system. The vessel was sealed with a septum and heated to 60 °C over night.
The reaction was followed by 'H NMR and when full conversion of the alkyne groups was
observed, the product was precipitated in MeOH. The white filtrate was collected and dried

under vacuum.

3.4.1.3 Synthesis of PEG-S-Gn-PCL LDL hybrids by TEC reaction

The thiol-ene reaction for the synthesis of the LDL had an allyl to thiol feed ratio of 1:10.
All-G3-PCL;, (500 mg, 0.02 mmol) and HS-PEG,, (354 mg, 0.2 mmol) were dissolved in 1
ml unstabilized THF. A catalytic amount of DMPA was added to the vial and the solution
was exposed to UV for 1h. The product was precipitated in cold MeOH and isolated as a
white powder.

3.4.2 Synthesis of macrothiols

Bis-MPA dendrons functionalized with a thiol moiety at the focal point were synthesized
by successive dendrimer growth from a di-hydroxyl functional disulfide core followed by
cleavage of the disulfide bond (Figure 3-2). Typical synthetic procedures for the anhydride
coupling, ketal deprotection and disulfide cleavage reactions are described below.

Figure 3-2. Schematic structure of a macrothiol of generation 4, HS-G4-OH.
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3.4.2.1 Dendrimer growth via anhydride coupling

The procedure used for the synthesis of the acetonide protected dendrimer of first
generation is given as example. A round bottom flask equipped with a stir bar was charged
with 2,2-dihydroxyethyl disulfide (20 g, 130 mmol), 4-(dimethylamino)pyridine (DMAP)
(3.17 g, 26 mmol), pyridine (63 mL) and DCM (180 mL). Acetonide-protected bis-MPA
anhydride (128 g, 390 mmol) was added to the reaction vessel and the solution was stirred
over night. The progress of the reaction was monitored by "C NMR spectroscopy. When
full substitution of the hydroxyl groups was observed, the residual anhydride was quenched
with water over night. The solution was extracted 5 times with NaHSO, and twice with
Na,CO;. The organic phase was dried on MgSO,, filtered and the solvent was evaporated.
The product was purified by column chromatography in EtOAc/heptane 10/90.

3.4.2.2 Dendrimer activation via ketal deprotection

Removal of the acetonide protecting group was conducted using an acidic catalyst resin
such as DOWEX" 50W-X2 in methanol. The procedure followed for the synthesis of the
activated dendrimer of first generation is shown here as example. S,-(G1-Ac), (13 g, 28
mmol), methanol (100 mL) and DOWEX" (13 g) were added to a round bottom flask under
stirring. The progtess of the reaction was followed by MALDI-TOF MS, '"H NMR and “C
NMR. The acidic resin was filtered off and the filtrate was concentrated by evaporation of
the solvent.

3.4.2.3 Formation of macrothiols by cleavage of the disulfide bond

Cleavage of the disulfide linkage was performed using DTT and TEA in DCM in a
[disulfide]:[DTT]:[TEA] feed ratio of 1:2:4.The protocol followed for the synthesis of the
acetonide protected macrothiol of first generation is given here as example. S,-(G1-Ac), (10
g, 21.4 mmol), dichloromethane (100 mL), DTT (6.6 g, 42.8 mmol) and TEA (12 mL, 85.6
mmol) were added to a round bottom flask. The solution was then flushed with argon for 20
min. The progress of the reaction was monitored by '"H NMR spectroscopy and MALDI-
TOF spectroscopy. When full cleavage was achieved, the solution was extracted twice with
NaHSO,. The organic phase was dried on MgSO,, filtered and the solvent was evaporated.
The obtained crude product was purified by column chromatography in EtOAc/Heptane
10/90.

3.4.3 TEC reactions for coupling of macrothiols

Macrothiols were coupled to various polymeric cores via TEC reaction. The procedure
used for the coupling to a triallyl functional core is given as example. HS-G3-Ac (252 mg,
0.024 mmol) and triazine-triallyl (10 mg, 0.040 mmol) were dissolved in unstabilized THF.
DMPA (3 mg, 0,002 mmol) was added to the system and the vessel was closed with a septum
and purged with argon for 5 min. The solution was irradiated by UV (365 nm) for 30 min.
The product was purified by column chromatography in EtOAc/Heptane.
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3.4.4 Polymerization of HEMA by ATRP

The general polymerizations of HEMA-Bz were performed using HO-EBiB, 2,2’-
bipytidyl, Cu(l)Cl and Cu(I)Cl, in anisole at 50 °C with a [HEMA-Bz]/[HO-
eBIB]/[Cu(D)C]])/[Cu(I])CL]/[Bipy] feed ratio equal to 2*DPtarget:1:1:0.1:2. 'The
polymerization of HEMA was conducted in a water/MeOH 50/50 system at 0°C using
eBIB,  22-bipyridyl, Cu()Cl and Cu(DCl, with a [HEMA-Bz]/[HO-
eBIB]/[Cu()Cl]/[Cu(II)CL,]/[Bipy] feed ratio equal to 1.25*DPtarget:1:1:0.15:2.

A typical procedure for the synthesis of poly(HEMA-Bz),,-OH is given in example. To a
round bottom flask were added HEMA-Bz (12 g, 36 mmol), HO-EBiB (42 mg, 0.2 mmol),
2,2-bipyridyl (62 mg, 0.4 mmol) and anisole (12 ml). The flask was sealed with a rubber
septum and degassed for 5 min under vacuum followed by 5 min of argon flushing. The flask
was opened and Cu(I)Cl (20 mg, 0.2 mmol) and Cu(II)CI2 (3 mg, 0.02 mmol) were quickly
added to the vessel. The flask was sealed again, degassed by two cycles of 5 min vacuum
followed by 5 min argon, and immersed in a thermostated oil bath at 50 °C. The progress of
the reaction was monitored by 'H NMR and when a monomer conversion of 50 % was
reached, the reaction solution was exposed to air and diluted with DCM. The solution was
passed through a neutral aluminum oxide column to remove the copper. The solvent was
evaporated and the polymer was precipitated twice from THF to cold MeOH. The product
was collected as a white powder and dried under vacuum.

3.4.5 Miscellaneous

The synthesis of other small molecules used in this thesis is presented in Scheme 3-1.
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Scheme 3-1. Overview of the synthesis of THP-protected TEG anhydride, triallyl
functional TMP, Alkyne-functional TEG anhydride and azide functional Rhodamine-B.
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3.5 DEGRADATION STUDY

The degradation of Bis-MPA dendrimers was evaluated at different temperatures and
different pHs. TMP-G4-OH was dissolved in phosphate-citrate buffers of constant ionic
strength (I = 0.15 M) at different pHs (4.5, 5.5, 6.5, 7.5). The solutions were heated to 37 °C
and aliquots were taken at specific time intervals and analyzed by MALDI-TOF MS.

