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Abstract

This work aimed to build polyelectrolyte nanotubes bearing in mind future drug delivery
applications. Such structures are obtained by combining Layer-by-Layer assembly, a material
deposition technique, with template synthesis, using a nanoporous polycarbonate membrane
as template. Two different systems were studied: one comprised of synthetic polyelectrolytes,
namely poly(allylamine hydrochloride) (PAH) and poly(sodium 4-styrenesulfonate) (PSS), and
one comprised of semi-natural polyelectrolytes, namely chitosan (CHI) and hyaluronan (HA).
These two systems were chosen for the purpose of building core-shell structures. In the present
work, the effect of several assembling conditions was studied for both systems in order to gain a
better understanding of their respective properties.

Firstly, PAH/PSS multilayers were built with varying ionic strength and pH. Even the lowest
salt concentration chosen for the PE solutions resulted in thicker layers compared to zero ionic
strength. However, a negligible influence was found for small concentration increases. For pH,
only a small variation was investigated and it was found to cause no effect on the thickness or on
the morphology of the nanotubes. The stability of the nanotubes after a prolonged contact with
water was also explored. It was noted that, although there is a slight loss in rigidity at first, the
PAH/PSS nanotubes remain stable when stored in water for longer periods of time.

The same investigations were then performed on CHI/HA multilayers. Ionic strength was
observed to cause opposing effects for flat and nanoporous substrates. It led to thicker layers for
nanotubes, but the effect was more complex for flat films: for low ionic strength there was an
increase in layer thickness, yet for higher values, there was a loss of thickness, suggesting that
the critical salt concentration was reached. Variations in the assembling pH are in line with the
ionisation curves found in the literature, creating thinner layers at pH 5 and thicker ones at pH
4 and 6. In terms of stability in water, CHI/HA nanotubes were found to lose a great deal of
rigidity upon contact with water, even more for tubes assembled at pH 6. For prolonged storage
in aqueous solution, further losses of rigidity and changes in morphology were observed only
in the first 24 hours. Finally, the cross-linking of the multilayers was investigated in order to
increase the nanotubes rigidity in water, but no effect was noticed for the chosen concentrations
of EDC and sulfo-NHS.

Although some assembling parameters require further explorations before entirely understanding
the studied systems properties, this work still paves the way for further investigations involving
core-shell nanotubes comprised of the two systems described above.
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Introduction

Nature has always been a great source of inspiration for mankind. Chemistry and Materials
Science are used to remodel nature for mankind’s benefits. In the living world, functional
entities take all shapes and sizes. Thanks to the fast-growing field of nanotechnology, these
entities can be mimicked or even redesigned to serve specific applications. There are nowadays
numerous available techniques that enable the assembly of molecules into functional designs
of varying forms and dimensions. These techniques can be divided into top-down and bottom-
up approaches. Top-down approaches have been proven to be efficient, but cannot meet the
challenge of downsizing features to even smaller scales. For example, when using traditional
photolithography, the dimensional limit is 1 micrometre. Bottom-up approaches have therefore
emerged. One such technique is Layer-by-layer (LbL) assembly, which saw the light of day in the
early 1990s thanks to the pioneering work of Decher and Hong [1]. LbL is highlighted in a little
less than a decade of its origin as "electrostatic self-assembly” (ESA) due to the work Bertrand
et al. [2]. Their group reviewed, among other aspects, the possible building blocks and substrates
that are suitable for this technique, but also discussed possible applications [2]. In their work,
they describe LbL assembly as a self-assembly adsorption strategy, in which complementary
molecules are sequentially adsorbed on a surface. The only requirement is that there exist some
sort of interactions (electrostatic, hydrogen bonding, etc.) between each of the constituents.
As illustrated in Figure 1, the number of scientific publications related to LbL assembly has
considerably grown over the past decade, manifesting the booming interest in this strategy. The
main advantages of this technique are its simpleness, efficiency, robustness and flexibility. It
allows the fabrication of highly ordered multilayered nanostructures, with tailored size, shape,
composition, properties and functionalities. LbL is extremely versatile and therefore a powerful
tool to address many applications such as tissue engineering, biosensors, bioelectronics, energy or
even information storage [3,4, 5].
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Figure 1: Illustration of the growing interest in LbL assembly, based on the number of
yearly publications with keywords of (a) "layer- by-layer" since 1967 and (b) "layer-by-layer"
and "assembly" since 1992 [4].



INTRODUCTION

Since bio-molecules can be used as building blocks for the multilayered structures, LbL assembly is
especially appealing for biomedical applications. One such application is drug delivery. Research
about LbL drug delivery systems is rapidly growing, as the limitations of "free" drugs are
numerous: instability in a physiological environment, undesired effects on healthy organs due to
the drug distribution throughout the whole body, risks of immune responses and rapid clearance.
These limitations can be addressed by using nanocarriers prepared with LbL assembly. Such
structures can be biocompatible and biodegradable, and allow the targeted stimuli-responsive
delivery of therapeutics throughout the body. Among all possible nanostructures, nanotubes are
of particular interest for drug delivery applications as they have a larger surface to volume ratio.
They indeed present large inner and outer surface areas that enable a larger drug loading on the
inside and a higher functionalisation on the outside. Their particular shape is useful to isolate
the cargo from the surrounding environment. Finally, they have been found to exhibit a longer
circulation time in vivo and a much faster incorporation in the cells [6,7].

LbL nanotubes are fabricated by combining the LbLL method with templating. Many factors can
affect the morphology of the nanostructures during their assembly, like for example pH and ionic
strength. Some of these factors have been extensively studied for flat films, but their effect when
the assembly takes place in confined geometries has not yet been thoroughly investigated. The
objective of this thesis is therefore to investigate how the assembling conditions, such as dipping
time, pH and ionic strength, will influence the nanotube properties. We chose to focus the present
study on two different systems: one comprised of two synthetic polyelectrolytes, poly(allylamine
hydrochloride) (PAH) and poly(sodium 4-styrenesulfonate) (PSS), and the second one comprised
of two semi-natural polyelectrolytes, chitosan (CHI) and hyaluronan (HA). These two systems
were chosen in the view of building core-shell nanotubes, which combine the properties of both
polyelectrolyte pairs.

This report is divided into three chapters. The first chapter gathers all the information obtained
about LbL assembly in the literature. Besides the general concepts behind this method, the
effects of several parameters on the polyelectrolyte multilayers assembly are presented for flat
films. The impact of templating on the multilayers is also overviewed, as well as the use of
LbL structures for drug delivery applications. The second chapter of this report features the
materials and methods used for the build-up and characterisation of both polyelectrolyte films
and polyelectrolyte nanotubes. The third chapter presents all the results gathered in the scope
of this thesis, as well as the discussions they entailed. The chapter is divided into two parts: a
first part focuses on the PAH /PSS system and the second section describes the CHI/HA system.
Finally, we will end this report by summarising the main conclusions of the performed research
and by presenting some future perspectives for LbL nanotubes.



Chapter 1

State of the art
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Overview

This chapter offers an overview about LbL principles and applications. A first section provides
information about the basics of Layer-by-Layer (LbL) assembly: How is it done ? With which
materials? What are the resulting structures? This section also provides details about the physics
behind LbL assembly. The effect of assembling conditions on the build up of flat films will be
the focus of the second section of this chapter. It is also important to note that the properties of
the LbL assembled structures can vary, namely with water content or by using cross-linking for
example. This subject will be explored in the third section. The fourth section describes how
LbL nanotubes are built using a nanoporous template. The last section focuses on the use of

LbL assembly for drug delivery applications.




1.1. LAYER-BY-LAYER ASSEMBLY: THE BASICS

1.1 Layer-by-layer assembly: the basics

Layer-by-layer (LbL) assembly is a strategy involving the sequential adsorption of compatible
species on a surface. It is an inexpensive and reproducible technique that enables the fabrication
of nanostructured polymeric multilayer films, with customised shape, size and properties. This
technique can use a wide range of inexpensive materials and be performed in entirely aqueous
solutions. It does not require extreme conditions (such as high temperature and excessive pH) or
exposure to harmful solvents, rendering it an environmentally friendly fabrication process [3,5].

The basic principle of LbL thus involves the alternated deposition of complementary molecules on a
surface for the build-up of multilayered structure. Depending on their nature, the complementary
molecules will interact in a specific way and form a multilayered film. A washing step is needed
after each deposition in order to remove the excess of molecules that are loosely attached and
thus to avoid the contamination of the next adsorption step. The adsorption-washing cycle can
be repeated until the number of desired layers is achieved [3,4].

Building blocks and substrates

A wide range of materials can be used as LbL building blocks, going from charged molecules to
nano-objects. These building blocks can be polymers, peptides, clays, dyes, metal oxides or even
nanoparticles and carbon nanotubes. Bio-molecules like polysaccharides, nucleic acids, proteins,
enzymes and viruses can also be incorporated into a layer [3,4,8,9].

The multilayers can be deposited on any type of substrate (planar or cylindrical structures,
porous or colloidal particles) of almost any surface chemistry. The dimensions and form of the
substrate do not limit the deposition. It is thus possible to build nanostructures of all shapes
and sizes.

Interactions dominating LbL assembly

LbL assembly does not rely on only one sort of specific multilayer interactions. Indeed, electrostatic
interactions, hydrogen bonds, hydrophobic interactions, host-guest interactions, etc. can hold
the layers together [3,4].

Electrostatic interactions are, however, the predominant driving force of LbL assembly and are by
far the most studied one. This type of inter-chain pairing will also be the interaction of interest
for this thesis. In this scenario, the layers are built by the alternate deposition of oppositely
charged polyelectrolytes (PEs) on a charged surface. This means that at each deposition step,
the surface charge is inverted [3].
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Figure 1.1: Schematic representation of the assembly of a multilayer via electrostatic
interactions [3].
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Through this type of interaction, it is possible to control the composition, the structure and
the thickness of each layer. It is well suited for the fabrication of homogeneous ultrathin layers.
Whatever the interactions holding the layers together, various parameters can influence the
structure of the LbL assembled films: pH, temperature, ionic strength, solvent and properties of
the PE, such as charge density and molecular weight [3,4]. The effect of these parameters when
electrostatic interactions are the main driving force of the assembly will be detailed in Section
1.2.

Resulting nanostructures

Layer-by-layer assembly can be used for the coating of a substrate. By adsorbing certain materials
on a support, the surface properties of the substrate can be modified. In other words, LbL
assembly can easily be used to functionalise a surface as uniform and stable coatings can be formed
through this technique. LbL coatings are often used on metal or semiconducting nanoparticles
for biomedical applications.

LbL is also used for the coating of implantable devices such as prosthetics and stents in order to
improve their integration and their biorecognition. The coating also influences the adhesion of
proteins and cells and thus the efficiency of the device [4,5].

Layer-by-layer assembly can also be coupled with templating. This means that templates are filled
with LbL deposited materials; after a drying step, the template is removed, yielding free-standing
structures. The resulting structures are dependent on the template morphology. They are listed
in Figure 1.2: nanotubes, nano-particles, multilayer films, nanorods and capsules [4, 10].

Figure 1.2: Illustration of various nanostructures that can be achieved through LbL
assembly on templates [10].
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LbL assembly processes

Several fabrication processes exist to build LbL assembled multilayers, namely dipping, spin-
coating and spraying (see Figure 1.3). The dipping method is the most commonly used one, but
it has the disadvantage of being time-consuming and requiring a large amount of material for
each deposition step. Spin-coating and spraying are promising alternatives that significantly
reduce the deposition time while remaining low cost, therefore more suitable for industrial
applications [3,4,11].
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Figure 1.3: Schematic representation of Layer-by-Layer assembly process through the (a)
dipping, (b) spin-coating and (c) spraying method for electrostatic interactions [11].

1.1.1 Polyelectrolyte adsorption in detail

Electrostatic LbL assembly consists of the sequential adsorption of a polycation and a polyanion
(1 and 3 in Figure 1.4) with intermediate rinsing steps (2 and 4 in Figure 1.4). These steps are
repeated until the desired number of layers is attained. The adsorption step consists of dipping a
substrate with a charged surface in a solution containing a polyelectrolyte and some additional
salts for a specific amount of time. During this immersion, the polyelectrolyte chains interact
with the oppositely charged surface. An important requirement of this technique is the charge
inversion of the surface. This means that in order for the surface to adsorb a sufficient amount
of oppositely charged polyions and inverse its charge, there must be an excess of charge with
respect to the previous layer, often called charge overcompensation.

Ion-exchange model

The adsorption of the PE chains on the oppositely charged substrate can be qualitatively
explained by the ion exchange model. This model states that there is a competition between the
PE chains and the counterions for the pairing with the charged sites on the surface (either the
initial substrate or the previously deposited layer). The repulsion between charged PE segments
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Figure 1.4: Schematic illustration of the Lbl assembly techniques [12].

prevents the accumulation of chains on the surface, while surface-PE interactions encourage
adsorption. From an energetic point of view, this means that the system gains entropy upon
counterion liberation and loses entropy upon PE adsorption. However, the entropy gain prevails,
promoting PE adsorption. In terms of enthalpy, the change is quite small, as counterion-PE
interactions are replaced by surface-PE and ionic interactions, and can, therefore, be neglected.
This means the PE adsorption is driven mainly by an entropic change [13].

The ion-exchange model is often used to explain the effect of the charge density of PE chains or
of ionic strength on the assembled layers. The model is, however, not perfect. For example, it
fails to explain the irreversible nature of the adsorption phenomenon. Another shortcoming of
the ion-exchange model is the inability to explain the charge overcompensation found upon layer
adsorption [13].

Kinetics of polyelectrolyte adsorption

The adsorption phenomenon of polyelectrolytes on flat surface occurs in two steps: (1) a rapid
first step consisting of the hefty accumulation of PE chains on the surface, and (2) a second step
with reduced kinetics due to the reconformation of the deposited layer. The first step takes just
a few minutes while the second step may take hours or even days. Since the reconformation is
slower than the adsorption, the chains that are not fully anchored to the surface (i.e. only part
of their charged groups interact with the surface or the underlying layer) do not have the time
to rearrange and attach to neighbouring sites before those are occupied by other chains. This
creates the aforementioned charge inversion [13].

Charge overcompensation is required for a successful layer-by-layer assembly. The resulting
topmost layer contains not only chain segments that are anchored to the previous layer, but
also tails and loops that create the necessary additional charges. Tails and loops thus determine
the amount of material adsorbed for the next layer. This also means the portion of absorbed
material depends on the underlying layer. This notion is very important when considering the
first adsorption step, when the PEs interact with the template. The template surface will have a
different effect on the loops and tails formation than the outer layer of PE multilayers. Hence,
the first few layers will not have the same growth rate as the subsequent layers [13].

1.1.2 Multilayer growth: linear versus exponential

The multilayer growth regime depends on the nature of the assembling materials. Since elec-
trostatic interactions were chosen as the driving force of the LbL assembly in the particular
case of this thesis, only polyelectrolytes will be considered here. Polyelectrolytes are composed
of ionisable monomers that become charged upon dissociation in a solution. There are thus
polycations, which carry positive charges, and polyanions, which carry negative charges.
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It is important to note that polyelectrolytes can either be synthetic or natural. Examples
of natural PEs are proteins, polypeptides and polysaccharides. This distinction is important
because those two categories of polyelectrolytes are likely to have different growth regimes:
synthetic PE multilayers tend to have a linear growth while natural multilayers tend to grow
exponentially [3]. Indeed, synthetic polyelectrolytes are often designed as strong polyelectrolytes,
like poly(styrenesulfonate) (PSS) for example. Natural PEs, on the other hand, are weak
polyelectrolytes. The distinction between strong and weak PE is based on how easily the
ionisable groups on the PE chains become charged.

