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Abstract

A lack or a too low concentration of S. epidermidis in the biome allows colonization of
the skin by pathogens and decreases the efficiency of the host for fighting back the in-
flammation and keeping the skin healthy. In this context, mats of membrane templated
Layer-by-Layer nanotubes for bacteria encapsulation have been developed.
Nanotubes were built by the successive deposition of PAH and PSS on the wall of a porous
membrane of PC. The PC was dissolved to release the tubes, and the mat was obtained
by the filtration of the suspension on a PET porous membrane. The patches developed
combine three nanopaper layers, first and last ones made of nanotubes only, while the
layer in the middle contains in addition fluorescent latex particles, modeling the bacteria.
The first step of this master thesis was to optimize the nanotubes production process. The
aim was to accelerate their build-up. Two parameters have been adjusted: the dipping
time (5-10-15 min) and the number of polyelectrolytes bilayers (3-6-9). SEM observations
have shown a flattening and a fusion of the tubes of three and six bilayers, while the nine
bilayers tubes were well-shaped and separated. The dipping time did not have a significant
influence on the morphology of the tubes. The conclusion was thus to reduce the time
in solution to ten minutes while keeping nine bilayers, allowing to save 1h30 of the 6h30
initially needed for the fabrication of nanotubes.
Then, the mechanical properties of the three-layered nanopapers have been evaluated. As
the mat is kept on its PET filtration membrane in a saline solution, UV-visible spec-
troscopy combined with fluorescence microscopy have allowed to observe that the system
was decomposing, by the releasing of big chunks, while the particles were well entrapped
in the network. Therefore, two methods have been suggested to consolidate the structure.
The adhesion of the mat on the PET membrane was increased by coating the PET with
PEI, or PEI/PSS and the cohesion of the paper was improved thanks to a (PAH/PSS)6
post-coating and a PAH/PSS complexation on the three-layered nanopaper. The analyses
have shown that PEI/PSS deposition enabled a better adhesion of the paper on PET than
only PEI, and that the gel was the best consolidator. Tests at 37◦C have revealed that
the improved mat decomposes neither with the temperature.
The confirmation that the fluorescent latex particles were entrapped in the middle of the
patch has been obtained by optical microscopy of thin transversal cuts of the paper, and
confocal microscopy of the whole system.
Finally, a transposition to biobased polyelectrolytes has been investigated. PAH/PSS
complexation has been replaced by an ALG/gCHT complexation, showing no alteration
of the mechanical properties. ALG/gCHT LbL on a flat substrate has also been built
to characterize the growth by ellipsometry and the roughness by AFM. An exponential
growth, expected as the polymers are naturals, has been obtained.
Although further explorations, as the construction of ALG/gCHT nanotubes, and the
replacement of the particles by bacteria are needed to completely develop the studied
system, this work has already given keys for the design of such medical patches.
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Introduction and context

Because of their unique properties, nanostructures are at the center of attention of a lot
of researches nowadays. A huge part of these researches are focused on nanofibers. They
have a large length/diameter ratio, as well as a huge surface area per unit mass. They
are also easily produced (template synthesis, phase separation, electrospinning, etc.) com-
pared to other nanostructures. That makes them a good solution for applications such
as tissue engineering, wound healing, sensing and catalyst. In particular, nanopapers are
widely studied for these applications. [1][2]

Nanopapers can be fabricated thanks to different methods. For example, when the fibers
are electrospun, the network is directly synthesized by the deposition of these fibers on
the collector. Another possibility is to form the tubes, collect and suspend them and
finally assemble them in a mat by filtration of the suspension liquid. LbL assembly in the
nanopores of a membrane can be used to form the tubes. The membrane is then dissolved
and the tubes can be collected. It allows specific properties thanks to a huge variety of
material and combinations of compounds. Zhang et al. demonstrated two years ago the
possibility to collect such tubes and then filtrate them to create nanopapers. [2]

On the other hand, skin microbiota is also widely studied for its beneficial impact on
the health of the skin. It was discovered that the bacteria it contains protects the host
from infections and improves the healing process. A lack of some organisms on the skin
suppress their actions, and leads to diseases such as allergies, atopic eczema, psoriasis,
dermatitis and acne. Therefore, new technologies that can bring back the organisms while
avoiding them to enter the body are searched. [3][4]

Objectives and strategy

In this context, this work aims at developing 3-layered nanopapers containing bacteria
in the middle layer. The technology developed allows to bring back the good aspects of
the bacteria on the skin. Indeed, the porosity of the nanotubes mat enables the diffusion
of the active agents produced by the bacteria. The 3-layered nanopaper also prevents
the bacterial proliferation and dispersion, thanks to the nanotube network. In this work,
bacteria were replaced by latex particles to simplify the manipulations.