3.6 Toxicrry

Mitochondrial function of human monocyte-derived macrophages (HMDM) exposed to
dendrimers was determined using MTT assay. Cells were exposed to dendrimers at different
doses (0.5 to 100 uM) for up to 48 h. The supernatant was then removed and, after washing
with PBS, 100 ul of MTT solution (0.5 mg/ml) was added and incubated for 3h at 37 °C. 50
ul of DMSO were added to dissolve the formed formazan crystals and MTT conversion was
quantified by measuring the absorbance at 570 nm. Results are expressed as % of
mitochondrial activity analyzed using cells from at least three healthy blood donors.

3.7 HONEYCOMB FILM FORMATION

Ordered porous films were obtained via the BF method by casting a polymer solution
under humid atmosphere. The typical procedure used for casting of the LDLs is given here
as example. The LDL was dissolved in benzene at a concentration of 1 mg/ml and 50 pl of
the solution were cast on a glass substrate (the substrate was washed with ethanol before
use). The solution was allowed to evaporate at room temperature (20 °C) in a closed humid
chamber (= 95 % RH). After complete solvent evaporation, a white film was left on the
substrate for assesment.

3.8 LABELLING OF HONEYCOMB FILMS WITH RHODAMINE-B

Honeycomb films cast on glass substrate were labeled with Rhodamine-B before confocal
fluorescence microscopy analysis. The cast film was placed in a glass vial. Rhodamine-B (100
il of a 4 mg/ml solution in water), NaAsc (20 pl of a 2 mg/ml solution in water), Cu(II)SO,
(14 ul of a 1 mg/ml solution in water) and water (2.76 ml) were added to the vial. The vial
was protected from light and placed on a shaking table (250 rpm) for 2 h. The film was
rinced and leached in deionized water for 30 min. After drying, 50 pl of aqueous non-

fluorescing mounting medium (Shandon Immu-Mount) and a cover slip were placed on the
film.
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4. RESULTS AND DISCUSSION

Bis-MPA dendrimers have attracted interest in various fields and particularly for biological
applications. Based on a polyester scaffold, they are often claimed to be biodegradable even
though no thorough study has been performed on the subject. Therefore the establishment
of the degradation profile of bis-MPA dendrimers under physiological conditions together
with a toxicity study of the degradation products was of significant importance. Due to their
commercial availability and multiple functional hydroxyl groups, bis-MPA dendrons are also
appealing for the synthesis of advanced branched macromolecules. Their terminal hydroxyl
groups can easily be reacted to incorporate various types of polymers or bioactive
compounds, enabling the synthesis of a myriad of sophisticated macromolecules. With their
polyester backbone bis-MPA dendrons and dendrimers have been suggested as suitable
candidates for the synthesis of amphiphilic LDs with targeted applications in drug delivery.”
Amphiphilic LD hybrids can self-assemble into micelles under appropriate conditions.*
Apart from micelle formation, amphiphilic LDs are envisioned to be suitable for the
formation of ordered porous films via the BF method. Due to their well-defined structure,
LDL could be exploited to acquire a better understanding of the effect of the
macromolecular architecture on the film formation. Alternatively, dendritic wedges could be

used to introduce multifunctionality inside the pores of the film.

4.1 DEGRADATION AND TOXICITY STUDY OF BIS-MPA DENDRIMERS

Initial studies from Parrott e a/on the toxicity of bis-MPA dendrimers on rats revealed
that high generation bis-MPA dendrimers were rapidly removed from the blood-stream via
the kidneys and did not accumulate in any organs, suggesting good biocompatibility.'"”
However, a more thorough study of the subject was still lacking. In fact, a better
understanding of the interactions of these materials with relevant biological systems is a
prerequisite for the development of new types of nano-carriers for biomedical applications.
Therefore the degradation profile of a fourth generation dendrimer as a function of time and
pH as well as the toxicity of its structural components for immune-competent cells were
investigated. The composition of the TMP-G4-OH dendrimer and its structural components

are presented in Figure 4-1.
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Figure 4-1. Schematic representation of a fourth generation bis-MPA dendrimer and its
structural components.

4.1.1 Degradation under physiological conditions.

In order to be classified as biocompatible, dendrimers should present a fast renal
elimination rate or degradation into non-toxic products followed by excretion'”. Due to their
polyester scaffold, bis-MPA dendrimers are expected to undergo hydrolysis in aqueous
environment, the rate of degradation being pH dependent. The degradation study was
therefore conducted at pH 4.5, 5.5, 6.5 and 7.5, which are representative of diverse parts of
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Figure 4-2. MALDI-TOF MS evaluation of the stability of a fourth generation bis-MPA
dendrimer at 37 °C at different pHs and times. A) Stability at different pHs after 7 days at
pH 4.5 (a), pH 5.5 (b), pH 6.5 (¢), pH 7.5 (d) and in deionized water (e). B) Stability at pH
7.5 evaluated at different times Oh (a), 1h (b), 3h (c), 6h (d), 12h (e), 24h (f), 48h (g), 4 days
(h), 7 days (i) and 15 days (j).
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the body. The temperature was set to 37 °C and the concentration and ionic strength of the

solution were kept constant at 100 uM and 0.15 M, respectively. The degradation of the
fourth generation dendrimer was followed by MALDI-TOF MS, observing changes from the
initial molecular weight of 5365 g/mol (Figure 4-2). Variations in pH show that the
dendrimer degrades faster at alkaline pH than in acidic pH (Figure 4-2A). For comparison,
degradation in deionized water (pH 7.4) was recorded. The faster degradation at higher pH is
caused by hydrolysis of the ester bond under alkaline condition. To better understand the
degradation mechanism, the degradation of the dendrimer at pH 7.5 was followed over 15
days (Figure 4-2B). After 6 h, the first signs of degradation were observed as one monomer
was hydrolyzed from the structure. Once the first monomer has been cleaved, the access to
the internal ester bonds is facilitated and the degradation processes faster. No peak
corresponding to high molecular weight dendrons could be observed by MALDI-TOF MS
indicating that the degradation progresses from the periphery towards the core, releasing
monomer after monomer, following a depolymerization process.

4.1.2 Toxicity study

A TMP B 24h B Bis-MPA B 24h
160 - O 48h 160 o O 48h

140 140 - §

120 120 - I {
100 - 100 =

80

80 -

60 60 -

40 40 -

Mitochondrial function (%)
Mitochondrial function (%)

20 - 20 -

] 5TS 0.5 1_ 5 10 50 100 ] LPS 0.; 1_ 5_ 10 50 100
Concentration {uM) Concentration {uM)

C

TMP-G4-OH B 24h
—_ O 48h
S\S— 180 —
=
D 1504
=
o
=
&2 120
=
.E 90 -
=
2
o 60 -
=]
=
E 30 —
0 —
o 0.5 1 5 10 50 100

Concentration {uM)

Figure 4-3. In vitro biocompatibility of TMP-G4-OH dendrimer and its structural
fragment TMP and bis-MPA. Mitochondrial function was assessed by MTT assay upon
exposure of HMDM to TMP (A), bis-MPA (B) and TMP-G4-OH dendrimer (C) for 24 h
(black) and 48 h (white). STS was used as a positive control and LPS was included in panel B
for comparison.
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According to the results obtained from the degradation study, once a dendrimer is placed
in physiological conditions, bis-MPA monomers, and eventually the TMP core, are released.
Therefore, information regarding the toxicity of the dendrimer as well as its structural
components is of significant importance. The effect of the dendrimer and its fragments on
the viability of primary human monocyte-derived macrophages (HMDM) was evaluated by
MTT assay. Since macrophages play a significant role in clearing foreign substances from the
blood circulation, the assessment of the effect of dendrimers on monocyte-derived
macrophages is highly relevant. No evidence of a decreased mitochondrial function was
observed after 48h (Figure 4-3). For comparison, the effect of a well-known cytotoxic
compound, SDS, was measured and show a clear decrease in mitochondrial function already
after 24h (Figure 4-3 A). Other 2 vitro studies confirmed the good biocompatibility of these
polyester dendrimers (paper I).