A strong polyelectrolyte is fully ionised over a large range of pH, resulting in numerous interac-
tions between chains. Therefore, a linear growth regime is mainly dominated by electrostatic
interactions and as a result each PE layer only interpenetrates with its adjacent layers [14].

For a weak PE, the degree of ionisation strongly depends on pH. Fewer interactions are therefore
created, inducing the swelling of the system. The exponential growth can be explained by the
diffusion of single polyelectrolyte chains into and from the layers during each adsorption step,
thus increasing the already adsorbed amount and the total layer thickness [14,15]. Lavalle et al.
proposed a model to describe how this chain diffusion occurs. The validity of this model, which
is described in Figure 1.5, was demonstrated on PLL/HA multilayers [16]. To explain this theory,
one must imagine a multilayer composed of a polycation A and polyanion B, with 7 multilayers.
According to the model, there are chains inside the layers that are not involved in interactions.
Indeed, some chains diffuse within the multilayers during the dipping steps and become mobile
chains inside the layers (Figure 1.5, B). When the multilayered film (A/B); is put in contact
with polycation A, the mobile chains of polyanion B diffuse out of the multilayers and form
polycation/polyanion complexes at the outer layer of the film (Figure 1.5, D). These complexes
are weakly bonded to the film. Only after all the free chains of material B have diffused "out"
of the layers do the chains of material A diffuse "in" the film until overcompensation is reached
(Figure 1.5, E and F). [17]. The "in" and "out" diffusion, therefore, explains the exponential
growth of the multilayers.
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Figure 1.5: Model for exponential growth: A) "out" diffusion of polycations, B) "in" diffusion
of polyanions, C) negative charge overcompensation, D) "out" diffusion of polyanions, E)
in" diffusion of polycations and F) positive charge inversion [17].
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Case of study

In the particular case of this thesis, the complementary species that were used for the LbL
assembly were poly(allylamine hydrochloride) (PAH) and poly(sodium 4-styrenesulfonate) (PSS)
or chitosan (CHI) and hyaluronan (HA). PAH and PSS are both synthetic polyelectrolytes. They
form one of the most studied systems for LbL assembly. CHI and HA are polysaccharides. Those
biomolecules are both biocompatible and non-toxic, and therefore often used for biomedical
applications. CHI/HA multilayers have potential uses in tissue engineering strategies or for drug
delivery [14].

These systems show different growth regimes on flat substrates: the assembly of PAH/PSS
multilayers follows a linear growth [18], while the build of CHI/HA multilayers follows an
exponential growth [19], as can be seen in Figures 1.6 and 1.7, respectively.
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Figure 1.6: Film thickness as a function of the number of PAH /PSS layers [18].
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Figure 1.7: Film thickness as a function of the deposited CHI/HA layers [19].
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1.2 Effect of the assembling conditions

Nanostructures assembled through electrostatic LbL assembly can be influenced by experimental
parameters, namely pH, temperature and ionic strength, as well as by the properties of the PE
(molecular weight, charge density, etc.). The effect of these parameters also depends on the
nature of the assembling species. The case of study presented in the previous section will be
used in order to illustrate how changes in the assembling conditions affect linear and exponential
growth systems in a different manner.

1.2.1 pH

The effect of pH depends not only on the nature of the polyelectrolytes (synthetic or natural)
but also on their properties (weak or strong). Indeed, the high degree of ionisation of strong
PEs over a large range of pH lowers the need to finely control the assembling conditions. It,
however, restricts the ability to tune layer morphology and thickness. For a weak polyelectrolyte,
the degree of ionisation is strongly dependent on pH. A weak polyanion will only be negatively
charged when the surrounding pH is considerably higher than its pKa. Likewise, a polycation
will only become positively charged below its pKa.

Changes in pH during the LbL assembly thus mostly affect the growth and stability of weak
polyelectrolytes. Indeed, for such PEs, a small variation of pH can induce changes in the structure,
composition and thickness of the layers. The effect of pH on the thickness of PAH and PAA
layers, both weak PEs, is illustrated in Figure 1.8. Layer thickness is depending on the PEs
charge, and the more the complementary PE chains are charged, the more they attract each
other, creating thinner layers due to a closer arrangement of the chains. For example, both PAH
and PAA are fully charged PE in region III of Figure 1.8 and, therefore, the thinnest layers are
built for this range of pH. On the other hand, in region II, PAA chains are not yet fully ionised.
In this case, chains cannot take up a flat conformation upon adsorption on the previous layer
but form dense loops, thus creating thicker layers.
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Figure 1.8: Average thickness contributed by a PAA (solid line) and PAH (dashed line)
adsorbed layer as a function of solution pH [20].

Linear growth system

The layer thickness in Figure 1.8 was computed for PAA/PAH multilayers. One must, however,
take into account that the effect will be slightly different for PAH/PSS multilayers, especially
since PSS is a strong PE. Bieker et al. observed that the degree of interaction between PAH and
PSS decreases when increasing pH. In basic conditions, the NH3Jr groups on the PAH chains
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are depronotised, lowering the electrostatic repulsion between the chain segments and creating a
more coiled chain conformation [18]. In terms of layer thickness, this is translated into a thickness
gain upon increasing the pH of the PE solutions. This increase is moderate when increasing pH
for 4 to 7, but gets even bigger when going to extreme basic conditions, as depicted in Figure 1.9
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Figure 1.9: Film thickness as a function of PAH /PSS layers deposited on a silicon substrate
for different pH values [18].

Exponential growth system

CHI and HA are both weak bio-polyelectrolytes, meaning their ionisation degree varies with
pH. The pK, of CHI and HA are ca. 6.5 and 2.9, respectively. These values can slightly vary
according to the molecular weight of the polysaccharides. For chitosan, molecular weight and
therefore pKa are depending on the degree of deacetylation (DDA). Indeed, CHI is obtained by
partial deacetylation of chitin. This reaction is however never fully completed, hence the need
to define a DAA. A pKa value of circa 6.5 is valid for chitosan with a DDA of 80% [21]. As a
consequence of the pKa values described above, there is only a narrow pH window in which both
materials can be used together [21]. From the ionisation curves represented in Figure 1.10, it can

be deduced that CHI is fully ionised for pH lower than 4, while HA is fully ionised for pH higher
than 5.5.
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Figure 1.10: Ionisation curves of CHI and HA versus pH [22].
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1.2. EFFECT OF THE ASSEMBLING CONDITIONS

When the polysaccharide electrolyte chains are only partially charged, they do not fully interact
with the oppositely charged surface or polyelectrolyte and one needs to add more of them to reach
charge inversion; hence the thickness should increase. As illustrated in Figure 1.11, experimental
results for CHI/HA multilayers assembled on PEI functionalised Si substrates show an increase
of the film thickness for pH 3.0 compared to pH 4.5 (using the same ionic strength), as HA is
then only partially ionised while CHI is fully ionised [22]. This can also be explained by Figure
1.12: a lower charge density results in loopy chains and thus thicker layers.
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Figure 1.11: Thickness profile for CHI/HA multilayers assembled on PEI functionalised Si
substrates, at different pH/NaCl concentrations [22].

1.2.2 Ionic strength

Tonic strength enables a certain control over the layer thickness, permeability and stability. Both
salt type and concentration are important factors to take into account during LbL assembly. For
example, the increase of salt concentration will modify the number of available charges on the PE
chains and therefore affect the PE layer conformation. Low salt concentrations cause PE chains
to fully extend, while for high salt concentrations, the chains form loops due to the reorganisation
of the charges in the chains (see Figure 1.12). An increase in ionic strength thus leads to the
swelling of the layers. One must, however, keep in mind that very high salt concentrations can
lead to the complete desorption of the PE chains due to reduced electrostatic interactions [3,4].

Figure 1.12: Schematic representation of a thinner layer with planar chain conformation
and higher charge density on the left and a thicker layer with loopy chain conformation
and lower charge density on the right [23].
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Linear growth system

Kohler et al. gathered data from different publications concerning the effect of ionic strength
on PAH/PSS films and outlined a dependence based on those results (see Figure 1.13). When
the salt concentration exceeds 0.5 M, a linear correlation is found between ionic strength and
bilayers thickness. For lower concentrations, the bilayer thickness is correlated to the square root
of the ionic strength [24].
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Figure 1.13: Thickness of PAH/PSS bilayers as a function of the ionic strength of the
dipping solution [24].

The ion type also has an impact on the PEM structure. The use of different monovalent cations
has no obvious effect on the film thickness, but has an effect on the amount of absorbed water.
Indeed, smaller ions tend to keep their water of hydration, unlike bigger ions around which the
water of hydration can be removed with ease. When studying the impact of the anions, it was
observed that the addition of larger anions resulted in the formation of thicker and rougher
layers. The impact was found to be qualitatively the same as increasing ionic strength. The
addition of multivalent salts was also studied. It was noted that incorporating a multivalent
salt to the polyelectrolyte solutions leads to a considerable increase in thickness. This effect is
translated by the fact that multivalent ions interact more efficiently with the polyelectrolyte
chains than monovalent ones [24]. Multivalent ions may also induce the physical cross-linking of
the multilayers when they interact with two complementary PE chains.

Exponential growth system

The standard ionic strength used when assembling CHI/HA multilayers lays between 0.1 and
0.2 M, which corresponds to the physiological ionic strength [25]. Typically, 0.15M of NaCl is
added to the polysaccharide solutions [14,19,22,26,27]. For lower levels of ionic strength, the
thickness of the polysaccharide multilayers is decreased [14,22]. This is illustrated in Figure 1.11,
where a slight thickness decrease is visible for nine CHI/HA bilayers when lowering the NaCl
concentration from 0.1 M to 0.075 M during the assembly of the multilayers [22].

Lower salt concentrations also result in a different layer build up: instead of an exponential
growth, the growth becomes progressively linear when reaching 10~% M of NaCl. This is depicted
in Figure 1.14, in which —A(f/v) is proportional to the deposited amount of polymer [14].
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1.2. EFFECT OF THE ASSEMBLING CONDITIONS

Furthermore, ionic strength has an effect on the surface coverage of the film. At very low salt
concentrations (e.g. 10~* M) , the polysaccharides deposit in islets and a homogeneous coverage
is only reached after numerous layers (20 bilayers in the case of 0.01 M of NaCl for example).
At higher salt concentrations (e.g. 0.15 M) , the islets give way to a continuous film after only
several deposition steps [14].

Unlike the PAH/PSS system, multivalent salts like calcium chloride may cause the negatively
charged HA to ionically cross-link and are therefore not added to the polysaccharides solutions.
Ca®* ions weakly bind HA chain together, leading therefore to the formation of HA aggregates in
solution [28]. The adsorption of aggregates instead of single chains may affect the stability of the
multilayers. Indeed, under biological conditions, the Ca?* ions may be replaced by monovalent
cations such as sodium, therefore slowly de-cross-linking or even causing the desorption of the
layers [29].
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Figure 1.14: Quartz crystal microbalance of CHI/HA multilayered films on glass slides for
different salt concentrations. The parameter —A(f/v) is proportional to the deposited
amount of polymer [14].

1.2.3 Temperature

Temperature also affects the stability, thickness and internal structure of the assembled multilayers.
It has been observed that multilayers assembled at high temperature are thicker than layers
assembled at ambient conditions. The high temperature induces the swelling of the films
and the increase of interpenetration of the layers. It, however, results in increased internal
roughness. The effect of temperature is related to the change of the polyelectrolytes structure in
solution upon heating: they take on a more coiled conformation and remain that way inside the
multilayers [3,4,21].

Linear growth system

In the case of PAH/PSS, the temperature effect is dependent on the ionic strength: below the
threshold of 0.05 M of salt concentration, temperature has no effect. Electrostatic interactions
are too strong and affect the PE chains conformation. However, when increasing the ionic
strength above this threshold, the effect of temperature emerges and becomes more prominent
with increasing screening [24].
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1.2.4 Molecular weight of PE

Variations in molecular weight (M,,) may induce a change in growth regime during the LbL
assembly of PE multilayers. Indeed, both polycation and polyanion exhibit a specific threshold
molecular weight below or above which the growth regime changes, and therefore the thickness
of the multilayers as well [30].

Linear growth system

The effect of molecular weight of PAH /PSS is not yet fully understood and was only investigated
recently. Molecular weight can affect the layers growth regime, the internal roughness or can
play a role in the PE swelling behaviour [4]. When using low M,, synthetic PEs, chains are able
to diffuse inside the layers, leading to thicker and exponentially growing layers [3]. For PAH/PSS
this effect is, however, rather small [31].

Exponential growth system

The effect of molecular weight was more thoroughly studied in the case of CHI and HA. For a
given number of bilayers, the higher the molecular weight, the thicker the layers. Furthermore,
as depicted in Figure 1.15, the exponential growth is also dependent on the molecular weight:
the transition from a linear to an exponential regime occurs earlier for lower M,, [32].
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Figure 1.15: Effect of molecular weight on the exponential growth and thickness of CHI/HA
multilayers [32].

1.3 Properties of assembled multilayers

The parameters of the surrounding medium may also affect the multilayers structure post-LbL-
assembly. For example, changing the ionic strength may induce a swelling of the layers [21].
Likewise, varying the pH after the assembly gives rise to swelling and deswelling transitions for
PAH/PSS multilayers assembled at pH lower than 8.5 [33]. The effect of those two parameters
has also been studied for CHI/HA multilayers [34]. Two other but still very important factors
will be detailed in this section: the effect of water content and the effect of cross-linking.
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1.3.1 Water content

An important property in polyelectrolyte multilayers is water content. Water is not only used as
solvent during the LbL assembly, it is also an active part of the assembled layers. Water can
lead to the swelling or shrinkage of the multilayers, depending on the surrounding conditions like
the adjacent humidity. The presence of water can also induce chain mobility.

It has been observed that PAH and PSS are respectively surrounded by one and four water
molecules [24]. This may, however, vary with the preparation conditions, such as pH and ionic
strength. For example, the water uptake of the multilayer films is known to increase with the
salt concentration of the PE solutions during the layers assembly. The water content of "wet'
multilayers, meaning just after the adsorption, is in the range of 40 to 55 %. Upon drying, the
multilayers shrink and have a 30 to 35 % water content. It was also discovered that there is a
lower water uptake in the core of the film than in the outer film zone [21].

When using polysaccharides, and especially when using HA, the water uptake is much higher.
For CHI/HA systems, it can range from 80 to 95 %, depending on the number of layers and the
preparation conditions. As HA-based films are already highly hydrated, they do not tend to
swell further when put in aqueous solution [19,24].

1.3.2 Cross-linking

Biopolymers are soft and sensitive materials. Therefore, multilayers built from biopolymers are
much affected by external conditions like pH and ionic strength, as the electrostatic interactions
holding them together become unstable. However, for some applications, the stability and the
preservation of the structure of the multilayers is crucial. One possible way to ensure this is to
use of chemical cross-linking. [35].