The method demonstrated by Zhang et al. was used for this work: nanotubes were assem-
bled on the pores of a membrane, they were then collected by dissolving the membrane,
transfered in water and finally filtrated to form a mat. Three mats were filtrated on top
of each other, making a three-layered nanopaper. In the nanotube suspension in water of
the middle layer, before filtration, latex particles were added to model the bacteria. The

1



INTRODUCTION AND CONTEXT

resulting structure is shown in figure 1.

Figure 1: Structure of the paper: 3 films of PSS/PAH nanotubes on the top of each other.
The one in the middle contains particles. Typical SEM image of mat.

Report structure

This report is divided into three parts. The first chapter collects the information obtained
in the literature about skin microbiota, LbL assembly on flat surfaces, nanotubes construc-
tion thanks to LbL, and their collecting in nanopapers. The second chapter of this report
concerns the materials and methods used. The synthesis of the nanotubes, their transfer in
water and the fabrication of single or three-layered nanopaper are explained, as well as the
techniques used to characterize the samples. Finally, the third chapter presents the results
obtained all along this research, as well as the discussions of these results. The chapter is
divided into three parts: the first part is about the parameters of the nanotubes and the
single-layered mat built-up. Then, mechanical properties and temperature stability of the
three-layered nanopaper are shown, as well as their improvement. The localization of the
particles in the paper is determined. The last part of the chapter is about a transposition
to biobased polymers. Finally, the work is ended by a summary of the main conclusions of
the research and some future perspectives for the design of the application are presented.

2



Chapter 1

State of the art

1.1 Skin microbiota and its benefits

Just after birth, humans start sharing a complex relationship with micro-organisms present
on their skin and their mucous membranes. This mixture, which is evolving throughout
one’s life and which is different for each person, is composed in majority by bacteria, mi-
crobes and fungi, residents or transitory. Although it has already been studied extensively,
skin microbiota composition is not well-known yet. However, the researches widely focused
on the bacterial part, initially to understand the potentially pathogenical behaviour of the
organisms and now more and more because of the beneficial functions it can have.

Microbiota is commonly thought to be a synonym of pathogens, or of opportunist or
symbiotic organisms. For example, S. epidermidis is well known for the infections it can
produce in case of entering the body (catheters, implants). To protect itself from an-
tibiotics and immune system, the bacteria can form biofilms, helping it to set into the
body. However, skin microbiota also plays an important role in the skin’s health. Its sole
existence protects the host from infections. The skin represents a hostile medium because
of the variations of temperature and pH, the lack of nutrients (only perspiration, sebum
and skin constituent elements can supply them), the high concentration in salt and the
random exposition to the sun. By consuming the resources on the skin and providing
inhibition factors, micro-organisms of the microbiota prevent the invaders’ colony growth.
The healing process is also improved by the presence of bacteria on the skin, due to the
stimulation of antibody, interferon and cytokine production as well as phagocytosis. The
presence of the microbiome on the skin is therefore essential, given the fact that it protects
it from infections and colonization by a pathogenic bacteria.[3][4][5]

Our microbiota evolves throughout our life, but also evolves with our environment. With
the societal changes, new diseases and allergies were discovered. They probably are pro-
voked by the alteration of the microbiota composition. These societal changes mainly
correspond to the increase of the life expectancy, discovery and use of antibiotics and
modification of the environment. Moreover, the human’s hygiene has a huge impact on
the biodiversity of the community of our skin. By bathing ourselves more, and worse, with
antibacterial soaps we could suppress species of microorganisms on our skin. However, the
loss of the microbiota could cause skin diseases, such as atopic eczema, psoriasis, dermati-
tis and acne. It is therefore important to understand and to know the benefits of the skin
microbiota to be aware of the danger we are facing if we remove it from the skin.[3][4]

3
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1.2 Encapsulation methods

These last years, encapsulation of living organisms methods were widely studied for ap-
plications such as pharmaceutical ones or food technologies. Encapsulation provides a
beneficial micro-environment, which protects the organism from contamination, temper-
ature, dryness, UV-light and mechanical stresses. It is also possible to encapsulate the
organism with nutrients, forming ”mini-fermenters”, aiming at maintaining the metabolic
activity. Depending on the material used for the encapsulation, the cells may be released:
the material can be biodegradable or can offer the possibility for cells to grow out of the
matrix. Diverse techniques of encapsulation were developed, this section will describe the
main methods. [6]