4.2 SYNTHESIS OF LDL HYBRIDS AND FORMATION OF HONEYCOMB
FILMS

Recently, the emergence of the concept of click chemistry has amplified the range of well-
defined macromolecules that could be synthesized, the only limitation being researcher
imagination. Of particular interest was the development of a new class of materials, the
dendritic-linear hybrids. These materials possess a perfectly branched structure and can easily
be tuned to present an amphiphilic character. Thus, the use of these monodisperse branched
structures was envisioned to provide a deeper understanding of the parameters governing the
pore formation in the BF method. Moreover, the introduction of branching units was
expected to favor the formation of ordered films from otherwise challenging polymers such
as semi-crystalline PCL.

Different dendritic linkers Different

coupling chemistry

PEG2k-5-G3-PCL30

PEG2k-GO-PCL240 \ A
PEG2k-G1-PCL120 sAAsr———
WA
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Figure 4-4. Schematic overview of the LDL library synthesized via ROP and efficient
coupling reactions.
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As a result, a library of amphiphilic LDL was designed and the effect of their
macromolecular features on the films characteristics was investigated. This was achieved by
synthesizing a comprehensive library of LDL hybrids having a constant total molecular
weight but different branching. The hydrophilic to lipophilic balance was kept constant
throughout the whole study. Since honeycomb films are envisioned to be used in
applications such as cell scaffolding and cell culturing, the use of biocompatible polymers
was preferred. For that reason bis-MPA was selected as dendritic linker while amphiphilicity
was introduced in the structure by combining hydrophilic PEG with hydrophobic PCL or
PLA, all the building blocks being biocompatible and/or biodegradable. (Figure 4-4).

4.21 PEG,-Gn-PCL_LDL hybrids

4.2.11 LDL synthesis via ROP of ¢-Cl and CuAAC chemistry

Bis-MPA dendrons of generation one to four having an alkyne group at the focal point
and terminated by hydroxyl groups were used as macroinitiators for the ROP of e-CL. The
library of material was constructed aiming at a constant total molecular weight of PCL.
Hence, a G4 dendron will bear 16 PCL chains with a DP of 15 each while a G1 dendron has
two linear chains with a DP of 120 each. For comparison, a linear analogue was synthesized
from propargyl alcohol with a DP of CL of 240. The ROP of e-CL was performed at 110 °C
with Sn(Oct), as catalyst and the reactions were conducted until a monomer conversion of
75 % was reached (Figure 4-5A). Amphiphilicity was introduced in the structure by coupling
an azide functional PEG of 2000 g/mol to the alkyne moiety of the molecules via CuAAC
chemistry. Excess of azide (up to 5 eq) was required to reach full conversion. The unreacted
PEG could easily be removed by precipitation in methanol. While the lower generations
(G0-G2) of the DLs only required 24-72 h and 40 °C to be completely substituted, the high

generation DLs necessitated up to 5 days and 60 °C. 'H-NMR spectra of Alk-G3-PCL30 and
PEG2k-G3-PCL30 are presented in Figure 4-5B and C respectively. As observed on the
spectra, the shift of the proton in alpha position of the alkyne bond from 4.71 ppm to 5.25
ppm (signal /) confirms that full substitution was achieved. Moreover the strong signal at 3.6
ppm (signal /#) corresponding to the PEG backbone and the appearance of the triazole
proton after CuAAC reaction at 7.79 ppm (signal 7) prove that PEG has been successfully
incorporated into the molecule. All the materials show low dispersity, between 1.03 and 1.30,
both before and after CuAAC reaction (Table 4-1). Since traces of residual copper could be a
concern for biological applications, the LDLs were precipitated in a MeOH/H,O (50/50)
solution containing 1 % EDTA and the products were collected as white powders. DSC
performed on the materials (Table 4-1) revealed that all the LDLs are semi-crystalline and
that T, was only slightly affected by changes in DP or dendron generation between GO and
G3. A slight drop in T, and AH,, is observed for the fourth generation material caused by the
relatively low DP of the PCL.
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Figure 4-5. Synthesis of the PEG-Gn-PCL LDL via ROP of e-CL and CuAAC reaction
(A). 'H-NMR spectra of the alk-G3-PCL, (B) and PEG,,-G3-PCL;, materials (C) in CDCl,

4.2.1.2 Formation of honeycomb films

The library of materials was used to generate honeycomb films via the BF method. Films
were cast from the LDL materials in benzene (50 pl of a 1 mg/ml solution) on glass
substrate under 95 % relative humidity. Observation of the films by optical microscopy and
SEM revealed the influence of the dendritic linker on the formation of ordered arrays (Figure
4-6). With increasing generation of the dendritic linker, the ordering of the films improved, a
well-ordered morphology being achieved for the PEG, -G3-PCL;, LDL having 8 branches.
For both the linear PEG,-GO-PCL,,, and the branched PEG,-G1-PCL,,, small wall
cavities are present in between the larger pores. Closer examination of the film cast from the
PEG,,-G3-PCL;;, hybrid exposed a well-ordered structure with a monolayer of large open
pores = 2.5 pm in diameter (Figure 4-7 A and B). Investigation of the topography of the
films by AFM revealed a wall thicknes of 200 nm and a pore depth of 150 nm (Figure 4-7C).
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Table 4-1.Characterization of synthesized materials.