The structural integrity and the overall stability of the PE multilayers can be ensured by adding
covalent interactions to the electrostatic ones. Cross-linking enables a fine control over the
structure through the control of the amount of cross-linker in contact with the material [35, 36].

In our case of study, CHI/HA possesses carboxylic acid groups and primary amines and can be
cross-linked by 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (shortened EDC)
and N-hydroxy sulfosuccinimide sodium salt (sulfo- NHS) [35,37]. The reaction induced by these
cross-linkers is depicted in Figure 1.16. In the first step of this reaction, EDC interacts with
carboxyl groups in order to form amine-reactive intermediates. There are three possible reactions
for these activated forms in the second step of the cross-linking: (i) they encounter primary
amines and form amine bonds; (ii) they hydrolyse back into their inactivated carboxyl form;
(iii) they form another active intermediate when in the presence of sulfo-NHS, this intermediate
being more stable and storable. The addition of sulfo-NHS therefore increases the efficiency of
the reaction, as the sulfo-NHS reactive intermediates can interact with primary amines later on
in the reaction [37].

The standard protocol for this method of cross-linking was developed by Richert et al. and
involves 400 mM EDC and 100 mM sulfo-NHS, prepared in a 0.15 M NaCl solution at pH 5.5.
The multilayers must remain in contact with the cross-linkers for 12 hours at 4°C and must be
rinsed abundantly with a 0.15 M NaCl solution afterwards [35].
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Figure 1.16: Cross-linking reaction scheme for carboxyl-to-amine linking using EDC and
sulfo-NHS [37].

Boudou et al. studied the evolution of the cross-linking reaction for different EDC concentrations
and for different systems, including CHI/HA. All the cross-linking reactions followed the same
trends: an initial increase, followed by a plateau for higher EDC concentration. In the case of
CHI/HA (¢ on the Figure 1.17), the limit of cross-linking was already reached for less than 50
mg/mL of EDC (which is equal to ca. 260 mM) [19, 36].
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Figure 1.17: Molar density of covalent amide bonds created during the cross-linking reaction
for (PAH/PGA) (o), (CHI/HA) (0) and (PLL/HA) (A) films [19].

Likewise, Picart et al. investigated the cross-linking kinetics for CHI and HA multilayers at
different EDC concentrations, namely 25, 200 and 750 mM. To do so, they performed FTIR
measurements on (CHI/HA)g films assembled on glass slides, cross-linked with different EDC
concentrations. They then substracted the obtained spectra from the initial spectrum of the
multilayers, before cross-linking. As cross-linking involves the creation of amide bonds, there
should be an increase of the amide I and II bands in the absorbance spectrum, which are
respectively situated in the 163041700 cm ™! region and in the 144041500 cm™! region. There
should also be a decrease in the carboxylic COO~ peak at 1412 cm™! and in the saccharide
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peaks in the 95041200 cm ™! region, which characterise the skeletal vibrations of the PEs. Two
particular peaks in this region indicate C-O stretching and are situated at 1082 and 1032 cm ™.
In Figure 1.18, one can see that these changes are strongly observed for a EDC concentration of
200 mM, while there are almost no changes for 25 mM [27]. Picart et al. offered no explanation
as to why the peaks are slightly lower when using 750 mM of EDC, but they do however declare
that kinetics were similar for 200 and 750 mM. It could thus be suggested that even at 200 mM
EDC concentration, one can observe new covalent bonds.
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Figure 1.18: Resulting substraction of the spectra before and after cross-linking for three
EDC concentration: 25 mM (thin black line), 200 mM (circles), and 750 mM (thick black
line) [27].

1.4 Membrane-templating

Membrane-templating is a common method used to assemble LbL nanotubes. Tubular structures
are prepared inside nanoporous substrates such as an anodic aluminium oxide (AAO) template
or a track etched polycarbonate (PC) membrane. After the assembly, the template is dissolved,
releasing the nanotubes. In this section, the fabrication of the templates will be quickly overviewed
before explaining how layer are built within the pores and how the assembly is different than on
flat substrates.

1.4.1 Nanoporous planar templates

AAO templates are created by subjecting a polished alumina film to a two-step anodisation,
as depicted in Figure 1.19: a first anodisation results in rather disordered pores that, however,
rearrange themselves deeper inside the templates; the top aluminium oxide layer is etched away,
leaving only an ordered landscape at the surface of the film; the second anodisation step results
in the formation of parallel pores, initiated from the previously obtained landscape [38].
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Figure 1.19: Schematic representation of the synthesis of a AAO template: (i) polishing,
(ii) first anodisation, (iii) AAO wet etching and (iv) second anodisation [38].

The porous film morphology (pore size, pore density and thickness) will be determined by the
used anodisation conditions, namely the utilised acid electrolyte, the anodisation voltage, the
anodisation time and the temperature. However, for AAO templates, the pore size is dependent
on the pore density: the higher the pore density, the smaller the pore size, and vice versa [6, 38].

PC templates are fabricated by track-etching. This consists of bombarding the film with energetic
heavy ions, accelerated in a cyclotron. This results in damaged chemical bonds and the formation
of linear damage tracks. These tracks are the revealed by a specific chemical wet etching, creating
parallel nanopores in the template [39,40].
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Figure 1.20: Schematic representation of the track-etching process of a PC template [40].

In an AAO template, the pores are arranged in regular arrays, while they are randomly distributed
in a PC template. However, the latter is preferred for the LbL assembly of nanotubes as the
complete removal of the AAO template requires extreme pH values (pH < 4.5 or pH > 8.5) that
may affect or damage the multilayers [6].

1.4.2 Membrane-templated Lbl assembly

The principles behind polyelectrolyte adsorption detailed in section 1.1.1 remain true, whether it
is for flat substrates or for nanoporous templates. The standard dipping procedure still holds as
well. Nanotubes are thus assembled by successively dipping a nanoporous template in solution
containing oppositely charged polyelectrolytes. The resulting structure is a number of concentric
layers held together by electrostatic interactions, as depicted in Figure 1.21.

The main difference with flat films is that the polyelectrolyte chains need to diffuse through the
pores before interacting with the inner pore walls. This diffusion step can affect not only the
growth inside the pores, but is also an additional parameter that needs to be taken into account
when varying the assembling conditions. The embedded nanotubes are released by dissolving the
template, which in the case of a PC template is achieved with an organic solvent. The nanotubes,
therefore, remain in an organic suspension. This suspension can either be filtered, or the tubes
can be deposited on flat substrates for further analyses [6,7,41].
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Figure 1.21: Schematic representation of the Lbl assembly in a nanoporous template [6].

Effect of geometrical confinement on LbL multilayer growth

It has been observed that when Lbl assembly is carried out within nanopores, the thickness of
the deposited layer at each cycle is much larger than on flat surfaces, up to 100 times larger
in some cases [42]. This increase does not depend on the molar mass of the polyelectrolytes,
nor on the ionic strength. It was, however, observed that the assembled layer thickness depends
strongly on the pore size, especially for small pores. Furthermore, the pores can be filled up to
their maximum in only one deposition cycle, suggesting that upon further deposition steps the
newly adsorbed chains entangle with the first deposited layer in the confined space of the pore.
Upon drying, the entangled web of chain settles at the pore walls, creating nanotubes [42].

The growth mechanism within a nanopore is thus entirely different than on a flat substrate. In
the case of PAH/PSS multilayers, it was found that there are two growth regimes when assembled
in a nanoporous template, as depicted in Figure 1.22.

Regime 1 Regime 2

Figure 1.22: Schematic representation of the two growth regimes for LbL assembly in
nanoporous substrates [43].
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The first regime is linear and comparable to the growth mechanism on flat substrates. The growth
is not limited by the diffusion of PE chains into the pores. The second regime is characterised by
decreased kinetics. The transition to this regime occurs when the pore is almost entirely filled
by the wet and swollen multilayers. At this stage, an interconnected web between PE chains
appears, increasing with the number of deposited layers and resulting in the formation of dense
gel-like layers. PE diffusion in the nanopores is thus growth-limiting in this second regime. Even
though the pore is entirely filled in solution, the PE layers are known to shrink upon drying,
enabling the formation of nanotubes instead of nanowires [43]. For LbL nanotubes comprised of
natural polyelectrolytes, two different growth regimes were also observed: a first fast-growing
regime followed by a slower growth. This transition was also attributed to reduced diffusion of
PE chain into the pores. [44].

Effect of geometrical confinement on LbL assembly conditions

Geometrical confinement does not only affect the growth of multilayers, but also has an impact
on the assembly conditions. It has been observed that the geometry of the template particularly
influences two factors: dipping time and the effect of ionic strength.

Dipping time

When using nanoporous templates, one must take into account the time needed for the chains
to diffuse through the pores. Therefore, the commonly used dipping time for PAH/PSS is 30
minutes [7,45], which is longer than for flat substrates. Indeed, for flat films, it has been observed
that both PAH and PSS adsorbed in less than 10 min [13].

Studies about reducing this dipping time were performed for flat films. When the deposition
time ranges from 1 to 5 minutes, it was noticed that surface is mostly covered by random islands
while for deposition times of over 10 minutes, the adsorbed layer was homogeneous [13]. For
confined geometries such as nanoporous templates, similar studies seem yet to be performed.

Ionic strength

When working with nanoporous templates, ionic strength may also participate in the infiltration
of the polyelectrolyte chains inside the pores [46]. This is especially important when the pore
diameter is extremely small, for example lower than 100 nm. In such conditions, the addition of a
multivalent salt like CaCl, is crucial as it leads to the shrinking of the PE chains due to reduced
electrostatic interactions. The PE chains are then small enough to migrate into and adsorb onto
the nanopores. A monovalent salt has the same effect on the chains structure but also decreases
the net charge of the chains. However, a multivalent salt yields oppositely charged monomers,
enhancing the electrostatic attractions between unbound chains and calcium-bound chains. The
inter-chain repulsion is thus reduced, resulting in a higher surface coverage inside the pores [47].

In nanopores, the excessive addition of salt also results in the neutralisation of the PE chains,
or even its charge inversion. Both prevent PE adsorption and the latter may even result in the
precipitation of the PE chains in the dipping solution. Furthermore, above a certain critical
concentration of salt, the creation of opposite charges on the chains can create clusters of chains.
Those clusters can then clog the pores by depositing at the top surface of the porous template.
It is, therefore, necessary to determine the critical salt concentration. It the case of 15 PAH/PSS
bilayers assembled in AAO templates with sub-100-nm pore size, the threshold was 5 mM of
CaCl, [47] (See Figure 1.23).
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Figure 1.23: (PAH/PSS);5 multilayers assembled on nanoporous AAO-membrane templates
as a function of CaCl, concentration: (a) 1, (b) 5, (c) 50, (d) 100 mM. The inset is (a)
shows the AAO membrane before the LbL assembly [47].

1.5 LbL for drug delivery applications

Layer-by-layer assembly provides the tools and possibility to fabricate systems that can achieve
localised and stimuli-responsive drug delivery. Within the last decade, much progress has been
made in the development of LbL-based delivery films or capsules. The interest in nanotubes for
delivery applications remains low, although slowly growing over the past few years [6,41,48].

1.5.1 Drug delivery systems

Nanocarrier-based drug delivery platforms are considered suitable alternatives to traditional
vehicles since 1) they enable the accumulation of drugs at specific sites of interest, therefore
limiting the undesired side effects to healthy organs; 2) they limit the required doses as they
only reach specific targeted sites; and 3) they prolong the circulating half time of the drugs.

Despite all these potential advantages, drug delivery systems still have to overcome one challenge:
face a series of biological barriers that prevent the drug to properly achieve its therapeutic effect.
Some strategies have, however, been developed to overcome these obstacles, including various
surface functionalisation schemes like PEGylation [49].

Layer-by-layer assembly is a suitable method to construct such nanocarrier as it is possible to
finely engineer their size and shape. Other assets are the ability to tune the composition, stability
and surface functionalisation thanks to the wide range of material available for this technique [50].
More importantly, we can use biopolymers as assembling materials in LbL nanocarriers which are
quite interesting for biomedical applications. Indeed, LbL assembly can be performed in aqueous
solution and does not require any organic solvent, which is a notable advantage when using
bio-molecules such. Among biom-olecules, proteins are suitable for delivery applications because
of their low or even non-existent toxicity and efficient removal from the body. Protein-based
delivery vehicles are able to evade the immune system and overcome internal barriers in order to
reach the site of action [41,50].

Drug loading

One requirement for drug delivery systems is the ability to correctly incorporate toxic and fragile
therapeutics compounds and shield them from the body. This can be achieved by three methods:
1) incorporation of the drug into the layers, 2) the preloading of the template with the drug,
and 3) trapping of the cargo inside the delivery vehicles. Theses are all depicted in Figure 1.24.
Layer-by-layer assembly allows the build up of any of these systems. [41,48,50,51]. .
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a)

Figure 1.24: Methods for drug encapsulation within LbL capsules. a) Incorporation of the
cargo in the capsule walls b) Preloading the template with the drug before LbL assembly
c) Postloading the drug delivery system by changing the wall permeability [50].

Drug delivery and cellular internalisation

There are several paths to introduce the drug into the body, depending on the therapeutic and
the disease. In the case of drug delivering nanotubes, the treatment is most commonly introduced
into the body through injection. However, one must note that LbL assembly is also suitable to
prepare implants, enabling a controlled or prolonged release of therapeutics from the implant [50].

The delivery of the therapeutic may be directed by adding targeting agents on the delivery vehicle.
Depending on the surface functionalisation of the drug carrier, specific cells or tissues can be
targeted. The benefits of localised delivery are the minimisation of the side effect by restricting
the access to healthy tissue, and the increase of the local concentration of the drug, thus enabling
a lower dosage of therapeutics without affecting the efficiency [50]. Once the nano-carrier has
reached the targeted organ or tissue, barriers at the cellular level need to be crossed. All these
barriers are depicted in Figure 1.25.

The first barrier is the lipid bilayer membrane. Depending on the size and shape of the carrier,
several internalisation schemes are possible: either the carrier is small enough to directly cross
the cellular membrane, or they have to rely on endocytosis or phagocytosis. Endocytosis
consists of the cells membrane engulfing the outside material, thus forming a so-called endosome.
Phagocytosis is one of the many mechanisms of endocytosis, but is triggered by the presence of
specific materials (such as synthetic particles, bacteria or viruses) [50].

Once internalised by the cell, the nano-carrier is contained in an endosomal vesicle, which can
merge with lysosomes. These vesicles have a notably lower pH (4.5-5) and contain enzymes that
can degrade foreign materials. Some drug vehicles thus degrade or take advantage of the change
in pH to release their cargo; the specifics of the drug release will be discussed later on. Some
delivery vehicles can also escape the vesicles. Several strategies for endosome or lysosome release
exists, one example being the incorporation of membrane disrupting peptides into the carriers
multilayers [50].
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Figure 1.25: Drug delivery path: i) nano-carrier internalisation by endocytosis; ii) endosomal
or lysosomal vesicle; iii) rupture of the vesicle; iv) release of the nano-carrier in the cytosol;
v) drug release from the nano-carrier; vi) further transport into the nucleus or other
organelles [50].