1.2.1 Dripping

Dripping method consists of extruding a liquid through a nozzle, and then harden the
droplet to form a suitable structure. For hardening, different techniques can be used.
The simplest one is based on the properties of gelation of polymers such as agarose or
gelatin under a huge decrease of temperature. A warm solution of polymer containing the
organisms to be encapsulated is dropped into a cold collecting solution. Under the change
of temperature, the material gel and therefore form a capsule. [6] [7]

Ionic gelation can also be used to harden the drops (figure 1.1). Full beads are made
by dropping a polyuronic acid solution containing the organism in a solution of divalent
cation. These cations diffuse through the drop and react with the negatively charged
chains, forming a rigid structure. The cross-linking occurs from outside to inside. If
the solutions are interchanged (divalent cation solution containing the cells dropped into
polyuronic acid solution), hollow beads are formed. In this case, the cross-linking occurs
from inside to outside. [6] [8] [9] [10]

Figure 1.1: Encapsulation methods based on dripping: production of beads (left) and
hollow beads (right) obtained by ionic gelation. [6]
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The formation of a complex between two oppositely charged polyelectrolytes is another
method to harden the drops. A positively (negatively) charged polyelectrolyte containing
the organism is dropped into a negatively (positively) charged one. An ionic reaction be-
tween the two polyelectrolytes occurs at the surface of the droplet, and a semipermeable
membrane is therefore formed. [11]

The advantages of dripping are the simplicity and the low particle size distribution. How-
ever, the method is limited by the speed of droplet formation and large beads are obtained.
[6]

1.2.2 Emulsification

Emulsification method provides a larger size distribution, but smaller particles compared
to dripping methods. It can also be easily adapted at a larger scale. A core material is
emulsificated in a non-miscible phase, and the droplets are collected after solidification.
The organism is miscible in the material, and therefore is entrapped in the droplets.
For solidification, thermal gelation, ionic gelation or interfacial polymerization are used.
For ionic gelation, a salt is present in the solution with the cells and the core material.
After emulsification, an acid is added in the non-miscible phase to change the pH of the
droplets, releasing the ions that will cross-link the polymer. For interfacial polymerization,
a hydrophilic monomer is emulsificated and then, another hydrophilic monomer is added
with a catalyser to perform the reaction. [6] [12] [13]

1.2.3 Coating

Polyelectrolytes with opposite charges are used to coat the organism forming an encapsu-
lation shell. Either a complex is formed above the beads by dipping them in two oppositely
charged polyeletrolytes bath, or a Layer-by-Layer film is formed by successive deposition of
polyanion and polycation layers on top of each other. The coating offers the advantage of
a complete encapsulation of the body, since each cell in suspension is coated sequentially.
[14] [15]

1.2.4 Electrospinning

Cells can also be encapsulated in electrospun fiber network. The ultrafine polymer-based
fibers form a porous structure with a large surface-to-volume ratio, beneficial for applica-
tions such as bioremediation. Figure 1.2 shows the process used by Gensheimer et al to
encapsulate cells in the fibers. The cells were added to the electrospinning solution after
encapsulation in hydrogel microparticles (emulsification and thermal gelation). Then the
solution was electrospun towards a collector, forming the fiber network [16]. It is also
possible to encapsulate directly the cells in the fibers (without hydrogel capsule), as Tong
et al. did (figure 1.3) [17]. [18] [19]
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Figure 1.2: Scheme for the preparation of polymer nanofibers containing hydrogel mi-
croparticles with living bacteria by electrospinning. [16]

Figure 1.3: a: Nanofiber architecture comprised of a bacterium encapsulated in a water
soluble PVA core and a silica-based porous shell surrounding the core. b: SEM micrograph
and confocal microscopic image of the electrospun fibers that contain encapsulated E. coli
expressing. [17]
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1.3 Layer-by-Layer assembly technique

1.3.1 Overview

20 years ago, Moehwald, Decher, and Lvov introduced the Layer-by-Layer (LbL) bottom-
up technique. Since then, LbL has been at the center of attention of a lot of studies
aiming at developing nano-scale applications. It was first used as a coating method, but
because of its simplicity, robustness, versatility, low-cost and easily reproducibility, it can
be used in many other fields. Biomedical applications represent an important one. Indeed,
LbL is used for drug delivery, cell attachment control, biosensors, biomedical technologies
development, etc. [20]

The technique is based on the successive adsorption of interacting species’ layers on a
substrate that can bind them. These species are called building blocks. After each de-
position, loosely attached molecules are cleared away by rinsing the on-growing film. By
starting over n times the cycle, one can construct a n-bilayer film. Every bilayer consists of
one layer of the first building block and one layer of the second one. So doing, thin pellicle
are produced, but 3D geometries can also be achieved using templates, as described in
section 1.3.6. In order to improve the stability of the layers, they can be cross-linked, but
as it was not used in this work, details are not described here.