Sample No.arms M, e M,* b’ R} T, C AH,* v CAn  CAipporons’ o'
(g/mol)  (g/mol) (om)  (°C) (/9 (mN/m) ) ) (g/ml)

Alk-G0-PCL,,, 1 27452 26400  1.21 5.8

Alk-G1-PCL,,, 2 27568 31300  1.13 6.2

Alk-G2-PCL,, 4 27800 41100  1.13 7.1

Alk-G3-PCL,, 8 28265 39300 1.1 6.8

Alk-G4-PCL,, 16 29194 36300  1.06 6.3

PEG,,-G0-PCL,,, 1 29452 26700  1.10 6.0 56.0 589  172+04 75+3 83+ 11 0.054

PEG,,-G1-PCL,,, 2 29568 30800  1.03 6.8 54.5 5.9 191+02 70+1  86%10 0.037

PEG,,-G2-PCL,, 4 29800 36400  1.30 6.7 54.5 599  223+04 77*1 121+5 0.039

PEG,,-G3-PCL,, 8 30265 35400  1.08 7.0 52.9 583 191401  73+1 119+ 3 0.035

PEG,,-G4-PCL,, 16 31194 34000  1.03 6.3 47.8 439 158402  73+2 86 + 4 0.049

PEG,,-S-G3-PCL,, 8 30371 40600  1.07 / 52.2 561  18.6+02 716  110%6 /

PEG,,-G3-PLA,, 8 37505  37900%  1.04* / / / 259+01 79+3  113+6 /

PCL,,-G3-TEG-THP 8 31262 36500 *  1.24 / 55.3 511 257402 80%2 95 + 7 /

* Determined from THF SEC using conventional calibration. " Determined from THF SEC using triple detection. © Determined using DSC. d

Determined from pendant drop experiment. The standard deviation was based on five measurements. © Measured on isoporous films. The standard
deviation was based on five measurements. ' Calculated from results obtained from THF SEC. * Determined from CHCI, SEC.
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Figure 4-6. Structure of the PEG,-G3-PCL;, LDL hybrid (top left). Optical microscopy
images of films cast from PEG,-GO0-PCL,,, (A), PEG,-G1-PCL,,, (B), PEG,-G2-PCL,,
(©), PEG,-G3-PCL;, (D) and PEG,-G4-PCL,; (E). Insert: image of water contact angle
taken directly after deposition of a droplet (up) and SEM micrograph of the film (1.0 kV,

x12k) (bottom).
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Figure 4-7. SEM micrograph of the top (A) and cross-section (B) and AFM image and
profile (C) of a honeycomb film cast from PEG,-G3-PCL;,. The white line on the AFM
image shows were the profile was extracted.

The wide opening of the pores is due to the relatively low interfacial tension of the
PEG,,-G3-PCL; solution that does not allow the polymer to completely engulf the water
droplet. The changes in surface morphology from a flat surface to an ordered porous surface
significantly increased the hydrophobic nature of the film with an increase in water contact
angle from 73° to 119°. Increasing the number of branches to 16 with the fourth generation
dendron disrupts the ordering. This effect is probably due to the decrease in interfacial
tension measured at 19.1 mN/m for the PEG,,-G3-PCL,, and 15.8 mN/m for the PEG,,-
G4-PCL;. This phenomenon could be related to a decrease in LDL orientation mobility as a
consequence of the multiplicity of the short PCL chains.

To confirm this hypothesis, the density p of a unimolecular polymeric sphere in solution

was evaluated using the following formula:

Mn/N,
p= 4 .
3—7TRg

where Mn is the theoretical molecular weight of a molecule, NV, is the Avogadro constant
and Rg is the radius of gyration of the molecule obtained by SEC in THF. A plot of the
obtained density as a function of the number of PCL arms of the molecule is presented in
Figure 4-8. When increasing the number of arms up to eight, corresponding to a third
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generation dendron, the density of the sphere decreases. The dendritic linker separates the
chains and causes this decrease in density. Introducing a fourth generation dendritic linker
has the opposite effect and result in an increase in density: sixteen chains are now attached to
a small core and are therefore closer to each other, making the macromolecule more
compact. The less compact and thus more flexible structure observed for the third
generation linker facilitates the orientation of the LDL at the water-solution interface and
thus favors the formation of a well-ordered film.
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Figure 4-8. Density of a unimolecular polymeric sphere in THF as a function of the
number of PCL arms. A black line connecting the datapoints was introduced to guide the
eyes.

4.2.2 Thiol-ene based LDL hybrids

Considering the impact of the polymeric architecture on the film formation, a LDL based
on UV-initiated TEC instead of CuAAC was synthesized. This material was designed to
evaluate the impact of the coupling chemistry of the linear and dendritic blocks: in
comparison to a quite stiff triazole ring, the thio-ether linkage is expected to introduce more
flexibility into the structure. A hydroxyl terminated bis-MPA dendron of third generation
possessing an allyl moiety at the focal point was used as initiator for the ROP of e-CL.
Consecutive coupling to a thiol-functional 2 000 g/mol PEG yielded the PEG,-S-G3-
PCL;.(Scheme 4-1) To allow for direct comparison with the PEG,-G3-PCL;, system, the
length of the different blocks was kept constant.

O o o
O F\/‘I\ )J\/\ 9 MO}
. - o SH — H
/—G3OH pu Gs-ol’u\/\/\/oh X /P\/toj\/\s/\/% o i
Sn(Oct), 7 n DMPA
Tqu?ne THF
110°C ol

60 min

Scheme 4-1. Synthesis of 2 PEG,,-S-G3-PCL,, LDL hybrid
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Direct casting of the polymer at 1 mg/ml in benzene only led to the formation of an
irregular film (Figure 4-9A). However, by lowering the concentration to 0.5 mg/ml, an
ordered monolayer with pores of =3.5 um in diameter was obtained (Figure 4-9B). This
small change in morphology results in a decrease in contact angle from 110° to 92°. In this
case, the higher flexibility of the material allows for better stabilization of the water
condensate at lower concentration. On the opposite, at 1 mg/ml, the PEG,-S-G3-PCL,,
hybrid accumulates at the surface of the organic solution and forms a compact layer that
inhibits the stabilization of the forming droplets.'” By decreasing the concentration, a better
stabilization could be achieved, leading to a more ordered film.
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Figure 4-9. Structure of the PEG,-S-G3-PCL;, LDL hybnd (left) Opt1cal microscopy

images of films cast from PEG,-S-G3-PCL;, at 1 mg/ml (A) and 0.5 mg/ml (B). Insert:

image of water contact angle taken directly after deposition of a droplet (up) and SEM
micrograph of the film (1.0 kV, x12k) (bottom).

5

4.2.3 LDL hybrid based on amorphous PLA

So far, all the synthesized materials were exploiting semi-crystalline PCL as hydrophobic
material. To extend the study, a LDL hybrid using amorphous PLLA as biocompatible and
hydrophobic segment was synthesized, keeping the third generation dendron as dendritic
linker and aiming at a similar total molecular weight (Scheme 4-2). Similatly to the previous
strategy, ROP of LA was initiated from the hydroxyl groups of a third generation alkyne-

functional bis-MPA dendron. The polymerization was performed in toluene at 110°C using
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Scheme 4-2. Synthesis of a PEG,-G3-PLA;, LDL hybrid.
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Figure 4-10. Structure of the PEG,-G3-PLA;, LDL hybrid (left). Optical microscopy
images of films cast from PEG,-G3-PLA;, at 1 mg/ml (A) and 2.5 mg/ml (B). Insert: image

of water contact angle taken directly after deposition of a droplet (up) and SEM micrograph
of the film (1.0 kV, x12k) (bottom).