Drug release

Once the carrier has reached its target and has been incorporated into the cells, the drug release
can either be "passive', meaning it occurs through drug diffusion, or it can be stimuli-responsive.
There are three types of stimuli: biological, physical (light, electric or magnetic field, temperature)
or chemical (pH, ionic strength). The release of the drug might also require the degradation of
the carrier. A quick review of some available release routes is presented in Appendix A [50,51,52].

1.5.2 LbL nanotubes for drug delivery

Although most of the nanostructures assembled by LbL for biomedical applications are capsules
and films [50], there are some papers that cover the use of LbL nanotubes for drug delivery
applications [41,53].

The use of hollow nanotubes for drug delivery applications presents some significant advantages:
i) it enables the tailoring of the nano-carrier shape and size; ii) the nanotubes present larger inner
and outer surface areas enabling, respectively, a larger drug loading and a higher functionalisation
(for targeting for example); iii) they have a longer circulation time in vivo and are much faster
incorporated in cells [6,7,41]. By using LbL assembly to build up nanotubes, it is also possible
to incorporate multiple functions into to inner and outer surfaces, thanks to the inclusion of
various components [41].

For drug delivery applications, the nanotube dispersion in aqueous media is required, which is not
as forthcoming as it may seem. Indeed, nanotubes tend to aggregates, irreversibly sticking to each
other or on the surface, rendering the re-dispersion of the nanotubes after filtration impossible.
Saghazadeh et al. have however developed a universal method to transfer membrane-templated
nanotubes to aqueous media without damage [7]. This technique will be discussed in Section 2.5.
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Once dispersed in an aqueous media, drug loading can occur. As nanotubes have two open ends,
large quantities of drug molecules can be loaded in the inner cavities, as illustrated in Figure 1.26.
The only obvious requirement is that the inserted particles are smaller than the inner diameter
of the LbL nanotubes. Molecular capture can by achieved by exploiting the binding abilities of
certain proteins, which can be used as building block for the tubes. The release of the cargo can
be induced by changes in pH or by replacement reaction [41].

Figure 1.26: Schematic representation of nanoparticle loading in hollow nanotubes of 200
nm inner diameter [41].

It has been observed that synthetic nanotubes are more likely to undergo cellular internalisation
than biopolymer-based ones due to their superior rigidity [6]. Core-shell nanotubes are therefore
of particular interest, as they can combine both synthetic and natural polyelectrolytes. Rubner
et al. fabricated such structures using (PAH/PSS) as synthetic PEs and (CHI/HA) as natural
PEs [54]. Depending on the position of each system, the properties of the multilayers will change.
It is therefore important to understand the properties of each individual system before making

core-shell structures. In this work, we will thus investigate the morphology and the properties of
(PAH/PSS) and (CHI/HA) films and nanotubes.
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Overview

This chapter gathers the all experimental information related to this thesis. It presents all the
materials and methods that were used to build and characterise both flat polyelectrolyte films
and polyelectrolyte nanotubes.
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2.1. MATERIALS

2.1 DMaterials

2.1.1 Polyelectrolytes

Poly(sodium 4-styrenesulfonate) (PSS, M,, = 70 kDa) was purchased from Acros organics.
Poly(allylamine hydrochloride) (PAH, M,, = 120 to 200 kDa) was purchased from Alfa aesar.
Their respective chemical structures are represented in Figure 2.1.

PSS PAH
n n n
HgN Cl~
0=5-0
(I'I) Na™

Figure 2.1: Chemical structure of PSS and PAH polyelectrolytes.

Hyaluronan, in the form of research graded dried sodium hyaluronate (M,,=151 kDa - 300 kDa),
was acquired from Lifecore Biomedical. Chitosan chloride (M,, = ca. 269kg/mol and 86% DAA)
was provided by NovaMatrix. The product is called "Protasan UP CL 213". The chemical
structure of these two natural polyelectrolytes is presented in Figure 2.2.

OH OH
OH QH o (0]
HO O, OFO
o) o) NH
o] NHz
HO NH A
OH A 0
(0}

Hyaluronan Chitosan

Figure 2.2: Chemical structure of CHI and HA polyelectrolytes [55].

2.1.2 Cross-linkers

1-ethyl-3-(3-dimethylamino-propyl)carbodiimide hydrochloride (EDC) (M, = 191.7 Da) and
N-Hydroxysulfosuccinimide sodium salt (Sulfo NHS) (M,, = 217.13 Da) were purchased from
Sigma-Aldrich. Both materials are characterised by a purity of >98%. EDC and Sulfo NHS were
stored at -20°C and 4°C respectively before use.

2.1.3 Substrates

Silicon wafers were purchased from Topsil. They are n-doped with Phosphorus, with a diameter
of 100 mm and a thickness of 500-550 pm. They are characterised by a [100] orientation and a
resistivity ranging from 3 to 9 Ohm-cm. The top surface is polished while the back surface is
alkaline etched.

Sheets of track-etched PC membranes were provided by Itdip (Louvain-la-Neuve, Belgium,
http://www.it4ip.be). Theses membranes had a pore diameter of 300 nm, a thickness of 25
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pm and on average a pore density of 1-10% pores-cm?. The sheets were cut into circles of two
different diameters, namely 12.5 and 26 mm.

Itdip also provided the hydrophilic poly(ethylene terephthalate) (PET) used for the microscopy
observations (see Section 2.6.2) . These membranes have a pore size of 200 nm, thickness of 23
pm and pore density of ca. 5-10% pores-cm?. They were covered with a 200-nm gold coating
using a Cressington 208HR Sputter Coater.

2.2 Assembly of multilayer films on flat substrates

Silicon wafer was cut into 1 cm? squares thanks to a diamond pen. Next, the pieces were cleaned
with a mix of acetone, ethanol and methanol before being plasma etched for 10 min in an Emitech
K1050X with a 100 W power supply.

For synthetic polyelectrolytes, the solutions were freshly prepared before each use, with a
concentration of 1 mg/ml. Milli-Q water was used as solvent in all the experiments, to which
salt was added in varying concentrations. In the case of PAH/PSS, both monovalent salt (NaCl)
and divalent salt (CaCl,) were used simultaneously in concentrations ranging respectively from 0
to 0.5 M and from 0 to 35 mM. The polyelectrolyte solutions were each stirred for 30 minutes,
after which their pH was adjusted thanks to a pH-meter. The pH was fixed at 5.5 for PAH/PSS
solutions.

For natural polyelectrolytes, the solutions were prepared the eve of their use, with a concentration
of 1 mg/ml. The polysaccharide solutions were prepared in aqueous solutions with NaCl
concentrations ranging from 0 to 0.5 M. They were left to stir overnight, before undergoing a pH
check before their usage. The pH was fixed at 4, 5 or 6.

The build-up of n bilayers occurred in the same manner for both PAH/PSS and CHI/HA
multilayers: first the Si squares were dipped for 5 minutes in the polycation solution, then rinsed
twice for 2 minutes, after which they were dipped in the polyanion solution for 5 minutes and
rinsed again twice for 2 minutes. This cycle was repeated n times, and finally, the samples were
immersed in Milli-Q water for 5 minutes before being dried with an air gun. The rinsing solution
contained the same salt concentration and was adjusted at the same pH as the polyelectrolyte
solutions.

For some CHI/HA multilayers, an additional cross-linking reaction was performed. Each sample
was placed in a cell well box with 24 plates and covered with 400 pL. of an aqueous solution
containing 30 mM EDC and 50 mM Sulfo NHS. The cross-linking solution was freshly prepared:
EDC and Sulfo NHS were diluted separately in solutions containing 0.15 M of NaCl, pH 5.5. Each
solution was stirred for 30 min and then stored at 4 °C until their usage. Once the multilayer
assembly was completed, the EDC and sulfo NHS were mixed together and distributed among
the samples. The samples were left at 4 °C for 24 hours before undergoing a 3-step rinsing (twice
for 5 minutes and once for 10 minutes under stirring) and a drying stage.

2.3 Characterisation of the flat multilayer films

2.3.1 Ellipsometry

Ellipsometry enables the measurement of the mulitlayers thickness when these are assembled on
flat substrates.
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2.4. ASSEMBLY OF MULTILAYER NANOTUBES

The ellipsometer used in the scope of this thesis was a HORIBA Jobin Yvon single-wavelength
ellipsometer. The laser operates in the visible spectral region, with a wavelength of 632.8 nm.
The incidence angle varies but is close to 70.5° for all samples. The ellipsometer collects ¥ and A
values during each measurement. Indeed, the measured signal reflects the change of polarisation
when the incident radiation interacts with the measured material. This change is quantified by
the amplitude ratio, ¥, and the phase shift, A. Both quantities depend not only on the materials
refractive index, but also on the thickness [56].

A macro developed on the Igor Pro software was used to transform ¥ and A data into values of
film thickness. For this purpose, the measured multilayers were assimilated to a single layer of
homogeneous refractive index. The indices of refraction were fixed at 3.882 and 1.525 for the
Si substrate and the PE film respectively. For each sample, five measurements were performed
on five different spots along the films. The thickness of a clean Si wafer was also measured as
reference, which was substracted from all other measurements in order to remove the height of
the substrate.

2.3.2 Fourier Transform Infrared (FTIR) Spectroscopy

Fourier transform infrared (FTIR) spectroscopy was performed in order to follow the cross-linking
reaction of CHI/HA films.

A Nexus 870 spectrometer from Thermo Scientific was used in transmission mode to measure
the spectral fingerprint of CHI/HA film assembled on Si wafers, before and after cross-linking.
The samples were simply placed in the path of the incident beam. The resolution was fixed at
4 cm™!, and 16 scans were taken in a row over a wavelength region ranging from 4000 to 400
cm™!. The background was measured before each sample and substracted from the spectra.

The spectra were then analysed using the Omnic software. A baseline correction was performed,
fixing the baseline at 3100, 2700, 2100, 1800, 1550 and 900 cm ™!, as well as at the edges of the
considered wavelength region.

2.4 Assembly of multilayer nanotubes

The polyelectrolyte solutions were prepared in a similar manner than described in Section 2.2, at
the same concentration.

PAH/PSS multilayers in nanopores were built by alternatively dipping the PC template in a PAH
and PSS solutions for 10 minutes each. For the build-up of CHI/HA multilayers, the adsorption
steps lasted 30 minutes each. Between deposition steps, the templates were rinsed twice for 2
minutes in a Milli-Q water solution containing the same amount of salt and adjusted at the same
pH as the dipping solution. The rinsing steps served to remove the unadsorbed materials. This
cycle was repeated until the number of desired layers were reached, which was 6 in our particular
case. Once the build up is finisher, the template is rinced one last time for 5 minutes in milli-Q
water.

As each dipping step induces the formation of a membrane on top and at the bottom of the
template, a decrusting step needed to be performed in order to prevent the pores from clogging.
This is depicted in Figure 2.3. For PAH/PSS nanotubes, the PC membranes were decrusted with
cotton swabs every three bilayers. As natural polyelectrolytes tend to clog the nanopores more
quickly, the templates were scrubbed every two bilayers for the build-up of CHI/HA nanotubes.

30



CHAPTER 2. MATERIALS AND METHODS

)

e e

€L T |
[ 4

1 I y
b ! ;
q ) i ‘
a | y i b
( )! - i (b) i s
/ } g ) }
NS U O PRSI a‘,uJ L»-.-M-,,
l(c)
§fF L% @ i @ & i
i |\ | 3 < g 8
¥ 8 LT ! & { i g
J B\ ] 191
¥ ! " F* &
sowrereell Uoosoesh Weoneses

Figure 2.3: Scheme of one cycle of the assembly of polyelectrolytes multilayers inside

nanopores [57].

The cross-linking of CHI/HA nanotubes was performed according to the same scheme described
in Section 2.2, using the LbL-functionalised membranes and before PC dissolution.

2.5 Collection of the nanotubes

We used the LbL-nanotube collection method described by Saghazadeh et al. [7]. In this method,
which is depicted in Figure 2.4, the PC template is dissolved in dichloromethane (CH,Cly). The
nanotubes dispersed in CH,Cl, are then filtered on a PET filter coated with an adjuvant, in this
case, dextran. More precisely, dextran dispersed in CH,Cl, is first filtered over a PET filter. The
dextran forms a fine porous pellet on top of the filter. Then, the tubes suspension in CHyCl, is
also mixed with dextran and filtered. This also forms a porous pellet, in which nanotubes are
trapped within the dextran. To make sure that all PC is dissolved from the pellet, additional
CH,Cl, is passed through the filter. This process creates a powder, that can be collected and
immersed in water. The dextran will dissolve, leaving the nanotubes in suspension [6,7].
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Figure 2.4: Schematic illustration of the nanotubes collection (a) filtration of adjuvant
dispersed in CH,CL, through PET filter; (b) formation of the adjuvant pellet on the PET
filter; (c) filtration of adjuvant dispersed in the suspension of nanotubes in CH,CLy; (d)
formation of a powder inside which the nanotubes are trapped; (e) addition of water to
dissolve the adjuvant and release the nanotubes [6].
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2.6. CHARACTERISATION OF THE NANOTUBES

The aqueous solution containing the dispersed nanotubes was filtered through a gold-coated PET
filter for the SEM characterisation of the tubes morphology.

2.6 Characterisation of the nanotubes

2.6.1 Porometry

Gas-flow porometry is a technique used to measure the mean diameter of the pores inside the
nanoporous templates. It was therefore utilised to measure the pore diameter LbL-modified PC
membranes. Porometry measurements were performed by It4ip.

All sample were air-dried before the measurements. They were then fixed on a holder, with an
effective area of 0.137 cm?. They were analysed at ambient temperature by delivering a nitrogen
gas flow upstream from the sample. The gas was pressurised at 0.7 bar. The air flow (ml/min)
downstream of the sample is measured with a flowmeter. By using relationships based on the
Knudsen diffusion and the viscous or Hagen-Poiseuille flow, it is possible to calculate the average
pore diameter.

The following expressions relate respectively the Knudsen diffusion flux and the viscous flux
(mol/m?-s)
Jdiff _ %gl (Pup - Pdown) and Jvisc _ d72 (ng - Ponum)
31 V2rMRT I /64uRT

in which d is the pore diameter (m), [ is the membrane thickness(m), Py, and Pyoyy, are the
pressures (Pa) upstream and downstream from the PC membrane respectively, M is the gas
molar weight (kg/mol), u is the dynamic viscosity of the gas (kg/m s), R is the ideal gas constant
(J/K-mol), and T is the gas temperature (K) [43].

The sum of these two equations enables the expression of the total volume flow rate ® (m3/s):

RT
P = (SP)*P (Jd@ff + Jvisc)

atm
with S the effective section area of the PC membrane (m?), P, the atmospheric pressure (Pa)
and P the transparency of the membrane, which can be expressed in terms of the pore density N

(m~2) and the pore diameter

d?
P=N—
4

Finally, the dried wall thickness of the nanotubes in the pores was calculated by substracting the
measured pore diameter from the initial pore diameter and dividing this difference by 2.