Figure 1.4: N-bilayer LbL deposition process: dipping of the substrate in solution of
interacting species (steps 1 and 3), with intermediate dipping into rinse solution (steps 2
and 4). [21]

Figure 1.4 represents most common type of LbL processing, but spin-coating or spray-
ing methods can also be applied in order to build films. Spin-coating consists of dropping
the material on a rotating frame, that distributes the liquid on the whole surface and
let the liquid evaporate; while a vaporizer is used in spraying LbL method to depose the
building blocks on the surface. The two methods require also a washing step. The tech-
nologies associated with spin-coating and spaying are more complicated, more difficult to
scale-up and more expensive, but they are material and time sparing in comparison to the
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dipping method. [22]

A board range of materials can be used as substrate and also as building blocks, as long
as they interact with each other. However electrostatic attraction from polyelectrolytes
is the most common driving force, hydrogen bonding, charge transfer, hydrophobic, cova-
lent and host-guest interactions can also be used. In particular, hydrogen bonding is also
widely used, because it is reversibly sensitive to the surrounding environment, allowing
film modification by changing the conditions. Nonetheless, films formed using hydrogen
bonds as driving force are also less stable than the ones formed from electrostatic inter-
actions. pH modifications can also control the stability of a polyelectrolyte multilayer.
Indeed, the amount of net charge carried by the polyelectrolytes is affected by the pH and
their ability to stick together is thus influenced. This pH effect can be used in order to
control drug release from capsules, for example. Other parameters have an influence on
the morphology of the film, as explained in section 1.3.4. [20]

In this work, materials used were synthetic polyelectrolytes Poly(allylamine hydrochlo-
ride) (PAH) and Poly(styrenesulfonate) (PSS) as well as biobased polysaccharides algi-
nate (ALG) and glycol chitosan (gCHT). Therefore, the following text will focus on the
Layer-by-Layer dipping technique with electrostatic interactions as driving force.

1.3.2 Polyelectrolytes as building blocks

Polyelectrolytes represent the category of polymers, synthetic or natural, that can ion-
ize when immersed in water or solvent, by dissociating in charged polymeric chains and
counter-ions. The surface on which the LbL grow is dipped into a polyanion or polycation
solution, one after the other. They adsorb on the top of the substrate, because of the
electrostatic interactions between them, and the counter-ions are released in the solution
(figure 1.5). The deposition provokes a surface charge reversal at each step. This charge
reversal is only possible if there is an overcompensation: an excess of charge in the solution
compared to the amount of oppositely charged component present on the previous layer.
This excess of charge allows the adsorption of a sufficiently large amount of ions. [23]

Figure 1.5: Complexation between positive polyelectrolyte and negative polyelectrolyte
segments, and release of the counter-ions in the solution. Adapted from reference [24].

Thermodynamics and ion-exchange model

It is useful to have an idea of how the adsorption of polyelectrolytes will affect the en-
thalpy (H) and the entropy (S) in order to understand the polyelectrolytes Layer-by-Layer
growth and modulation. In the first state, the counter-ions and the polyelectrolytes are
free to move in the solution, while in the second state, the polyelectrolytes are adsorbed
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on the oppositely charged surface.

Lets first consider H, the enthalpy. H increases thanks to the free energy liberated by the
compensation of the charges. However, it cannot be the only reason why polyelectrolytes
layers are assembled. Indeed, the same effect on ∆H can be achieved by the bringing to-
gether of counter-ions and polyelectrolytes in the solution. This assembly, however, does
not lead to an adsorption on the substrate or last polyelectrolyte layer. It can be consid-
ered that the counter-ions compete with the opposite charges of the surface. Moreover,
only enthalpic contribution cannot clarify the reversal of the surface charge, which requires
a too high energy. Indeed, following this theory, there is no reason explaining why there
would be more molecules hanging on the surface when its net charge would have reached
zero. In conclusion, enthalpy alone cannot explain the adsorption of the polyelectrolytes
process and therefore, the entropy has to be taken into account.