Sn(Oct), as catalyst. After coupling with an azide-functional PEG of 2 000 g/mol, a new
LDL was obtained with a narrow dispersity and a molecular weight of 37 900 g/mol. As
expected, the obtained material was amorphous and presented a T, at 36.2 °C, as measured
by DSC.

Casting of a 1 mg/ml solution under 95 % RH resulted in a non homogeneous film
presenting two types of structures: some parts of the film consisted of a monolayer of
irregular pores while multilayers of interconnected pores were formed on other areas (Figure
4-10A). The presence of these two types of domains originates from different drying speeds.
Rapid solvent evaporation, in the thinner parts of the film, causes the formation of a
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monolayer of pores. On the opposite, as a longer drying time is required in the thicker parts
of the film, water droplets can diffuse in the organic solution and assemble into multilayers.
These disordered areas with interconnected pores suggest that poor stabilization of the film
was achieved and that coalescence took place. Stabilization improved with increasing
polymer concentration: films cast at 2.5 mg/ml presented an ordered array with a monolayer
of open pores (Figure 4-10B).

4.2.4 Inverted PCL,,-G3-TEG LDL hybrid

4.2.4.1 Synthesis via ROP, CuAAC chemistry and anhydride coupling

To investigate the effect of the position of the blocks relative to the dendron, an inverted
structure was devised having a single long PCL chain attached to the core of the dendron
and short TEG arms at the periphery (Figure 4-4). This LDL was designed to display the
same total PEG to PCL ratio as the previously synthesized materials. A third generation
linker was selected since the most ordered films were generated by PEG,-G3-PCL,, in the
preceding study. To obtain a similar architecture, an azide functionalized PCL was coupled to
a TEG modified dendron (Scheme 4-3). ROP of e-CL was initiated from benzyl alcohol with
a targeted DP of 240. The terminal hydroxyl group was reacted with 6-azidohexanoic
anhydride to yield N;-PCL,,, which was then coupled to an alk-G3-OH dendron via
CuAAC chemistry.

g O ©/\ ‘PJ\/V\/O]‘H

Sn Oct),

To\uene
nore (N \/\/\)ci)
3 o
2
DMAP, pyridine, DCM

O{JOK/\/\/U Na
©/\ bo(\/\/\

CuBr,
63— | PMDETA,
y DMF,
4 30°C
0]
(o] OH
o] N=n

DMAP,

\
WOI/\/O@ : pyrldme

- Fmm Ay o BdAQ)

pTSA,
DCM,
o MeOH

Scheme 4-3. Synthesis of the PCL,,,-G3-TEG-OH inverted LDL hybrid.
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Figure 4-11. '"H-NMR spectra of the PCL,,,-G3-TEG-OH hybrid before (A) and after
(B) deprotection of the THP groups.

In this case, the coupling reaction was performed in DMF at 30 °C using CuBr and
PMDETA as catalytic system. Only 1.2 eq of alkynes to azide and 15 h were necessary to
obtain full substitution. The hydroxyl groups of the dendron were subsequently
functionalized with THP-protected TEG anhydride, generating the PCL,,,-G3-TEG-THP
LDL hybrid. Deprotection of the THP groups using p-TSA in methanol yielded the PCL,,-
G3-TEG-OH, with eight hydrophilic hydroxyl groups. Full deprotection was confirmed by
"H-NMR (Figure 4-11) with full disappearance of the triplet at 4.63 ppm (signal g)
corresponding to the THP protective group. Characterization of the molecule by SEC gave a
dispersity of 1.24 and DSC analysis indicated a semi-crystalline nature with a T,, and AH |
similar to the one measured for the PEG, -G3-PCL,, system, Table 4-1.

1.5
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4.2.4.2 Formation of ordered porous films

Independently of the casting conditions (solvent, concentration, humidity), no ordered
porous film could be obtained from the PCL,,-G3-TEG-OH system. One explanation
could be the too high hydrophilicity of the molecule with 8 short hydroxyl-terminated TEG
chains that could induce poor stabilization of the condensing water droplets. However, the
less hydrophilic PCL,,-G3-TEG-THP, which has an interfacial tension of 25.7 mN/m,
could produce ordered porous films when cast under suitable conditions. Casting of 50 pl of
a 1 mg/ml solution in benzene under 95 % RH led to the formation of an ordered porous
array with a pore diameter of = 4 pm and a CA of 95 ° (Figure 4-12). Exposure of the film to
p-TSA in methanol resulted in the regeneration of the terminal hydroxyl functionalities by
deprotection of the THP groups. As a consequence the hydrophilicity of the film increases,
as indicated by the decrease in contact angle from 95° to 74°. The deprotection did not affect
the porosity of the film. However, the pore walls were found thinner after deprotection,
suggesting a rearrangement of the polymeric chains in methanol (Figure 4-12). This hydroxyl
functional porous film could potentially be used as template for further functionalization
reactions.

A) PCL, 4,-G3-TEG-THP
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Figure 4-12. Structure and optical microscopy images of honeycomb films cast from
PCL,,-G3-TEG-THP (A) and PCL,,-G3-TEG-OH (B). Insert: CA angle image taken
directly after deposition of a water droplet (top) and SEM micrograph (1 kV, x12k) (bottom)
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4.3 MACROTHIOLS AS VERSATILE TOOLS FOR THE PREPARATION OF
DENDRITIC MATERIALS

Efficient coupling of dendrons to various polymeric cores is a simple way to access
sophisticated functional dendritic structures. So far, bis-MPA dendrons functionalized with
an alkyne moiety were conjugated to diverse macromolecules via CuAAC reaction. However,
remaining traces of toxic copper can be a great concern for biological applications. An
alternative is to exploit the copper-free and UV-initiated TEC chemistry to achieve advanced
and well-defined architectures. Since thiols are highly reactive, they can couple to a wide
range of molecules under mild conditions and can thus be exploited in numerous fields such
as electronics, optics or for biological applications. Despite their interesting features, the
commercial availability of thiols is today mainly limited to low molecular weight compounds
or PEG-based structures. Therefore enlarging the collection of available large molecular
weight thiols is of great interest. Hence the synthesis of high molecular weight dendritic
macrothiols and their ability to efficiently couple to various core molecules via TEC
chemistry were investigated (Figure 4-13).

Dendrimers Dendronized polymers

6‘!&. ' Macrothiol ' ' '

) 7 A G1to G4 ASZQCV NN
T UV | jooen 44

Dendritic linear dendritic hybrid Bifunctional dendrimer

Figure 4-13. Overview of the dendritic library synthesized by coupling of macrothiols to
various polymeric cores.

4.3.1 Synthesis of macrothiols

Bis-MPA dendrons of generation 1 to 4 functionalized with a thiol group at the focal
point and either acetonide- or hydroxyl-terminated were prepared starting from a disulfide
core (Scheme 4-4). Dendrimers up to generation four were synthesized by iterative growth
and activation steps using acetonide-protected bis-MPA anhydride as monomer.
Characterization of the materials by SEC confirmed the low dispersity of the structures
(Figure 4-14A). Once the desired generation was reached, the disulfide bond was selectively
cleaved to generate the macrothiol of identical generation. Cleavage was performed on the
acetonide terminated dendrimers under inert atmosphere using DTT and TEA in an
optimized disulfide:DTT:TEA molar ratio of 1:2:4. The reaction was monitored by MALDI-
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Figure 4-14. SEC traces of the acetonide-terminated dendrimers and MALDI-Tof
spectra of the generation four acetonide-terminated disulfide and macrothiol.