2.6.2 Scanning electron microscopy (SEM) and Scanning transmission elec-
tron microscopy (STEM)

Microscopy observations of the nanotubes morphology were obtained in two different manners,
as depicted in Figure 2.5: first using STEM for nanotubes dispersed in CH,Cl, and deposited on
a TEM grid, then using SEM for nanotubes dispersed in HyO deposited on a gold-coated porous
PET membrane.

Samples were observed with a JEOL 7600F SEM, which has a transmission detector included.
Nanotubes dispersed in CH,Cl, were observed at 30 kV in the STEM mode, using a transmission
detector. The gold-coated PET filters were imaged in SEM mode at 5 or 15 kV, depending on
the samples.
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Figure 2.5: Schematic illustration of how the tubes are prepared before microscopy
observations

As LbL nanotubes are known to bend and to twist once dispersed in water, a rigidity index
was defined in order to quantify the effect of the aqueous solution. This rigidity index involves
the root-mean-square end-to-end distance < R% B >1/2 of the nanotubes as well as the average
contour length L [7]. Theses values were measured using the ImageJ program.

Indeed, nanotubes in water can be assimilated to wormlike objects, with persistence length L, and
contour length L. When L, is much smaller than L, the end-to-end distance is < R%, >= 2L- L.
However, when L,, is larger than L, < R%E >= L2. This means < RJQE 5>/ L? ranges from 1
when the tubes are very rigid and to 2L, /L for softer tubes with shorter persistence lengths.
This index thus reflects the bending rigidity of the nanotubes relatively to their length [7].
Measurements of R%,, and L? were performed on 25 nanotubes for each system.
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Overview

This chapter is divided into two sections. The first section outlines the results and discussions
related to the assembly and characterisation of PAH/PSS nanotubes with varying processing
The second section presents how these assembling conditions affect nanotubes
assembled from natural polyelectrolytes, namely CHI and HA. Both systems were studied
separately in order to understand their specific properties. These investigations were performed
for the perspective of building core-shell structures comprised of the two analysed systems. The
main results are summarised in a table at the end of this chapter, and values for multilayers

conditions.

thickness and rigidity index are gathered in Appendix B.
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3.1. PAH/PSS MULTILAYERS

3.1 PAH/PSS multilayers

The objective of this study is to understand how it is possible to impact the properties of
synthetic polyelectrolyte multilayers, such as their rigidity, by selecting specific conditions during
the assembly.

The investigated system is PAH/PSS. PAH is a weak polycation with a pKa value of 8.7 when
diluted in solution. When the pH of the surrounding environment is in the range of this value,
PAH is only half ionised, becoming fully charge for lower pH values. PSS is a strong polyanion,
meaning that it remains fully ionised over a large pH range.

3.1.1 Growth

The first aspect that was studied during this thesis was the growth of PAH/PSS multilayers on
flat Silicon substrates. In order to do so, samples with increasing numbers of PAH/PSS bilayers
were prepared using a solution containing 0.1 M NaCl and 5 mM CaCl,, with the pH fixed at
5.5. The results, presented in Figure 3.1, show a linear growth. This is expected since we work
with synthetic PEs, a weak and a strong one.

25 -

20 - r
=
< 15 1 X
%]
o X
S
2 10 A .
=
= .

x
X
0 + : . . : . .
0 1 2 3 4 5 6

Bilayers of PAH/PSS

Figure 3.1: Evolution of the film thickness for PAH/PSS multilayers assembled on flat
silicon wafers in 0.1 M NaCl and 5 mM CaCl, at pH 5.5

The final thickness for 5 bilayers is 19.3+0.2 nm, with ca. 4 nm per bilayer. In the literature, the
thickness gain after each adsorbed bilayers ranges from 1 to 10 nm, depending on the selected
processing parameters and the substrate [13]. Tronin et al. assembled PAH/PSS multilayers
on Si substrates with added salts MnCl, and NaBr at pH 2 and measured a thickness gain of
6.1 £ 0.7 nm per bilayer [58]. Kolainska et al. also used silicon as substrate, but used different
assembling conditions. They added 0.15 M NaCl, with a pH ranging from 5 to 6 and used 0.5 g/L
of polyelectrolyte for the dipping solution. They measured an average thickness of 0.5 nm per
layer [59]. Elzbieciak et al. fabricated PAH/PSS films on Si substrates in a solution of 0.15 M
ionic strength, with 0.5 g/L PE concentration. They fixed the pH at 4, 7, 9 and 11 and measured,
for 6 bilayers, a final thickness of ca. 4, 7, 6 and 9 nm respectively [18]. The measurements
represented in Figure 3.1 are situated in the expected range. The variations compared to other
observed values in the literature can be explained by the difference in processing conditions.
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The presence of two zones can also be highlighted in Figure 3.1: a first zone close and thus
affected by the substrate and a second zone which is the real "bulk" film. The transition from one
zone to the next occurs after 3 bilayers. A third zone could also be expected, which is affected
by the upper air interface, but it is not visible in our case. In accordance to what can be found
in the literature on this subject [41,60], the first zone is characterised by thinner layers. The first
layer of PAH adsorbed on the Si-SiO, wafer surface adopts a flat conformation but there are
many voids. These voids only start to be filled after the third layer, as the second layer is PSS
and thus only adheres on the PAH chains. It takes a few layers for the film to uniformly cover
the substrates [41,60].

3.1.2 Effect of the dipping time

Typically, when building nanotubes, each dipping step is fixed at 30 minutes. This duration
allows the tubes to diffuse inside the pores and to adsorb on the pore walls. However, as many
experiments needed to be performed in the scope of this thesis, it was crucial to gain time.
Therefore, we studied the possibility to decrease the dipping time when working on nanoporous
templates. In order to see how the dipping time affects the tubes, PAH/PSS nanotubes were
built in a PC membrane with 300 nm sized pores. The dipping solutions contained 0.1 M NaCl
and 5 mM of CaCl,, with a pH fixed at 5.5. Three different dipping times were tested out in
parallel: 10 minutes, 20 minutes and 30 minutes.

Porometry measurements provided the evolution of the inner pore diameter for these nanotubes
assembled with these different dipping times. The results were translated into wall thicknesses,
which are depicted in Figure 3.2. In parallel, we used STEM to determine the average inner and
outer diameters for each sample, based on the measurement of 25 nanotubes. Typically obtained
images are gathered in Figure 3.3.
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Figure 3.2: Evolution of the (PAH/PSS)¢ final wall thickness for increasing dipping times
(based on one measurement per sample, see Table B.1 for indicative error values).

Porometry measurements suggest that the wall thickness is similar for 10 and 20 minutes dipping.
For 30 minutes of dipping, there is, however, a decrease. One will thus have the impression that
thinner layers are built with longer deposition steps. This is quite surprising, as one would expect
the opposite effect. A possible explanation for this would be a bad decrust on the 30-minutes
samples. This explanation may prove to be correct as no significant difference was observed in
the STEM measurements for the average inner and outer diameters of the nanotubes for all the
studied samples.
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3.1. PAH/PSS MULTILAYERS

10 minutes dip

20 minutes'dip, & 30 minutes dip

Figure 3.3: STEM images of (PAH/PSS)s nanotubes assembled with increasing dipping
time dispersed in CH,Cl, (left to right: 10 minutes, 20 minutes and 30 minutes).

To ascertain if a decrease of dipping time does not affect the tubes morphology, the multilayered
nanotubes were released from the templates and dispersed in both CH,Cl, and water. Scanning
electron microscopy measurements were then performed. Some of the obtained images are
gathered in Figures 3.4 and 3.5. There are no visible effects of the decreased dipping times on
the tubes morphology.

20 minutes dip

Figure 3.4: STEM images of (PAH/PSS)¢ nanotubes assembled with increasing dipping
time dispersed in CH,Cl, (left to right: 10 minutes, 20 minutes and 30 minutes).

TR oo

Figure 3.5: SEM images of (PAH/PSS)s nanotubes assembled with increasing dipping time
dispersed in HyO (left to right: 10 minutes, 20 minutes and 30 minutes).

Next, the rigidity index was analysed both in CH,Cl, and in water. These results are gathered
in Figure 3.6. Like for porometry results, there is no significant difference in rigidity for tubes
assembled with 10 minutes dipping compared to tubes assembled with 20 minutes dipping: the
rigidity indices are similar, both in CH,Cl, and in water. The rigidity index for nanotubes with
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30 minutes dipping step was higher when dispersed in CH,Cl,, but comparable to the other
samples when dispersed in water.

As the dispersion in water is the aspect of interest in view of drug delivery applications, and
because of the lack of effect of decreased dipping times on this factor, the dipping time for further
experiments was set at 10 minutes.
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Figure 3.6: Evolution of the rigidity index for (PAH/PSS)s nanotubes assembled with
increasing dipping times, dispersed in CH,CL, and in H,O (based on the measurements of
25 nanotubes).

3.1.3 Effect of the ionic strength

An important parameter in the assembly of LbL nanotubes is the concentration of added salts.
Most studies use varying concentration of NaCl, going from 0.1 M to sometimes as high as 3
M [21,61]. For biomedical applications, the typical ionic strength is 0.15 M. Multivalent salts are
sometimes also added in order to further increase the film thickness [21], one such salt is CaCl,.

In this section, the effect of increasing concentration of both NaCl and CaCl, will be analysed,
first on flat substrates, then in nanoporous substrates. The pH value was fixed at 5.5 in both
cases.

On flat Si wafers

PAH/PSS films with 6 bilayers were assembled on Si wafer at pH 5.5 with different salt concen-
trations. The standard protocol of our group contains 0.1 M NaCl and 5 mM CaCl,. First, the
concentration in CaCl, was increased to 15 mM while keeping the concentration in NaCl fixed
at 0.1 M. For another sample, no CaCl, was added at all. The ellipsometry measurements of the

multilayers thickness are presented in Figure 3.7, and compared to a sample assembled in simple
Milli-Q water.

What can be highlighted from these results is that there is a significant thickness gain when
adding NaCl compared to zero salt addition during the assembly. The addition of salt does
not affect the growth regime, as it remains linear. There is also a slight increase in the films
thickness when adding CaCl, on top of the 0.1 M NaCl to the dipping solution, but increasing
the concentration further has no significant effect.
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Figure 3.7: Evolution of the film thickness for PAH/PSS multilayers on Si substrates built
in increasing concentrations of CaCl, at fixed 0.1 M NaCl concentration.

Next, the concentration of NaCl was increased from 0 M to 0.5 M while keeping the content in
CaCl, fixed at 15 mM. Samples with intermediate salt concentrations (0.1 M and 0.2 M) were
also assembled in the same conditions. The thicknesses of the resulting films are gathered in
Figure 3.8. Once again, there is a notable thickness increase when adding salt to the dipping
solution. The linear growth is not affected either. However, for NaCl concentrations of 0, 0.1 or
0.2 M, there is no effect on the film thickness. It is only when adding 0.5 M of NaCl to the PE
solutions that one can observe a gain in film thickness. Nevertheless, this increase remains quite
small, only adding 5 nm to the final thickness after the adsorption of 6 PAH /PSS bilayers.
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Figure 3.8: Evolution of the film thickness for PAH/PSS multilayers on Si substrates built
in increasing concentrations of NaCl at fixed 15 mM CaCl, concentration.
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The data presented above can be translated into average thickness per bilayer by taking the
slopes of the growth curves. This is presented in Figure 3.9. From theses graphs, one can observe
that adding CaCl, in increasing concentrations to the PE solutions has little to no effect on the
thickness per bilayer. For NaCl, there is only a slight effect when increasing the concentration

above 0.2 M.
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Figure 3.9: Thickness per bilayer for (PAH/PSS)s multilayers Si substrates, built in
increasing CaCl, (left) and NaCl concentrations (right).

The measured thickness per bilayer for films that were assembled without the addition of any
salt is ca. 1 nm/bilayer. Layers, therefore, grow four times thicker when adding salt to the
polyelectrolyte solutions, be it only 15 mM of CaCl, or 0.1 M of NaCl. This also points out that
when using a multivalent salt, the effect is the same as for monovalent salt while using much

smaller quantities.

As both a monovalent and a divalent salt are used, it is possible to calculate the ionic strength
as I = %Z:‘L:l ¢;z? in which ¢; is the molar concentration of ion i (for both anions and cations)
and z; is the charge number of that ion. Figure 3.10 plots the thickness per bilayer in terms of
ionic strength for the sake of clarity. This graph indicates that by slightly increasing the ionic
strength (from 0 to 0.045 M), there is a considerable gain of thickness per bilayers. However, one
must go to an ionic strength of ca. 0.5 M in order to note a further increase in layer thickness.
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Figure 3.10: Evolution of the film thickness for PAH/PSS multilayers on Si substrates with

increasing ionic strength.
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In conclusion, adding salt to the PE solutions during LbL assembly causes the films to gain
in thickness. However, using higher concentrations than the standard 5 mM of CaCl, and 0.1
M of NaCl does not have a pronounced effect, except when considerably increasing the salt
concentration (like adding 0.5 M of NaCl for example).

In a nanoporous template

In a similar manner (PAH/PSS)s multilayers were built in a nanoporous PC membrane. The
salt concentration of the PE solution varied, but the pH was fixed at 5.5 for all samples. The
substrates were dipped in each polyelectrolyte solution for 10 minutes.

To analyse and compare salt concentration effect, we first altered the CaCl, content of the
PE solutions, ranging from 0 mM to 35 mM, with 5 mM, 15 mM and 25 mM as intermediate
concentrations. The NaCl content was fixed at 0.1 M for all these samples. Higher concentrations
of CaCl, were not tested as they tend to induce the clogging of the nanopores [47].

Porometry measurements were performed on each sample in order to compute the wall thickness
of the PAH/PSS nanotubes. To be sure that the measurements were not affected by remaining
crust on top or at the bottom of the PC membrane, each sample was decrusted before the
analysis and left to dry. The resulting evolution is presented in Figure 3.11. From this graph,
one can see that the addition of a multivalent salt helps to adsorb thicker layers of PAH/PSS.
There is indeed a thickness gain of about ca. 15 nm. However, increasing the concentration of
CaCl, above 5 mM has no noticeable effect, as the wall thickness reaches a plateau.
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Figure 3.11: Evolution of the wall thickness for (PAH/PSS)g nanotubes for increasing
concentrations of CaCl, at fixed 0.1 M NaCl concentration (1 measurement per sample,
see Table B.1 for guide value for the error bars).

To observe the effect on their morphology, the nanotubes were released from the PC membranes
and dispersed in both CH,Cl, and H,O. These solutions were then filtered through respectively
a TEM grid and a gold-coated PET filter in order to be observed by STEM and SEM. Some
of the resulting images are gathered in Figures 3.12 and 3.13. No observations can be made
from the images of CH,Cl,-dispersed tubes. However, from the snapshots of water-dispersed
nanotubes, one will have the impression that the addition of CaCl, to the PE solutions renders
the nanotubes more rigid.
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Figure 3.12: STEM images of (PAH/PSS)g nanotubes assembled in 0.1 M of NaCl and
increasing concentration of CaCl,, dispersed in CH5Cl,. From left to right: 0 mM, 5 mM,
15 mM and below, 25 mM and 35 mM.