The first contribution to the entropy is due to the decrease of mobility of the chains,
and their flattening. It corresponds to a loss of entropy during the adsorption, which can,
again, not provoke the construction of the film. However, when polyelectrolytes adsorb on
the surface, they release their counter-ions. (Remember that the ions compete with the
polyelectrolyte of the surface.) The gain of entropy from the liberation of the counter-ions
overcompensates the loss due to the adsorption of the polyelectrolytes and this contribu-
tion finally can explain the adhesion of one more layer on top of the substrate or on the
preceding oppositely charged layer. [23][25]

This entropy-based explanation is called Ion-exchange model. It is quite simple, and
describe well the effect of ionic strength or of polyelectrolyte charge density on the Layer-
by-Layer technique. But due to its simplicity, it is not infallible. For example, it cannot
explain why the process is irreversible. Other models more complex exist but they will
not be described here. [26]

1.3.3 Kinetics and mechanism of growth

As already mentioned in section 1.3.2, overcompensation is necessary in order to reverse
the surface charge, and to continue the polyelectrolyte multilayer growth. It determines
the amount of adsorbed material on the next layer, and influences the size of the successive
layers. Indeed, it was shown that the thickness of the film depending on the amount of
bilayer can be linear, exponential or even include a transition between the two types of
development. By looking at the kinetics and the mechanism of growth of the polyelec-
trolytes LbL film fabrication method, these phenomena can be explained. [27]

In the first minutes of the surface dipping in a polyanion or polycation solution, a rapid
mass deposition occurs. The diffusion of the polymeric chains through the solution controls
the rate at which this deposition occurs. The second step corresponds to the rearrange-
ment of the chains into the deposited layer. Since complete reorganization can last for
hours or even days, it is never performed entirely before the dipping into the following
polyion solution. As a consequence, the chains anchor at the surface with only a few
points, and the parts in between are loops and tails shaped (figure 1.6). These loops and
tails bring the excess of charge leading to the charge reversal of the surface. [26]

Note that there is also a chain interpenetration during the LbL process. Indeed, as a
polyion does not create a new flat and well-designed interface when it is deposited, the
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next polyion will interdigitate with the preceding one. [28]

Figure 1.6: Illustration of the effect of electrical charge density of polyelectrolyte chains
on the buildup of the polyelectrolyte multilayers. Highlighting of the loops and tails. [24]

The template surface and polyelectrolyte strength is determinant for the thickness of the
deposition. Indeed, with strongly charged top layer, loops and tails are narrower because
of the strong electrostatic interactions. The overcompensation is also smaller, leading to
less material adsorbed on the next layer. If the surface is lightly charged, the chains are
looser, and the layer is thicker. Fewer attractions also imply higher diffusion of the chains
in-and-from the layers. [27]

All of these considerations influence the growth law. Strong polyelectrolytes, typically
synthetic ones, follow a linear growth, since it is dominated by electrostatic interactions.
Exponential growth regime corresponds to weaker polyelectrolytes, natural ones, like
polysaccharides, proteins or polypeptides. Lavalle et al. proposed a model to explain
the exponential behavior, based on the aforementioned in-and-from layer diffusion of the
polyions. They consider that some chains are free to diffuse into the already constructed
polyelectrolyte multilayers. When the film is dipped in a solution of polycations, for
example, free chains of polyanion from the multilayers will diffuse toward the surface
and form complexes with the polycations of the solution. Then, when all the charges are
compensated, polycation free chains will finally diffuse through the film, creating the over-
compensation. When the substrate will be in contact with the next solution (polyanion),
the polycations will diffuse out, form new complexes, and polyanions will enter in. The
thicker the film when the layers are deposited, the larger the amount of free chains and of
complexes, leading to the characteristic exponential growth of the film. [29]

It is important to keep in mind the two different regimes of growth, since two kinds of poly-
cation/polyanion couple were used in this work. First, weak PAH with strong PSS, both
synthetic polyelectrolytes, following a linear growth as already reported in the literature,
and then, weaker and rarer ALG/gCHT combination, expecting to grow exponentially
since they are biobased polymers.

1.3.4 Parameters influencing the building of the film

Polyelectrolyte multilayer thickness, stability and permeability can be tuned by modifying
the processing conditions. Among them, the salt type and concentration in the polyion
solutions, the pH, the temperature, the molecular weight and the deposition time. This
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section aims at giving an idea on how these parameters alter the film.

Ionic strength

Ionic strength produces the opposite effect of the strength of the polyelectrolytes (figure
1.7).