TOF MS (Figure 4-14B) and after purification of the products by flash chromatography,
pure compounds were isolated in yields above 80 % and with low dispersities. The solubility
of the macrothiols could be tailored by deprotection of the acetonide groups using acidic
DOWEX® resin: while the acetonide protected molecules were only soluble in organic
solvents (DCM, THF, acetonitrile...), the hydroxyl terminated analogues could be dissolved
in water or methanol.

Analysis of the materials by MALDI-TOF MS after one month storage under argon at
room temperature revealed that the macrothiols were stable against spontaneous disulfide

formation. This approach permits the facile synthesis of macrothiols having molecular
weight up to 2140 g/mol (HS-G4-Ac).

4.3.2 Synthesis of advanced dendritic materials via TEC chemistry.

The ability of these macrothiols to be efficiently coupled to various polymeric cores was
investigated through the synthesis of a dendritic library comprising dendrimers, bifunctional
dendrimers, dendronized polymers and DLD hybrids. Initially the synthesis of monodisperse
dendrimers was investigated: acetonide-terminated macrothiols of generation three (HS-G3-

Ac) were reacted to a trifunctional allylic triazine core.
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Scheme 4-5. Synthesis of a fourth generation dendrimer via TEC coupling.
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Figure 4-15. "H-NMR spectra of the trifunctional allylic TMP core recorded in CDCly
(A), the acetonide-terminated generation four macrothiol recorded in CDCl; (B) and the
hydroxyl-terminated generation four dendrimer recorded in MeOD(C).
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To ensure full miscibility of the starting materials with the DMPA initiator, a small amount
of THF was introduced in the reaction vessel. Disulfide formation was suppressed by
purging the system with argon before UV exposure. A slight excess of thiol (2 eq per alkene
group) and 30 min irradiation were sufficient for the reaction to reach completion. However,
reaction of HS-G4-Ac with the triazine core yielded only the disubstituted product,
regardless of the irradiation time or excess of thiol used. This is related to the limited
accessibility of the triazine core after attachment of the first two dendrons due to steric
hindrance. To circumvent this problem the use of a more extended core was envisioned: a
twofold excess of HS-G4-Ac macrothiols were reacted with a triallylic core derived from
TMP(Scheme 4-5). After acidic deprotection of the isolated product, a fourth generation bis-
MPA dendrimer was obtained in a total yield of 58 %. The reaction was followed by
MALDI-TOF MS and 'H-NMR (Figure 4-15). The absence of signals at 4.97 ppm and 5.78
ppm corresponding to the allylic protons as well as the disappearance of signal at 2.80 ppm
related to the protons in alpha position to the thiol group confirm that full substitution of
the core material has been obtained and that excess thiol has been efficiently removed.
Moreover, the shift of the two doublets at 3.64 ppm and 4.14 ppm into a new signal at 3.62
ppm indicates that full removal of the ketal groups has been achieved.

Given the successful preparation of the fourth generation dendrimer, the synthesis of
more complex bifunctional dendrimers was explored. Due to their nature, bifunctional
dendrimers can easily be functionalized to include dual features, such as fluorescence and
targeting moieties.'”” Therefore, such structures are elegant candidates for application driven
research. Bifunctional dendrimers were achieved by TEC coupling of an acetonide-protected
macrothiol with a complementary hydroxyl functionalized bis-MPA dendron having an allyl
group at the focal point (Scheme 4-6A). Coupling of generation three materials generated the
bifunctional third generation dendrimer in 76 % yield after simple purification by
precipitation. A fivefold excess of thiol and 1 h of irradiation were necessary to obtain full
conversion of the alkene groups.

A B
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Found [M + Na]* = 1945 g/mol
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Double G2 Found [ M + K]* = 8469 g/mol
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Figure 4-16. SEC traces (A) and MALDI-TOF spectra (B) of various macromolecules
obtained via TEC reaction of macrothiols.
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The ability of the macrothiols to generate sophisticated molecules was further evaluated
via the double convergent approach (Scheme 4-6B). Starting from a trifunctional allylic core,
TEC of HS-G2-OH followed by post-functionalization of the hydroxyl groups with but-3-
enoic anhydride yielded a second generation dendrimer decorated with 12 alkenes. 40 min of
irradiation and 1.5 eq of thiol per alkene groups were sufficient to achieve full conversion. In
the next step, the alkene functionalities were coupled to HS-G2-Ac and, after 30 min of UV
exposure and consecutive purification, a fully substituted dendrimer with 24 acetonide
groups was obtained in 74 % yield. Characterization by SEC and MALDI-TOF MS
confirmed the synthesis of a flawless structure (Figure 4-16).

The library was extended with the synthesis of dendronized polymers via a “grafting to”
approach: dendritic wedges were coupled to a linear polymer possessing allylic pendant
groups (Scheme 4-6C). A fully allylated poly(HEMA) was obtained by coupling of but-3-
enoic anhydride to the hydroxyl groups of the repeating unit using DMAP and pyridine. The
polymer was then reacted with macrothiols of generation 1 to 3 with either hydroxyl or
acetonide terminal groups. Increasing amount of macrothiols and longer reaction times were
required with increasing dendron generation (Table 4-2), due to steric hindrance. After
selection of an appropriate solvent, the reaction could be performed with both acetonide or
hydroxyl terminated macrothiols.

Table 4-2. Overview of the synthesized dendronized polymers

Dendron End-groups Allyl:thiol Irradiation time  Yield
generation ratio (min)
Gl Acetonide 1:1.5 20 80 %
G1 Hydroxyl 1:1.5 15 76 %
G2 Acetonide 1:3 60 68 %
G3 Acetonide 1:4 90 61 %

Finally, exploiting the versatility of the TEC chemistry that can be performed in both
organic solvent and water, the synthesis of a water-soluble DLD was explored. Reaction of a
PEG-diallyl with HS-G2-OH macrothiols in water using o-ketoglutaric acid as initiator
yielded the fully substituted DLD (Scheme 4-6D). Given the high molecular weight of the
PEG (8 000 g/mol) a fivefold excess of thiols per allyl group and 30 min UV irradiation were
required to complete the reaction. SEC and MALDI-TOF MS characterizations of the
synthesized products are presented in Figure 4-16 and confirmed the monodisperse nature
and purity of the materials.
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4.4 TPREPARATION OF HIGHLY FUNCTIONAL AND THERMALLY STABLE
POROUS FILMS

The previous studies revealed that ordered porous films could be formed from linear-
dendritic linear hybrids for which the introduction of the dendritic linker favored the pore
formation. By casting and subsequent activation of the film, a functional surface presenting
hydroxyl groups could be obtained. A new set of LD materials was therefore developed
using the newly synthesized macrothiols as dendritic components. In this case, the dendritic
wedge was exploited to introduce multifunctionality inside the pores of the film. Moreover
the linear block could be modified to introduce cross-linkable groups that could be utilized
to improve the thermal stability of the films.