Figure 3.13: SEM images of (PAH/PSS)s nanotubes assembled in 0.1 M of NaCl and
increasing concentration of CaCl,, dispersed in HyO. From left to right: 0 mM, 5 mM, 15
mM and 25 mM and 35 mM on the second row.
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To verify this assumption, the rigidity index was computed for each of these samples. The results
are depicted in Figure 3.14. From these measurements, one can say that although average rigidity
is slightly improved at 15 mM CaCl,, the effect remains very small. Despite the fact that adding
5 mM of CaCl, increases the film thickness compared to 0 M CaCl,, there is no impact of the
CaCl, concentration on the rigidity of the (PAH/PSS)g tubes.
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Figure 3.14: Evolution of the rigidity index for (PAH/PSS)s nanotubes assembled in
increasing concentrations of CaCl, at fixed 0.1 M NaCl concentration, dispersed in CH,CL,
and in HyO (based on the measurements of 25 nanotubes).

Next, the effect of varying concentration of NaCl was studied. The CaCl, content was fixed at
15 mM, as this value slightly improved the rigidity of the tubes. The concentration of NaCl was
increased from 0 to 0.5 M, by step of 0.1 M.

The average inner pore diameter was measured using porometry and enabled the determination
of the wall thickness of the tubes. The results are represented in Figure 3.15.
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Figure 3.15: Evolution of the wall thickness for (PAH/PSS)g nanotubes built in increasing
concentrations of NaCl at fixed 15 mM CaCl, concentration (1 measurement per sample,
see Table B.1 for indicative error values).
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The observed trend seems to be a slight increase, but as the total increase is less than 5 nm,
this is negligible. It could, however, be suggested that the increase of the layers thickness was
hindered by the fact that, when wet, the multilayers completely fill up the pores. Indeed, with an
average inner diameter of ca. 60 nm when dry, one expects that the wet layers would take up the
entirety of the available space in the nanopores. This suggestion also holds for the measurements
presented in Figure 3.11.

The nanotubes were also released from the PC template and imaged after both CH,Cl, and H,O
dispersion. From the images of the nanotubes after PC dissolution, one can observe that the
addition of NaCl seems to render the tubes less soft and therefore straighter. While they still
bend, they do not have the slightly wavy morphology they have when no NaCl is added to the
polyelectrolyte solutions during the LbL assembly.

For tubes collected from water dispersion, one can see that the filtration of the aqueous solution
through the PET filter causes some damage to the tubes. The presence of broken pieces of
nanotubes is visible for most samples. This was also the case for the samples in Figure 3.13.
Other observations on the tubes morphology with respect to the NaCl concentration cannot be
made based on theses images alone.

Figure 3.16: STEM images of (PAH/PSS)s nanotubes assembled in 15 mM of CaCl, and
increasing concentration of NaCl, dispersed in CH5Cl,. From left to right: 0 M, 0.1 M and
0.2 M; on the second row: 0.3 M, 0.4 M and 0.5 M.
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Figure 3.17: SEM images of (PAH/PSS)g nanotubes assembled in 15 mM of CaCl, and
increasing concentration of NaCl, dispersed in HyO. From left to right: 0 M, 0.1 M and
0.2 M; on the second row: 0.3 M, 0.4 M and 0.5 M.

In order to quantify the effect of increasing NaCl concentrations on the tubes morphology, the
rigidity index was determined for each sample, both for CH,Cl, and H,O dispersed tubes. The
resulting data is gathered in Figure 3.18.
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Figure 3.18: Evolution of the rigidity index for (PAH/PSS)s nanotubes assembled in

increasing concentrations of NaCl at fixed 15 mM CaCl, concentration, dispersed in
CH,Cl, and in HyO (based on the measurements of 25 nanotubes).
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No significant trend can be identified on this graph. There is a slight increase in the rigidity upon
the addition NaCl, but for concentration ranging from 0.1 to 0.3 M, the rigidity index hardly
varies, for both media. Only after reaching 0.4 M is there a slight decrease in rigidity upon
increasing ionic strength. This could mean that chains start to desorb at these concentrations,
or that they do not properly diffuse through the pores because the pores are clogged by polymer
deposition on the top surface of the membrane [47]. These assumptions, however, need to be
verified.

In conclusion, we can say that increasing the concentration of CaCl, above 5 mM has no
significant effect on the multilayers thickness. This observation can be made for both flat films
and nanotubes. One must, however, note that for nanotubes, the rigidity is slightly improved at
15 mM of CaCl,. Increasing the content in NaCl has no significant effect of the swelling of the
layers. There is a slight increase at first, but the addition of NaCl will render the tubes less rigid
for 0.4 M or more.

3.1.4 Effect of pH

Another important parameter in the assembly of LbL multilayers is the pH of the PE solutions.
For films assembled on flat substrates, the effect of pH on the thickness has already been
studied [15], but that is not the case for multilayers assembled in nanoporous templates.

For this purpose, 6 bilayers of PAH/PSS were assembled in nanoporous PC membranes in the
presence of 0.1 M of NaCl and 5 mM of CaCl, at two different values of pH: 5.5 and 6.5. These
values were chosen because, according to Shiratori et al., they respectively create the thickest and
thinnest layers of PAH [20]. Therefore, one would expect thicker layers for nanotubes assembled
at pH 5.5 than for those built at pH 6.5.

Porometry measurements report that the wall thickness for films assembled at pH 5.5 and pH
6.5 are ca. 121 nm and 126 nm, respectively. This increase is nonetheless insignificant and one
can thus say that a slight variation in pH does not induce the swelling of the layers. But again,
the lack of effect of pH could be explained by the fact that pores are saturated with 6 bilayers
when the multilayers are still wet, therefore hindering the growth of thicker layers.

Next, the effect of pH on the morphology of the tubes was studied. To this end, the PC
membranes were dissolved in CH,Cl,. Some of the tubes were filtered and transferred to an
aqueous medium. The nanotubes were then observed with STEM and SEM. Examples of the
obtained images can be found in Figures 3.19 and 3.20. For these snapshots, there is no noticeable
difference between the tubes assembled at different pH and it is therefore not possible to make
assumptions on the effect of pH on the tubes morphology, whatever the surrounding medium.

Figure 3.19: STEM images of (PAH/PSS)s nanotubes assembled in 5mM CaCl, and 0.1
M NaCl at pH 5.5 (left) and at pH 6.5 (right), dispersed in CHyCl,.
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Figure 3.20: SEM images of (PAH/PSS)s nanotubes assembled in 5mM CaCl, and 0.1 M
NaCl at pH 5.5 (left) and at pH 6.5 (right), dispersed in water.

Therefore, the rigidity index was computed for each sample. The resulting data is presented in

Figure 3.21. From this graph, one can deduce that pH does not affect the morphology of the
tubes.
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Figure 3.21: Evolution of the rigidity index for (PAH/PSS)s nanotubes assembled for
different pH value, at fixed 5 mM CaCl, and 0.1 M NaCl concentrations, dispersed in
CH,Cl, and in HyO (based on the measurements of 25 nanotubes).

This experiment indicates that increasing the pH from 5.5 to 6.5 has no effect on the tubes, be
it on their thickness or on their morphology. For further conclusions about the effect of pH, a
wider range of values should be tested out.

3.1.5 Effect of storage in water

In view of drug delivery applications, it is important to know how the tubes behave when
dispersed in water for long periods of time. For this purpose, 6 bilayered PAH/PSS nanotubes
were assembled at pH 5.5 in the presence of 0.1 M NaCl and 5 mM CaCl,. Once air dried, the
PC membrane was dissolved with CH,Cl, and the nanotubes were dispersed in Milli-Q water
after a dextran-assisted filtration. The solution was left to stir and a few droplets were placed on
a gold-coated PET template after 6, 24, 48 and 72 hours of storage in water. These samples
were then imaged with SEM, and some of the obtained images are presented in Figure 3.22.
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G

Figure 3.22: SEM images of (PAH/PSS)¢ nanotubes assembled in 5mM CaCl, and 0.1 M NaCl at
pH 5.5, dispersed in water for (from left to right) 6h, 24h, 48h and 72h.

As no visible effect was observed on the SEM images, the rigidity index was computed for each
sample. The results are gathered in Figure 3.23.
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Figure 3.23: Evolution of the rigidity index for (PAH/PSS)s nanotubes assembled at fixed
15 mM CaCl, and 0.1 M NaCl concentrations, dispersed in HyO for increasing times (based
on the measurements of 25 nanotubes for each sample).

From the graph above, one can note that, although there is a faint decrease in the rigidity index
with time, the morphology remains overall stable. This means the nanotubes remain integer
when dispersed in water for longer periods of time. PAH/PSS could thus be used as the rigid
component of core-shell structures.

3.2 CHI/HA multilayers

The second part of this chapter will be related to LbL films based on semi-natural polyelectrolytes,
namely chitosan and hyaluronan.

Hyaluronan (HA) is a linear polysaccharide composed of alternating N-acetyl-b-D-glucosamine
and b-D-glucuronic acid residues. It is a weak polyelectrolyte, with a pKa value of ~ 3. The
molecular weight of HA depends on its origin: HA can either be extracted from natural sources
-like from a rooster comb for example- or from microbial production, the latter method enabling
a better control over the molecular weight [62].
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Chitosan (CHI) is a natural polyelectrolyte that takes the form of a linear random copolymer of
N-acetyl-b-D-glucosamine (M,, = 221 Da) and b-D-glucosamine (M,, = 179 Da) . It is obtained
by partial deacetylation of chitin, which is the main component of shell fish. As this deacetylation
is never fully completed, the chitosan can vary in degree of deacetylation (DAA), which is defined
as the average molar fraction of glucosamine units per chain. As a results of theses varying DAA,
properties like molecular weight and pKa also vary from sample to sample [57]. For example, the
pKa value can range from 6.0 to 6.5 [55] for chitosan of 80% DAA.

The focus of this section will be on the effect of the processing conditions, with the purpose of
understanding the properties CHI/HA nanotubes assembled using a specific set of conditions.

3.2.1 Growth

Like for PAH/PSS multilayers, the first aspect that was investigated was the growth of CHI/HA
films on flat Si substrates. To this end, films with increasing numbers of layers were built in
the presence of 0.15 M NaCl at pH 5. The thickness of the resulting films is measured using
ellipsometry. The results are depicted in Figure 3.24. CHI and HA multilayers, as most films
built using weak and natural polyelectrolytes, are characterised by an exponential growth.
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Figure 3.24: Evolution of the film thickness for CHI/HA multilayers assembled on Si
substrates at fixed 0.15 M NaCl and pH 5.

The final thickness for 6 bilayers is 60.2+1.2 nm. In the literature, several indicative values can
be found. For example, Hernandez et al. assembled CHI/HA multilayers in 0.17 M NaCl at pH 3
on PEI functionalised Si substrate and measured a final thickness for 6 bilayers of ca. 75 nm [26].
Boudou et al. used a sodium acetate-NaCl buffer (0.01 M, 0.15 M NaCl, pH 4.6) to build their
CHI/HA films. The thickness for 6 bilayers was measured at ca. 180 nm [19]. However, these
measurements were performed on wet films, whereas in our case, ellipsometry was performed on
dry films. A typical LbL assembly will double its thickness when immersed in water. Therefore,
although our assembling conditions are slightly different, our results are of the same order of
magnitude as the ones found in the literature.
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3.2.2 Effect of pH

The first parameter that was studied for the CHI/HA system was pH. CHI and HA are both
weak polyelectrolytes and literature describes them as strongly affected by variations in pH. LbL
assembly can only take place in a restricted range of pH. Three pH values were tested out in
the scope of this thesis: 4, 5 and 6. These values are between the pKa values of CHI and HA,
although pH 6 is very close to the pKa of CHI. Lower values were not tried out in the view of the
selected application for this thesis, namely drug delivery. Indeed, acidic pH needs to be avoided
when considering proteins or enzymes as cargo for the drug delivery system as this may cause
the denaturation of the load. pH needs to remain as close as possible to the physiological pH.

On flat Si wafers

The effect of pH was first studied on flat films. CHI/HA multilayers were assembled in 0.15 M
NaCl at pH 4, 5 and 6, with total numbers of six bilayers. The final thickness of the films was
measured using an ellipsometer. The resulting measurements are gathered in Table 3.1.

Table 3.1: Final dry thickness for (CHI/HA)g multilayers assembled on Si substrates with
increasing pH at fixed 0.15 M NaCl concentration.

pH | NaCl [M] | Final thickness [nm]
4 0.15 55.9+1.4

0.15 46.4£7.7

0.15 60.2+4.3

Based on the ionisation curves of CHI and HA (see Figure 1.10), one expects thinner films
for pH 5 and thicker ones for pH 4 and 6. This is indeed the case. The effect is only small,
but the variations on the ionisation curve for these pH values are also small, so this is not
surprising. Ellipsometry measurements also suggest that the films are fairly rough, with rather
large variations in the final thickness. This was also observed by Hernandez et al. [22].

Lundin et al. fabricated multilayers of CHI and Heparin (HEP) on silica substrates at different
salt concentrations and pH. They observed that the first layer of CHI is much thicker when
assembled at pH 5.8 than when assembled at pH 4.2. This can be explained by the fact that the
silica substrate is more charged at pH 5.8, while CHI is lowly charged and therefore many more
CHI chains are adsorbed onto the surface [63].

In a nanoporous template

In order to see if the effect of pH is the same for LbL assembly in confined geometries, CHI/HA
nanotubes were built using a PC template. They were fabricated with an ionic strength of 0.15
M and different pH values, namely 4, 5 and 6. Once air-dried, porometry measurements were
performed for every sample. Three measurements were carried out for each set of conditions,
and the obtained results are gathered in Figure 3.25.
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Figure 3.25: Evolution of the wall thickness for (CHI/HA)g nanotubes assembled with
increasing pH at fixed 0.15 M NaCl concentration (based on 3 measurements for each pH
value).

From this plot, one can see that the results are no different from those obtained for flat films.
Indeed, tubes assembled at pH 4 and pH 6 show thicker layers than tubes built at pH 5, as is
suggested by the ionisation curves (Figure 1.10). The difference in average thickness between pH
5 and the other values nearly amounts to ca. 10 nm. However, the error bars, which are nearly
touching in the case of pH 5 and 6, suggest that the effect on layer thickness is actually quite
small. This again is not surprising since the variations in the degree of ionisation are only small
for these pH values.

To analyse the effect of pH on the nanotubes morphology, the PC membranes were dissolved
and the tubes were dispersed in dichloromethane and in water. They were then observed using
STEM and SEM, respectively. Examples of the obtained images are presented in Figure 3.26 and
3.27. By observing tubes dispersed in CH,Cl,, there are no visible differences in the morphology
of tubes assembled at different pH. In all three samples, the tubes are prone to bend and have
a tendency to stick to each other. On images of the nanotubes after water contact, one can
easily observe that the morphology of tubes assembled at pH 6 is quite different from the tubes
assembled a lower pH. Indeed, when assembled at pH 6, the nanotubes tend to roll up and for
entangled complexes. In the other samples, the tubes also tend to bend, but not as much.

Figure 3.26: STEM images of (CHI/HA)g nanotubes assembled in NaCl with increasing
pH, dispersed in CH5Cl,. From left to right: pH 4, pH 5 and pH 6.
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Figure 3.27: SEM images of (CHI/HA)g nanotubes assembled in NaCl with increasing pH,
dispersed in HyO. From left to right: pH 4, pH 5 and pH 6.