Figure 1.7: Illustration of the ionic strength effect on the conformation of adsorbed poly-
electrolyte chains during the LbL assembly. [24]

Depending of the counter-ion concentration, the chains can adopt a globular coil or an
extended rod configuration in the solution, because of the ability of the ions to screen
the charges. At high salt concentration (high ionic strength), polymer are coiled shaped,
while at low concentration they are uncoiled. The thickness of the layer corresponds to
the radius of gyration of the coil. More coiled the shape, thicker the layer. Another way
to say the same thing is to state that the interactions (polymer-surface and polyanion-
polycation) are decreased when the ionic strength increase and thus more loops and tails
can form, leading to a thicker layer. Note that a too high salt concentration can lead to
a desorption of the chains. [20][24][30]

Xiangyang Shi et al. revealed the impact of the ionic strength on the thickness (via
the absorbance) of a PLL/DNA film. Their results are showed on the figure 1.8. It is
obvious that the layer thickness increase with the salt concentration, and that at too high
concentration, a desorption occurs.

Salt type

At high ionic strength (higher than 0.1M), the ion type can impact the structure of the
polyelectrolyte multilayer, since the ions are responsible for the screening of the charges
along the chain. The interaction between polyelectrolytes and monovalent counterions
were studied by Hofmeister. He divided the ions in two categories. The first one repre-
sents the structure makers ions, F− or Na+, for example, which have strong affinity with
water molecules and are therefore protected by a water shell. These ions do not inter-
act intensively with the polyelectrolytes of the solution. However, the second category of
ions provokes a charge screening along the chains because their weaker interactions with
water can be easily replaced by interactions with the polyelectrolyte. These structure
breakers ions, such as I− or Cs+, are therefore the ones that influence the layer thick-
ness. Nonetheless, this model states only for the monovalent ions, and an explanation
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Figure 1.8: Absorbance values of individual PLL/DNA bilayers in the multilayered films
plotted as a function of NaCl concentrations used for the film preparation. [31]

for monovalent-divalent interactions is already much more complicated. Moreover, a full
understanding of the impact of the type of ions on the film building is not yet reached,
given the huge number of ion-polymer interactions. [23][32][33]

Dipping solution pH

pH is an important parameter of the build-up of polyelectrolytes multilayer. It impacts
the thickness of the film, its growth regime and its stability. It mostly affects the strength
of the weak polyelectrolytes. Indeed, strong ones remain ionised on a large range of pH
values, unlike weaker ones, for which even small pH change can influence the way the
polyelectrolyte is charged. A weak polyanion needs a pH higher than its pKa in order
to be negatively charged, while a weak polycation needs a pH lower than its pKa to be
positively charged. By playing on the pH, the complementarity between the charges of
the two polyelectrolytes can be adapted in order to have more or less interactions. As was
explained on the section 1.3.3, less interactions lead to a thicker film when stronger ones
induce thin layers.

Bieker et al. studied the influence of the pH on the PAA/PAH film construction. In
figure 1.9, one can see five zones, with diverse growth law and layer thicknesses. The
difference between the net charge of the polyelectrolytes, called the charge mismatch, is
created by the pH changes, and is the reason why these five zones exist. In the first and
the last regions, one of the two polymers is almost fully charged while the other bears few
charges. The highly charged chains flatten on the surface, and the poorly charged ones
form a thick layer in order to compensate the charges. The growth is linear in this zone.
Zones II and IV correspond to a higher pH than zone I or lower than zone V, respectively.
The poorly charged polymer carries more charges and the interdiffusion can occurs. The
growth is exponential (see section 1.3.3). And finally, region III corresponds to two almost
fully charged polymers, and therefore the layers are thin, with a linear growth. [20] [34]
[35]
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Figure 1.9: Growth behavior of PAA/PAH polyelectrolyte multilayer in dependence of
charge mismatch, indicating regions with different growth laws, exponential vs linear, and
sketching the film composition. [34]

Temperature

Temperature influences also the structure of a polyelectrolyte multilayer. With a tem-
perature increase, polyelectrolytes become more coiled shaped. This shape is kept when
the polymer adsorbs on the surface, making the layer thicker. A transition between the
two growth regime can also appear, as Salomäki et al. showed with PAH/PSS multilayers
(figure 1.10). They explained the transition by a swelling of the layers with the increase of
the temperature, leading to more diffusion, and therefore, to more and more thick layers.
[36]

Molecular weight

Although molecular weight is known to play a role in the multilayer build-up, this role
is not yet fully understood. Lösche et al., for example, showed a small effect on the
thickness of PAH/PSS film from low to high molecular weight. But they also concluded
that the role played by the Mw in the morphology, was minor in comparison to the ionic
strength. [37] Nestler et al. studied the influence of Mw on PDADMAC/PSS multilayers.
They concluded that below a certain threshold, decreasing PDADMAC or PSS molecular
weight induces a change in the growth regime, and that the polyions impact the regime
in opposite ways depending on the persistence length and the linear charge density. [38]
Finally, Micciulla et al. showed that small chains are more subject to degradation than
larger ones, on PSS/PDADMAC film, which modifies the architecture of the film. [39]
Other studies have also been conducted, but a consensus of the influence of the molecular
weight has still not been found, although it is recognized that it has a role to play in the
growth of films.