4.4.1 Synthesis of alkyne functional LD hybrids and porous film
formation

The overall synthesis of the LD hybrid relies on ATRP of a HEMA derivative, TEC
chemistry and anhydride reactions (Scheme 4-7). ATRP was chosen as controlled
polymerization method due to its versatility towards solvents and monomers as well as
tolerance to various functional groups. The linear block of the hybrid was designed to
introduce hydrophobicity into the structure, hence HEMA was modified with benzylidene-
protected bis-MPA anhydride and subsequently polymerized from HO-EBiB using CuCl,
CuCl, and bipyridyl in anisole aiming at a molecular weight of 22 000 g/mol
((HEMA]/[HO-EBiB]/[CuCl]/[CuCL]/[Bipy] = 2*DPtarget:1:1:0.1:2). The available
hydroxyl group of the initiator was functionalized with 4-pentenoic anhydride allowing for
TEC with a HS-G2-OH. Due to the high molecular weight of the linear block, a 1:10 allyl to
thiol ratio was required to ensure full conversion of the alkene groups within 30 min. The
hydroxyl groups of the dendritic wedge were further reacted with alkyne-TEG anhydride to
yield poly(HEMA-Bz),,-G2-TEG-Alk. In addition to introducing hydrophilicity to the
molecule, the TEG spacer also helps to direct the alkyne groups inside the pores, making
them available for postfunctionalization reactions.
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Scheme 4-7. Synthesis of a poly(HEMA-Bz),,-G2-TEG-Alk.

The aptitude of this polymer to form porous films via BF was later evaluated by casting a
polymer solution under different casting conditions. Interestingly, different topographies
could be obtained at different concentrations. When cast on a glass substrate at a
concentration of 20 mg/ml in chloroform under 95 % RH at room temperature, the polymer
formed films with narrow surface holes (= 800 nm in diameter) and large underlying cavities
(= 2.5 um in diameter) (Figure 4-17A). In contrast, films cast at 2.5 mg/ml in chloroform on
a glass substrate cooled down to 0 °C under 80 % RH presented multilayers of wide open
pores (1.7 um in diameter) (Figure 4-17B). The differences in morphology are related to
differences in kinetics during the pore formation: at low polymer concentration and low
temperature, water condenses relatively fast on the surface of the film while the organic
solvent needs long time to evaporate. Therefore the water droplets have time to diffuse into
the organic solution and several porous layers can form. Moreover, the low polymer
concentration does not permit an encapsulation of the droplets of the top layer during the
last stage of drying and consequently the film presents an open structure.
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A 120 mg/ml, CHCI3, 95 % RH, RT B |2.5mg/ml, CHCI3, 80 % RH, 0 °C

) e

Figure 4-17. SEM (1kv, x6k) micrographs (top) and confocal fuorescence micrographs
(middle) and depth profile (bottom) of porous films cast from poly(HEMA-Bz),,-G2-TEG-
Alk at 20 mg/ml in CHCI; under 95% RH (A) and at 2.5 mg/ml in CHCI; under 80 % RH at
0°C (B). Fluorescence is visualized in white and the micrographs were taken at 1.6 um (A)
and 2.4 pum (B) under the surface.

Penetration depth
(um)

To evaluate the availability of the alkyne groups, the cast films were labeled with
fluorescent Rhodamine-B via CuAAC chemistry. The reaction was performed in water to
preserve the structure of the film. A large excess of fluorophores (= 4 eq azide per alkyne)
was used to ensure full conversion of the alkyne groups. Confocal fluorescence analysis was
performed by recording the fluorophore emission within optical slices with 0.4 pm FWHM
thickness and a depth profile was acquired by scanning sequential slices in the sample from
top to bottom until no more fluorescence was detected. Fluorophores could be found on
each film confirming the availability of the alkyne groups for CuAAC reaction (Figure 4-17).
The slight changes in morphology observed as compared to the SEM images could originate
from rearrangement of the polymers during labeling. Fluorescence could be measured over a
thickness of = 5 um suggesting that the different surface topographies of the films did not
affect the functionalization. The absence of fluorescence within the pores (appearing in black
on the micrographs and depth profiles) indicates that excess of Rhodamine-B has
successfully been removed.
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4.4.2 Preparation of thermally stable honeycomb films

Even though the previously formed films can be activated in water at room temperature,
improving their thermal stability would widen their range of possible functionalizations and
applications. Thus the introduction of cross-linkable groups on the linear polymeric
backbone was envisioned. Azide substituted poly(para phenyleneethynylene)groups are
known to undergo thermal cross-linking at 300 °C, turning solvent-soluble films into free-

12
> However the use of

standing insoluble films while maintaining the film morphology.
clevated temperature requires the use of initially stable films and we thus preferred UV as a
milder cross-linking source. The easily functionalized HEMA allowed for random
introduction of cross-linkable azide groups and hydrophobic benzylidene groups along the
linear backbone. PolyHEMA),, was synthesized by ATRP in a water/methanol 50/50
solvent at 0 °C using CuCl, CuCl, and bipyridyl as catalytic system. The reaction was
performed aiming at a DP of 65 reached at 80 % monomer conversion, identical to the one
of the poly(HEMA-Bz),, -G2-TEG-Alk system. The functionalization of poly(HEMA), was
performed as a pseudo one-pot anhydride reaction: benzylidene-protected bis-MPA
anhydride was first reacted to a limited number of hydroxyl groups of the poly(HEMA)
backbone after which an excess of 6-azidohexanoic anhydride was added to the reaction
vessel to convert the unreacted hydroxyl groups. To maintain the hydrophobic character of
the linear polymer, the benzylidene groups were targeted to cover 90 % of the hydroxyl
groups. However, analysis of the "H-NMR spectrum of the polymer and comparison of the
integrals of the signal at 3,2 ppm and 5.4 ppm corresponding to the azide and benzylidene
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Figure 4-18. '"H-NMR spectrum of the poly(HEMA-Bz-ran-HEMA-N;) acquired in
chloroform.
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groups respectively revealed an actual azide to benzylidene ratio of 80/20 (Figure 4-18). This
difference is probably due to traces of MeOH or water in the system that opened the
benzylidene anhydride.

The pure poly(HEMA-Bz-ran-HEMA-N;) was then cast on a glass substrate and its ability
to cross-link into a thermally stable film was evaluated. After optimization of the casting
conditions, a honeycomb film was obtained from a 10 mg/ml solution in chloroform cast at
75 % RH. The film presented 1 pm wide surface openings with underlying spherical cavities
of 25 pm in diameter (Figure 4-19 left). Cross-linking of the film was subsequently
performed by placing the as-cast film on the conveyor belt of a UV fusion lamp and
exposing it to a total dose of 387 m]/cm’, without addition of initiator. The stability of the

film was assessed by heating the film with 10 °C increments every 5 min. In comparison to a
non-cross-linked film which started to lose its morphology at 50 °C ( 4 degrees above its T)),
the cross-linked film kept its morphology upon heating up to 200 °C (Figure 4-19 right).