In order to quantify the effect pH has on the nanotubes morphology, the rigidity index was
computed for each sample. Results are gathered in Figure 3.28. They are in full agreement with
the observations made based on SEM and STEM images: when dispersed in CH,Cl,, pH has
no significant effect on the rigidity of the tubes. However, when dispersed in water, there is an
important loss of rigidity for all samples, and even more for tubes assembled at pH 6.
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Figure 3.28: Evolution of the rigidity index for (CHI/HA)g nanotubes assembled with
increasing pH at fixed 0.15 M NaCl concentration, dispersed in CH,Cl, and in HyO (based
on the measurements of 25 nanotubes).

In conclusion, pH has no noticeable effect on layer thickness and on rigidity when the tubes are
dispersed in an organic media. However, when in contact with water, tubes assembled at pH 6
are much more affected by rigidity loss than tubes build at lower pH. One possible assumption
for this would be that layers assembled at pH 6 are only held together by weak electrostatic
interactions. Indeed, pH 6 being close to chitosan’s pKa, the charge density on CHI chains is
quite low. When dispersed in water, some of the interactions break, resulting in the partial
disassembly on the multilayers.
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3.2.3 Effect of the ionic strength

The second analysed processing condition was the ionic strength. The typical salt concentration
used when building CHI/HA multilayers is 0.15 M [14,19,22,26,27]. With the objective to see
what effect the addition of salt has on the multilayers build-up, we compared CHI/HA multilayers
built in increasing concentration of NaCl. The pH was fixed at 6.

On flat Si wafers

The effect of ionic strength was first investigated on flat silicon substrates. CHI/HA films with
increasing numbers of layers were assembled on 1 cm? Si wafer pieces in the presence of 0 M,
0.15 M and 0.5 M NaCl. Once dried, the layer thickness was measured using ellipsometry. The
measurements are gathered in Figure 3.29. For 6 bilayers, the final thicknesses of the dried films
are gathered in Table 3.2.
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Figure 3.29: Evolution of the film thickness for CHI/HA multilayers on Si substrates built
in increasing salt concentrations at pH 6.

Table 3.2: Final dry thickness for (CHI/HA )¢ multilayers assembled on Si substrates with
increasing NaCl concentration at pH 6.

pH | NaCl [M] | Final thickness [nm]
0 22.6+0.4
0.15 60.2+4.3
0.5 27.0+0.5
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CHAPTER 3. RESULTS AND DISCUSSION

The results presented in Table 3.2 show that the addition of 0.15 M NaCl causes the layers to
considerably gain in thickness. This observation correlates with the results found by Lundin et
al. when they analysed the effect of salt concentration on CHI/HEP multilayers. They compared
films assembled in the presence of 0.03 M NaCl to layers fabricated in 0.15 M NaCl. They
observed that film grew thicker and adsorbed more chains when the assembly was carried out at
0.15 M instead of 0.0 3M NaCl [63].

The pH value of 6 was chosen in order to assess if 0.5 M was below the critical ionic strength or
not, the critical ionic strength being defined as the concentration above which salt causes the
desorption of the layers. The results above would suggest that 0.5 M is close to the critical ionic
strength for LbL assembly.

When analysing the growth regime of each sample, one can see that for the first three bilayers,
adding 0.5 M of NaCl does result is thicker layers than when adding 0.15 M. However, while in
the other samples the thickness grows exponentially for further layers, the layers assembled in
0.5 M NaCl only grow slightly thicker, bordering on a linear growth. Besides the assumption of
desorbing chains, this could also be explained by the "in" and "out" diffusion that characterises
the exponential growth of multilayers, which was described in Section 1.1.2. Indeed, one could
make the assumption that when in the presence of 0.5 M of NaCl, the PE chains are too bulky
to diffuse in and out of the layers. Layers, therefore, grow in a linear manner where chains only
interact with the uppermost layer, instead of taking up an exponential growth.

In a nanoporous template

Next, CHI/HA nanotubes were built in nanoporous templates at pH 6 using different salt
concentrations (namely 0, 0.15 and 0.5 M). The average diameter of the tubes was measured
using gas-flow porometry and the wall thickness was computed from those measurements. The
results are gathered in Figure 3.30.
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Figure 3.30: Evolution of the wall thickness for (CHI/HA)g nanotubes built in increasing
concentrations of NaCl at pH 6 (based on 3 measurements for each salt concentration).

Contrary to flat films, the nanotubes wall thickness increases with salt concentration. Indeed,
when assembled in the presence 0.5 M of NaCl, the tubes did not exhibit the decrease in thickness
observed for films built on Si substrates. The trend is thus different than for flat films. One
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3.2. CHI/HA MULTILAYERS

possible explanation for this could be that chain diffusion inside the pores is improved by adding
salt. Even if some chains desorb due to the high ionic strength (which was assumed to be the case
for flat films built in 0.5 M of NaCl), this loss could be compensated by the improved diffusion.
Moreover, one could also presume that even though part of the chains desorb, they are not able
to easily leave the confined environment and are therefore included in the layers upon drying.

The morphology of the tubes dispersed in organic and aqueous solutions was studied using
STEM and SEM. Examples of the resulting images are shown in Figures 3.31 and 3.32. For
CH,Cl,-dispersed tubes, one can see that at 0 M and 0.5 M salt concentration, the multilayers
break open at some spots along the tubes. This is not the case when the nanotubes are built
in the presence of 0.15 M NaCl. After contact with water, multilayers assembled at 0.5 M salt
concentration appear fuzzier than the other samples. Other observations on the morphology
when dispersed in water cannot be made: in all three samples, the tubes tend to bend and
aggregate.

Figure 3.31: STEM images of (CHI/HA )¢ nanotubes built with increasing concentration of
NaCl at pH 6, dispersed in CH,Cl,. From left to right: 0 M, 0.15 M and 0.5 M.

o

Figure 3.32: SEM images of (CHI/HA)g nanotubes built with increasing concentration of
NaCl at pH 6, dispersed in HyO. From left to right: 0 M, 0.15 M and 0.5 M.

The final step to assess the effect of ionic strength consisted of computing the rigidity index
based on 25 nanotubes for each sample, in both media. The obtained values are represented in
Figure 3.33. In this plot, one can see that tubes assembled in 0.5 M NaCl are more rigid, but
the errors bars indicate that this increase is not significant. There is also a strong loss of rigidity
upon dispersion in water. Once again, in this media, there is no noticeable trend, except for a
loss of ca. 75 % of rigidity.

o6



CHAPTER 3. RESULTS AND DISCUSSION

Index of rigidity <REE?>/L?
© © o © © © © ©
N w =3 [¥a] [e)] ~J oo w =

o
[y

o

oM 0,15M 05M

H Dispersion in CH,Cl,  EDispersion in H,0

Figure 3.33: Evolution of the rigidity index for (CHI/HA)g nanotubes assembled with
increasing concentrations of NaCl at pH 6, dispersed in CH,CL, and in H,O (based on
the measurements of 25 nanotubes).

The effect of pH seems to dominate the effect of salt, and without further investigations on
samples assembled at lower pH values, it is not possible to make any significant conclusions
about the effect of ionic strength on the nanotubes morphology.

3.2.4 Cross-linking

For the purpose of increasing the rigidity of CHI/HA nanotubes in water, the cross-linking of
the multilayers was investigated. This reaction involves two cross-linkers: EDC and sulfo-NHS.
The specifics of the reaction were described in Section 1.3.2.

On flat Si wafers

Flat films of CHI/HA containing 20 bilayers were built in 0.15 M of NaCl and at pH 5 on flat 1
cm? squares of silicon. Part of the samples were then cross-linked in 30 mM EDC and 50 mM
sulfo-NHS. The pH of this solution was fixed at 5.5. The samples were stored in this solution
for 24h at 4°C. Once dried, the layer thickness was measured using ellipsometry. The thickness
reached 250.64+3.5 nm for the samples that were not cross-linked and 253.04+10.6 nm for the
cross-linked films. This means that layers do not swell or shrink during cross-linking.

Next, to see how the chemical nature of the multilayers evolves during the reaction, FTIR
measurements were performed on films with and without cross-linking. Figure 3.34 presents
the substraction of the two measured spectra, and could thus be compared to Figure 1.18. As
cross-linking with EDC and sulfo-NHS involves the formation of amide bonds, one expects the
peaks related to carboxylic groups of HA to decrease, while the bands related to amines I and I1
should increase. On Figure 3.34, one can see that this is indeed the case: carboxylic bands at ca.
1400 and 1600 cm ™! are slightly decreased after cross-linking, and bands related to amide I and
amine II (in the 1440-1500 cm~! and 1630-1700 cm~! range respectively) show a small increase.
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3.2. CHI/HA MULTILAYERS

The drop in the saccharides peaks at ca. 1030 and 1080 cm™! as well as the appearance of an
ester band around 1200 cm ™! indicate the formation of C—O ester bonds. In the literature, it is
suggested that these bonds occur between the carboxylic acid groups of HA and the hydroxyl
groups of CHI [16].
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Figure 3.34: Difference between the initial spectrum before cross-linking and the spectrum
after 24 hours cross-linking in EDC/sulfo-NHS |, for (CHI/HA )9y assembled in 0.15 M NaCl
at pH 5.

FTIR analysis thus indicates that a cross-linking reaction indeed occurs, but that its extent is
limited. Indeed, the values obtained in the Figure 3.34 are much smaller than those obtained by
Picart et al. (see Figure 1.18). In this paper, cross-linkers were, however, used in much higher
concentrations, namely 200 mM of EDC [27]. According to Boudou et al., with 30 mM of EDC,
ca. 15 % of the NH;" groups and ca. 25 % of the COO~ groups have reacted. For 200 mM,
these degrees of consumption are increased to ca. 45 % and ca. 70 % respectively. The maximum
percentages of reacted groups are achieved by using 500 mM of EDC, for which ca. 50 % of the
NH; " groups and 80 % of the COO ™ groups have been consumed [19].

In a nanoporous template

After assessing the extent of the cross-linking reaction on flat films, the effect of such a reaction
in a confined geometry was investigated. For this purpose, nanotubes comprised of 6 CHI/HA
bilayers were assembled at pH 4 in the presence of 0.15 M NaCl. Some of the PC templates were
then put in a solution containing 30 mM EDC and 50 mM sulfo-NHS, with a pH fixed at 5.5 and
with 0.15 M of added salt. They were immersed for 24h at 4°C, before being thoroughly rinsed.

Porometry measurements provided the average nanotubes inner diameter, which were translated
into wall thickness. Before cross-linking, the multilayers presented a thickness of 119.7+1.9 nm
(based on the measurement of 4 samples). After cross-linking, the sample had an average wall
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CHAPTER 3. RESULTS AND DISCUSSION

thickness of 109.24+4.7 nm (based on the measurement of 2 samples). This decrease in thickness
could be attributed to the rearrangements of the polysaccharide chains when placed in solution.

To investigate if cross-linking affected the tubes morphology, the multilayers were released from
their templates and dispersed in both CH,Cl, and water. These samples were then observed
using STEM and SEM, respectively. Instances of the obtained images for nanotubes dispersed
in CH,Cl, are represented in Figures 3.35. For nanotubes dispersed in H,O, one must refer to
Figures 3.37 and 3.38 for samples without and with cross-linking, respectively. From the images
after PC dissolution, no visible effect of cross-linking on the tubes morphology can be observed.

Figure 3.35: STEM images of (CHI/HA)g nanotubes assembled in 0.15 M NaCl and pH 4,
dispersed in CH,Cl,. From left to right: before and after cross-linking.

In order to quantify how cross-linking affects the nanotubes morphology, the rigidity index was
computed for 25 tubes before and after cross-linking. The average values obtained for these
calculations are presented in Figure 3.36.
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Figure 3.36: Evolution of the rigidity index for (CHI/HA)g nanotubes assembled at pH 4

with 0.15 M NaCl before and after crosslinking, dispersed in CH,CL, and in HyO (based
on the measurements of 25 nanotubes).



3.2. CHI/HA MULTILAYERS

For this graph, one can see that there is no effect of cross-linking on the tubes rigidity. This
suggests that the limited extent of the cross-liking reaction was not enough to stiffen the tubes.
This could be solved by either using larger concentrations of cross-linkers. Another solution could
be to add the cross-linkers to one of the dipping steps during the LbL assembly and therefore
perform a cross-linking step every bilayer.

3.2.5 Effect of storage in water

Like for PAH/PSS nanotubes, we investigated how CHI/HA tubes behave when dispersed in
water for long periods of time. This experiment was performed in parallel with the previous one,
using the same samples. Indeed, both cross-linked and non-crosslinked tubes were left in water
for increasing periods of time. At specific intervals (namely less than 1h and after 24 and 72
hours), a few droplets of each solution were placed upon separate gold-coated PET filters and
then observed using SEM. Instances of these observations are gathered in Figures 3.37 and 3.38
for samples without and with cross-linking, respectively. From these images, one can observe
that tubes tend to entangle, but this was already observed in previous samples. The cross-linked
tubes also seem to be more prone to breakage, which is quite surprising as these are supposed to
contain stronger covalent bonds.

Figure 3.37: SEM images of (CHI/HA)g nanotubes assembled in 0.15 M NaCl and pH 4,
dispersed in HyO for increasing amounts of time. From left to right: <1h, 24h and 72h.

Figure 3.38: SEM images of (CHI/HA)g nanotubes assembled in 0.15 M NaCl and pH 4,
crosslinked for 24h, dispersed in HyO for increasing amounts of time. From left to right:
<1h, 24h and 72h.
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Next, the effect of storage in water was quantified with the rigidity index. The results are
gathered in Figure 3.39. After 24 hours dispersed in water, the samples become even more flexible
but further storage does not seem to affect the tubes rigidity further. One can also observe that
there is no effect of cross-linking on the nanotubes rigidity. The index is indeed similar for both
samples.
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Figure 3.39: Evolution of the rigidity index for (CHI/HA)g nanotubes assembled at pH 4
with 0.15 M NaCl before and after cross-linking, dispersed HyO for increasing amounts of
time (based on the measurements of 25 nanotubes).

From this experiment, one can thus say that tubes are affected after storage in water, but there
is no difference between 24 and 72 hours. This experiment also indicated that the cross-linking
did not achieve the hoped-for results, meaning stiffen the tubes. The suggestions made in the
previous section to solve this issue are still valid here: either use higher concentrations of EDC
and sulfo-NHS, or perform a cross-linking step after each bilayer.
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3.3 Summarising table

Table 3.3: Summarising table of the gathered results for LbL. nanotubes.

(PAH/PSS)g

(CHI/HA)g

Effect of ionic
strength (NaCl

concentration)

Thickness gain upon addition of
salt to the PE solution, but
no significant effect upon further
increase of the salt concentra-
tion. Rigidity is decreased for
[NaCl]>0.4 M

Thickness gain upon addition of
salt to the PE solution, increasing
with NaCl concentration.

Physical Cross-
linking by CaCl,

Thickness gain upon addition of
5 mM CaCl, to the PE solution,
but no significant effect above 5
mM of CaCl,. Rigidity is slightly
improved for 0.15 M CaCl,.