Deposition time

The influence of deposition time on BPEI/MMT and BPEI/LAP films was studied by
Yang et al. and their results are shown on figure 1.11. Increasing the dipping time leads
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Figure 1.10: Imaginary part of the local acoustic impedance of a quartz crystal microbal-
ance measurements of PSS/PAH multilayers deposition at two different temperatures (to
describe the mass increment at the surface). [36]

to a thicker film, since more material is deposited. However, they obtained variations much
larger with the BPEI/LAP couple than with the BPEI/MMT one. They explained this
observation by the larger size of the platelets of MMT than those of LAP. Due to their size,
MMT platelets can bridge defects of the previous layer and therefore, be a better support
for the next layer. LAP, on the contrary, is not able to plug the holes and thus, when
fewer MMT is deposited, fewer LAP adsorb leading to thinner film. To conclude, larger
dipping time allows thicker polyelectrolyte multilayer but the impact of this parameter
depends on the nature of the polyelectrolytes. [40]

1.3.5 Multilayer response to the environmental conditions

Water content

As water is an active component of the multilayer, the geometry of the film is different
if it is kept in air or in water, and the phenomenon influences the internal stability and
dynamics of the layers. Indeed, the polymers deposited form a highly hydrated structure,
and changes in the environment water content influence the electrostatic forces between
the layers. Moreover, water can also induce a larger mobility of the chains, and by swelling
or shrinkage, an evolution of the layer thickness.

In their book, Gero Decher and Joseph B. Schlenoff justify the impact of the water con-
tent by the need of waterbone species. These species control the chemical potential and
the osmotic pressure, establishing an equilibrium between the film and the environment
(liquid or humidity). Studies support their theory: by the use of neutron reflectometry
on PAH/PSS multilayer, Schmitt et al. demonstrated that PSS was surrounded by four
molecules of water, at ambient conditions. The water content determined was of 27%
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Figure 1.11: Ellipsometry measurements of film thickness as a function of bilayers de-
posited for LbL assemblies made with varying deposition times. BPEI/MMT film (left),
and BPEI/LAP one (right). [40]

inside the multilayer. [41] Five years later, Lösche et al. showed a swelling of 42% vol-
ume fraction when the film was fully hydrated, and the presence of six water molecules
linked to the PSS, while PAH carried only one. [37] Others examples, including with other
building blocks than PAH/PSS, exist in the literature and also agree with their theory. [42]

As swelling is due to hydration of the film, leading to an increase in the thickness, dehy-
dratation provokes shrinkage and leads to thinner film. However, it is important to note
that, due to the steric hindrance, 40% of the volume of the water released is not filled by
the macromolecules, creating voids in the structure. [37]

pH

Geometry of the film is also influenced by the pH of the surrounding environment. In
their work, Chia et al. studied the behavior of a PAH/PAA multilayer upon pH changes.
At high pH, the carboxylate groups of PAA are protonated, and the links between NH+

3

and COO− are therefore broken. The system is swollen. When the pH decreases, a
transition occurs due to the deprotonation of the carboxylate groups: links between the
two polyelectrolytes can be made again, and the film is thinner (see figure 1.12). Upon
drying, the system at high pH will lead to a thicker film than the one at low pH. Indeed,
at low pH, the chains have a higher mobility and can thus fill the space occupied by the
water when the multilayer is wet. At high pH these spaces become air pockets when the
system is dried. It is therefore important to know how the system will behave with the
pH conditions, as it influences its thickness, but also its porosity.

1.3.6 Membrane templated technique as assembly method

The use of nanotubes became more and more widespread, thanks to the easily tunable size,
length, composition, and thickness. One common, simple and versatile way to produce
nanotubes, and control their characteristics, is using nanoporous membranes as support
for the LbL growth. Polymers adsorb on the walls of the pores of the membrane, forming
tubular structures. Nanotubes are then released by the dissolution of the membrane. This
method, called membrane templating, was developed twenty years ago by Martin et al.
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Figure 1.12: (A, B) Molecular arrangements of the polymers in a PAH/PAA multilayer
film in high- and low-pH solutions and (C, D) morphology of the films upon drying [43].