W UV cross-linking W

Heating at 200 °C

Figure 4-19. Schematic representation and SEM micrographs (1kV, x1k) of the
poly(HEMA-Bz-ran-HEMA-N;) honeycomb film before cross-linking (left) and after cross-
linking and heating at 200 °C for 5 min (right). The inserts were taken after pealing of the top
layer of the film with adhesive tape (1kV, x0k).
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5. CONCLUSIONS

Ordered porous films were generated from a library of LDLs exploiting multifunctional
bis-MPA dendrons as dendritic linker and using efficient CuAAC and TEC chemistries. The
introduction of alkyne groups on the dendritic wedge allowed for an efficient
postfunctionalization of the film, thus extending the scaffolding ability of the material. The
achieved functional surfaces could find use in multiple applications for instance as sensors or
in catalysis.

Prior to utilizing new materials in biological applications, their biocompatibility needed to
be addressed. Hence, a degradation and toxicity study was performed on well-established bis-
MPA dendrimers to confirm their biocompatibility. Evaluation of the degradation profile of
a TMP-G4-OH dendrimer under physiological conditions, pHs ranging from 4.5 to 7.5 and
temperature of 37 °C, revealed that the dendrimer undergo fast degradation via a
depolymerization mechanism in alkaline conditions. Further, an MTT assay of immune
competent cells exposed to the dendrimer or its structural components showed the non-
cytotoxic nature of the materials. This study confirms the biocompatibility of these materials
and supports their use in biological applications.

A library of amphiphilic LDL hybrids issued from biocompatible building blocks was later
produced and utilized to evaluate the effect of the polymeric architecture of the formation of
porous films via the BF method. Well-defined structures were achieved by combination of
controlled ROP and efficient CuAAC and TEC reactions. ROP of hydrophobic e-CL from
the peripheral hydroxyl groups of bis-MPA dendrons followed by CuAAC between the
alkyne groups located at the focal point of the dendron and a azide-functional PEG yielded
amphiphilic semi-crystalline LDLs. Investigation of the effect of branching on the film
formation by comparison of a library of materials having a constant total molecular weight
but including dendrons of various generations, and thus different lengths of the PCL arms,
revealed that the PEG,-G3-PCL;, material was best suited to form highly ordered films.
This property was related to the low density of the polymer in solution which results in a
higher flexibility of the chains and better stabilization of the condensing droplets.
Interestingly, replacing the relatively stiff triazole linkage by a more flexible thioether bound
in the structure led to formation of ordered films at lower polymer concentration, probably
resulting from an enhanced stabilization of the water droplets. Ordered porous arrays could
additionally be obtained from the fully amorphous PEG,-G3-PLA;,. Finally, the relative
position of the linear blocks in the LDL was proven to be insignificant: highly ordered films
could be generated from an inverted PCL,,-G3-TEG-THP structure. Deprotection of the
THP under mild conditions in water regenerated the hydroxyl groups while preserving the
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porous structure. This last approach permits the synthesis of activated porous film suitable
for further functionalization reactions.

Efficient coupling of dendrons to other polymeric materials is a simple way to access
dendritic linear hybrids. To further extend the range of achievable structures, bis-MPA
dendrons functionalized with a thiol moiety at the focal point were synthesized and their
ability to react with different allyl-functional cores was evaluated. Macrothiols of generation 1
to 4, either hydroxyl or acetonide terminated, were produced by divergent dendrimer growth
initiated from a dihydroxyl-functional disulfide core followed by disulfide cleavage using
DTT. The denderitic thiols were achieved in high yields and with molecular weight up to 2140
g/mol. Coupling of these macrothiols, to allylic cores via TEC reaction generated a
comprehensive dendritic library that includes dendrimers, asymmetrical dendrimers,
dendronized polymers and DLD hybrids. All the dendritic hybrids could be obtained in
relatively good yields and high purity as confirmed by SEC and MALDI-TOF analyses. By
appropriately tailoring the nature of the end-groups, hydrophilic macrothiols were obtained,
allowing for construction of dendritic hybrids in water. The high reactivity of the thiols and
versatility of the method renders the macrothiols attractive for a broad range of applications.

Finally a new set of LDs was synthesized capitalizing on the efficient coupling of
macrothiols to allylic cores as well as on the effect of dendritic linkers on porous film
formation. In this case, the dendritic wedge was used to introduce multifunctionality inside
the pores of the film thereby allowing for further functionalization. An alkyne functional LD
hybrid was synthesized by successive ATRP of a benzylidene-modified HEMA monomer,
TEC reaction with a HS-G2-OH and activation with alkyne-functional TEG anhydride.
Casting of the polymer under humid conditions followed by labeling with Rhodamine-B via
CuAAC confirmed the availability of the alkyne groups for further post-functionalizations.
In parallel, exploiting the facile modification of HEMA by anhydride coupling, cross-linkable
azide groups and hydrophobic benzylidene units were randomly introduce along the linear
HEMA backbone. Highly ordered porous films were successfully generated by BF on the
random polymer. After exposure of the porous films to UV irradiation, the stability of the
films could be increased by 150 °C. Combination of these two approaches could lead to
highly stable and functional films with unlimited potential applications.
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6. FUTURE WORK

Highly ordered micro- or nanoporous surfaces have the potential to be used in a myriad
of applications due to their large surface area and high porosity. Since the BF method is a
simple way to fabricate such surfaces, a better understanding of the parameters governing the
pore formation would be of significant interest. Ideally, one would like to be able to select a
specific morphology and know how to design a suitable polymer to obtain such morphology.
Our studies have revealed that the density of the amphiphilic polymer is an important
parameter for the formation of ordered structures. One interesting study would be the
comparison of the densities of polymers issued from different monomers but having a
similar architecture.

The development of highly functional and stable films is a promising concept. Combining
the linear cross-linkable block with the dendron multivalency could lead to very interesting
surfaces that could be used as sensors. One limitation of our system is the use of CuAAC
chemistry to activate the functional surfaces since the toxicity of copper can be an obstacle
when aiming at biological applications. Therefore, the use of the mild and biocompatible
thiol-maleimide reaction could be a major advantage. This requires the development of a new
set of materials functionalized with maleimides. Since thiols can be present in various
proteins such as antibodies and enzymes, this would allow for coupling of these biological
entities to the porous surface and hence would make their use as sensors possible.

Finally, even though the biocompatibility of the different building blocks is now
established, a thorough degradation and biocompatibility study on materials built via CuAAC
or TEC chemistry should be performed. These materials contain triazole and thioether
linkages that could be cytotoxic. Moreover the addition of polymeric chains at the edges of
the dendrons could significantly affect the degradation profile and thus the excretion of the
products.
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