Effect of pH

No effect on thickness or morphol-
ogy when increasing pH 5.5 to pH
6.5.

No noticeable effect on wall thick-
ness or morphology in CH,Cl,,
but increased rigidity loss in water
for pH 6. The effect of pH domi-
nates the effect of ionic strength.

Nanotubes rigidity
in CH,Cl,

Average rigidity index of ca. 0.85

Average rigidity index of ca. 0.78

Water contact &
loss of rigidity

Average rigidity index of ca. 0.71,
meaning there is a rigidity loss of
ca. 16.5 %. Slight decrease of
rigidity upon storage in water for
long periods of time.

Average rigidity index of ca. 0.33
for pH 4 and 5 and of ca. 0.18 for
pH 6, meaning there is a rigidity
loss of ca. 55% and 75% respec-
tively. When stored in water for
longer period of time, there is a
decrease in rigidity for the first 24
hours.

Chemical
linking
EDC/sulfo-NHS

Cross-

by

No effect on wall thickness and
tubes rigidity for the selected con-
centrations of EDC and sulfo-NHS
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Conclusion

The general objective of this study was to understand the effect of processing conditions on
the assembly of multilayer nanotubes, in view of building core-shell structures for drug delivery
applications. Two polyelectrolyte pairs were surveyed: first PAH and PSS, two synthetic
polyelectrolytes, followed by CHI and HA, both polysaccharides. For both systems, we studied
the effect of variations in pH and ionic strength during assembly, as well as the impact of
cross-linking (ionic cross-linking for PAH/PSS and chemical cross-linking for CHI/HA). The last
investigated aspect was the impact of prolonged contact with water on the nanotubes morphology.

In our study, we observed that PAH/PSS multilayers grow in a linear manner. This was expected
since a linear growth was reported for these synthetic polyelectrolytes in multiple papers. As
many experiments needed to be performed in the scope of this thesis, we explored if it was
possible to decrease the dipping time. In our team, the typical dipping time is 30 minutes,
but we were able to build PAH/PSS nanotubes using 10 minutes dips, without affecting the
tubes properties in water. The multilayers properties were, however, relatively impacted by
the ionic strength of the polyelectrolyte solutions. Indeed, we noted that the addition of salt
during the assembly caused the layers to grow thicker, whatever the substrate (i.e. flat or
nanoporous). Despite that, increasing the ionic strength to higher values (e.g. 0.5 M) did not
cause a noteworthy climb in the multilayers thickness. When assembling PAH/PSS multilayers,
our group adds both monovalent salt NaCl and multivalent salt CaCl, to the PE solutions, since
the latter may lead to the physical cross-linking of the layers. Nonetheless, during our studies,
no such cross-linking was observed. Although the rigidity of the nanotubes was slightly improved
for nanotubes assembled in 15 mM CaCl, and 0.1 M NaCl, the morphology remained overall the
same whatever the ionic strength. For the investigations above, the pH was fixed at 5.5. We
explored if the nanotubes would be affected by increasing the pH to 6.5 during the assembly
but observed no effect, nor on the wall thickness, nor on the morphology of the nanotubes. The
lack of impact could be related to the possible saturation of the 300 nm-pores for 6 bilayers,
even with the thinnest layers. Finally, we investigated the effect of prolonged water contact on
PAH/PSS nanotubes morphology. It was observed that the nanotubes morphology remained
overall stable, even for prolonged periods of time. All in all, PAH/PSS nanotubes stayed stiff
whatever the assembling conditions and could, therefore, be used as rigid segment when building
core-shell structures.

For CHI/HA multilayers, we observed an exponential growth, as is expected for two weak semi-
natural polyelectrolytes. This indeed corresponds to the growth regime reported in numerous
papers. Independently of the chosen substrate (i.e. Si wafers or PC membrane), the CHI/HA
multilayers were fairly affected by the pH chosen during the assembly due to the varying degrees
of ionisation of both polysaccharides. Moreover, the morphology of the nanotubes released in
water was also dependent on pH: the samples experienced a considerable loss of rigidity, and
even more so for tubes assembled at pH 6. On the other hand, the effect of ionic strength was
contrasting for CHI/HA. While the highest ionic strength (0.5 M) gave thicker multilayers in
porous templates, flat films were rather thin, which might be due to the chains desorption when
in the presence of large concentrations of salt. The study of the tubes morphology showed that
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overall the effect of pH dominates the effect of ionic strength, since the loss of rigidity upon
contact with water was considerable but similar for all samples. To improve the rigidity of the
tubes, we studied the chemical cross-linking of the multilayers with EDC and sulfo-NHS and
observed that it had no effect on the rigidity of the multilayers nor on the nanotubes morphology
and stability when stored in water for prolonged periods of time. On the whole, CHI/HA
multilayers are softer and more affected by assembling conditions than PAH/PSS.

The main difference between the studied polyelectrolyte pairs lies in the effect of water contact.
Indeed, PAH/PSS nanotubes were only slightly affected when dispersed in water and remained
stable after prolonged contact with the aqueous medium. On the other hand, for CHI/HA
nanotubes, the loss of rigidity was much higher. For numerical values concerning this aspect, one
must refer to Table 3.3. These observations could be explained by the hydrophobic and hydrophilic
nature of, respectively, PAH/PSS and CHI/HA, which is linked to the ionisation of the chains
(which is itself dependent on pH and ionic strength). As a matter of fact, multilayers composed
of weak polyelectrolytes such as CHI and HA tend to have weak and reduced interactions holding
them together and can, therefore, be highly hydrated. PAH/PSS multilayers, in contrast, are
held together by a greater extent of inter-chain pairings and are, therefore, less prone to swell in
water. In terms of rigidity, CHI/HA multilayers would therefore benefit from being paired with
PAH/PSS multilayers in core-shell systems. As to layers thickness, both systems had a similar
inner pore diameter when assembled in porous templates, but CHI/HA multilayers were twice as
thick as PAH/PSS layers on flat substrates. This reflects that LbL growth is different in confined
geometries.

This study thus provided a first analysis of how assembling conditions may affect LbL multilayers.
Many aspects of this survey, however, need further exploration in order to gain a deeper
understanding of the LbL process. For example, our study was limited to the assembly of six
bilayers, but further studies may investigate if the parameters have a different impact when
more or fewer layers are assembled, as the pores were most probably saturated in water with six
bilayers. For some factors also, only the effect of small variations on the multilayers was studied.
For example, larger variations of pH could be investigated. How the pore diameter of the PC
membrane affects the multilayer growth could also be studied. Moreover, other parameters
like for example temperature and molecular weight remain mostly unexplored, especially when
considering LbL nanotubes, and are worthy of further investigations. The cross-linking of CHI/HA
multilayers especially requires further research, by varying the concentration of crosslinkers or by
performing several cross-linking steps during the assembly.

This work is fundamental to gain a better understanding in the build-up of core-shell nanotubes
with soft and rigid multilayers, which is ongoing in the group. The properties, morphology
and stability in water of CHI/HA multilayers could indeed be affected and even improved by
partnering with PAH /PSS multilayers. The effect of the position of each system (i.e. core or
shell) on the nanotubes morphology still needs to be explored, as well as the impact of the
assembling conditions on this hybrid structure. The fabrication of this type of structure is quite
promising for drug delivery applications, as it allows the assembly of multifunctional nanotubes.
Core-shell systems are therefore quite interesting and worthy of further investigations.

Template fabricated LbL nanotubes thus have a promising future, especially in the development
of new drug delivery systems, but further studies are still required to fully understand and
optimise their build up. A lot of research still needs to be dedicated to this subject before all the
aspects of LbL drug delivery nanotubes are fully comprehended. Some of the points that need
further exploration in the view of drug delivery applications are the surface functionalisation,
the drug loading, the cellular uptake and the drug release. The study presented in this report is
only one instance of the growing interest in LbL systems and we hope that many more will be
performed in the future.
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Appendix A

Drug delivery

A.1 Drug loading

On requirement for drug delivery systems is the ability to correctly incorporate toxic and fragile
therapeutics compounds and shield them from the body. This can be achieved by three methods,
which are depicted in Figure 1.24: i) incorporation of the drug into the layers, ii) the preloading of
the template with the drug, and iii) trapping of the cargo inside the delivery vehicles [41,48,50,51].

Layer incorporation The second approach consists of mixing the drug with one of the building
blocks of the LbL-assembled system. This results in a uniform loading of the drug along the
system. The quantity of loaded drug is controlled by the number of assembled layers. This
method is mostly used on flat films for the delivery of accurate doses of therapeutics [50,51].

Template incorporation This last approach does not concern nanotubes, as it is more suited
for colloidal systems. It consists of preloading the template with therapeutics compounds prior
to the Lbl assembly. The drug is thus protected by the template during the assembly process.
The template is dissolved once the last layer is deposited, leaving the cargo inside the multilayer
capsule [50, 51].

Postloading The first method consists of loading the drug in already formed nanotubes or
capsules. The bioactive molecules enter the hollow cavity through diffusion and become trapped.
The size of the molecule needs to be considered, as a particle whose diameter is too large cannot
enter the pore or the capsule. One must also note that this method is even more successful if
there are interactions between the incorporated therapeutic molecules and the inner surface of the
LbL system. These interactions may encourage the diffusion and retain the drug particles [41].

A.2 Drug release

Once the carrier has reached its target and has been incorporated into the cells, the drug release
can either be "passive', meaning it occurs through drug diffusion, or it can be stimuli-responsive.
There are three types of stimuli: biological, physical (light, electric or magnetic field, temperature)
or chemical (pH, ionic strength). The release of the drug might also require the degradation of
the carrier. Here is a quick review of some release routes [50,51, 52]:
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- Diffusion-based release:

Functional molecules of lower molecular weight undergo a diffusion-controlled release due
to a concentration gradient between the drug-carrier and the environment. The diffusion
mechanism depends on the wall porosity, pore size and the rate of diffusion for the loaded
molecules. However, such a diffusion-based delivery has the disadvantage of occurring in a
short period of time. For many biomedical applications, the needed release time extends
over at least several days in order to minimise the toxicity. A possible solution for this
problem is the incorporation of low-permeability barrier layers within the multilayers.

- Light-triggered release:

Near-infrared (NIR) light, which is suitable for biomedical applications, can also be used
as a remote trigger for drug delivery. This type of delivery provides spatial and temporal
regulation of the drug release. Lbl nano-carrier can be rendered sensitive to by incorporating
metal nanoparticles into the multilayers. Such assembled drug vehicles shatter upon NIR
irradiation.

- Hydrolytic degradation:

This method involves polymers that degrade gradually in physiological conditions due to
hydrolysis. Indeed, in such conditions, the hydrolic cleavage of the polymer is increased,
causing the polymer to fall apart. Some materials may also undergo changes in their net
charge in physiological conditions, inducing the multilayers degradation. These are called
"charge-shifting" polymers.

- pH-responsive release:

When the drug carriers include weak polyelectrolytes, the local variations of pH in the
targeted tissues can trigger the drug release. pH response may then induce a change in the
permeability or even the decomposition of the carrier membrane, thus allowing the release
of the included drug. Another effect can be the increase of the drug flux from the LbL
membrane when the drug is part of the layers.

- Salt-triggered release:

Hydrophilic LbL films are known to swell with increasing ionic strength. Indeed, salt ions
weaken the electrostatic interactions between PEs and increase the osmotic pressure inside
the multilayers. As a result, when adding sufficient salt, a LbL, assembled drug delivery
platform can become more permeable or even dissolve. Increased ionic strength may also
induce the release of molecules for the layers themselves.

- Enzymatic degradation:

When using polypeptides and polysaccharides as building materials, the presence of specific
enzymes may induce the degradation of the Lbl drug carrier. Enzymes like proteases
and nucleases are present in specific areas of the body, enabling a localised breakdown of
the nano-carrier. Films can however be made resistance to this type of degradation by
cross-linking.
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Summary of multilayers thickness
and rigidity index values

Table B.1: Multilayers thickness for varying build up conditions, for 10 min dippings.

System pH | [NaCl], M | [CaCly], mM || Flat thickness, nm 1\1?1?51:2;287 z]ﬁl
(PAH/PSS)g| 5.5 0.1 5 97.60.4 120+2.7*
(PAH/PSS)g| 5.5 0 0 4.940.1 /
(PAH/PSS)g| 5.5 0.1 0 23.6+0.3 104**
(PAH/PSS)s| 5.5 | 0.1 15 26.440.3 121+
(PAH/PSS)g| 5.5 0.1 25 / 117+
(PAH/PSS)g| 5.5 0.1 35 / 123%*
(PAH/PSS)g| 5.5 0 15 26.540.2 120%*
(PAH/PSS)| 5.5 | 0.2 15 28.00.2 121%*
(PAH/PSS)g| 5.5 0.3 15 / 1247
(PAH/PSS)g| 5.5 0.4 15 / 120%*
(PAH/PSS)g| 5.5 0.5 15 32.84£0.5 126%*
(PAH/PSS)g| 6.5 0.1 5 / 126%*
(CHIL/HA)g | 5 0.15 0 46.4+7.7 110.5:+3.6*
(CHI/HA)g | 4 0.15 0 55.9+1.4 119.7+1.9*
(CHI/HA)g | 6 0.15 0 60.2+4.3 117.942.7%
(CHI/HA)g | 6 0 0 22.640.4 105.5+3.7%
(CHI/HA)g | 6 0.5 0 27.0£0.5 123.241.8*
i?iif:ﬁe? 4 0.15 0 / 109.244.7*

*Error based on (on average) 3 different measurements

**Error based on one single measurement, but one could take +2.7 nm as indicative error range
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Table B.2: Rigidity index for varying build up conditions.

System pH | [NaCl], M | [CaCl,], mM || For CH,Cl, dispersion | For H,O dispersion
(PAH/PSS)s| 5.5 | 0.1 5 0.84£0.04 0.66+£0.04
(PAH/PSS)s| 5.5 | 0.1 0 0.862£0.04 0.662£0.05
(PAH/PSS)s| 5.5 | 0.1 15 0.9140.03 0.70+0.04
(PAH/PSS)g| 5.5 0.1 25 0.86+0.04 0.61£0.04
(PAH/PSS)g| 5.5 0.1 35 0.8340.04 0.674+0.04
(PAH/PSS)g| 5.5 0 15 0.8240.04 0.77+0.04
(PAH/PSS)s| 5.5 | 0.2 15 0.862£0.03 0.7940.04
(PAH/PSS)g| 5.5 0.3 15 0.87£0.03 0.7940.04
(PAH/PSS)s| 5.5 | 0.4 15 0.8040.04 0.7140.04
(PAH/PSS)g| 5.5 0.5 15 0.74+0.04 0.69+0.05
(PAH/PSS)g| 6.5 0.1 5 0.87+0.02 0.76+003
(CHI/HA)g | 5 0.15 0 0.78+0.04 0.362£0.04
(CHI/HA)g | 4 0.15 0 0.8420.03 0.3340.04
(CHI/HA)g 6 0.15 0 0.7940.04 0.1740.03
(CHI/HA)g | 6 0 0 0.77+0.04 0.1940.02
(CHI/HA) | 6 0.5 0 0.8540.04 0.24+0.03
(C(sii{;]ﬁ;? 4 0.15 0 0.70+0.04 0.34+0.04
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