[44]. This section first clarifies what is the membrane and how it is produced, and then,
the main differences between the LbL deposition on flat surface (what was explained until
now) and inside a membrane are highlighted. [20]

Nanoporous membrane fabrication

The most used membranes for the synthesis of nanotubes are anodic aluminum oxide
(AAO) or track etched polycarbonate (PC), polyethylene terephthalate (PET) or poly-
imide (PI) membranes. As indicated by its name, AAO membrane are produced from an
alumina film that undergoes a two-step anodisation. The first anodisation leads to random
pores, organized in depth. Thanks to this organization, the etching of the top aluminium
oxide leads to a surface with ordered templates, helping the second anodisation in the
construction of a well organized honeycomb-like structure (figure 1.13).

The size of the pores and the density can be tuned by the conditions of the anodisa-
tion process, while the anodization time controls the thickness of the template. Note that
higher the density of the pores, smaller their size, and inversely. Commercially available
dimensions are: 10 to 200 µm for the template thickness; 10 to 150 nm for the pore diam-
eter; and 109-1011 pores · cm−2 for the pore density. [46] [47]

Figure 1.14 represents how polycarbonate thin films are transformed in porous mem-
branes. First, linear damage tracks are produced. This damaged chemical bonds come
from the bombardment of the film by heavy ions, accelerated in a cyclotron. Then, the
film goes through etching bath, allowing to remove the degraded polymer, to finally have
well-defined pores. Etching solution concentration, temperature, pH and time influence
the diameter of the pores, that can go from 10 nm to 10 µm. The porosity usually ranges
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Figure 1.13: AAO fabrication process. Adaptation of images from [45] (schema) and W.
Lee and K. Nielsch (SEM image)

Figure 1.14: Schematic of roll stock track etched membrane manufacturing. [48]

between 105 and 6 · 108 pores · cm−2, and the template thickness is between 10 to 25 µm.
Pore size and density of track-etched membranes are not related, as their are for AAO
templates. [48]

AAO and PC are the most commonly used membranes. Although the pores are regu-
larly distributed in AAO and not in PC membranes, the last ones are generally preferred.
Indeed, it is easier to dissolve the polycarbonate, with a large range of solvants, than to
dissolve the alumina, which requires extreme pH values.

Membrane templated LbL

As was already mentioned, membrane templated LbL is a common method to produce
nanotubes, since the size, the outer and inner diameter and the composition of the tubular
structure are easy to control. The technique is the same as the LbL deposition on flat
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surfaces, except that the substrate is the pore wall of the membrane. This membrane is
therefore dipped into successive polyanion-polycation baths, depositing concentric layers
on top of each other. The template is then dissolved in order to collect the tubes (figure
1.15).

Figure 1.15: Schematic representation of membrane templated LbL technique [49]

1.3.7 Nanotubes growth mechanism

Even though the principles described in the sections 1.3.1 to 1.3.5 remain true, the mem-
brane templated LbL is not exactly as easy as the LbL on flat surfaces. The main difference
comes from the nanosize of the pores. In order to adsorb, the polymer has to diffuse into
the pore. Its diameter thus influences the growth of the LbL deposition. Indeed, it has
been observed by Alem et al. that the layers are thicker than on flat surfaces. The im-
plication of the molecular weight and the ionic strength on this increase were discarded,
while it appears that the diameter of the pores of the membrane is the key parameter to
explain the difference between the deposition on the two substrates. [50]

Roy et al. showed the existence of two growth regimes, one rapid and one with reduced
kinetics. In the first regime, the diffusion through the pore does not limit the deposition,
which is linear and comparable to the one on flat surface. In the second regime, however,
the polyelectrolytes chains yet adsorbed on the surface almost fill the pore. Chains across
the pore interconnect, and a dense gel is formed. The diffusion through the pore is now
the controlling parameter. The more polyelectrolyte deposited, the more interconnections,
and the slower the diffusion. One could conclude that nanowires are so formed, but upon
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drying, the polymers shrink, leading to the formation of nanotubes, as it is showed in
figure 1.16. The transition between the two regimes occurs when the interconnections
across the pore are first formed, but it can be reached even after one bilayer deposition,
depending on the pore diameter and probably on the size of the polyelectrolyte chains.
[51]

Figure 1.16: Schematic representation of polyelectrolyte multilayer structures in nanopores
corresponding to regimes 1 and 2 before and after drying. [51]

As the diffusion makes the membrane templated LbL technique slower than the LbL on
flat surfaces, dipping time must be increased. PAH/PSS nanotubes dipping time opti-
mization is a topic of the research work of this master thesis, and is presented in section
3.1.

Another parameter that must be adjusted compared to the LbL on flat surfaces, is the
ionic strength. Indeed, ionic strength modifies the shape of the polyelectrolytes, as ex-
plained in section 1.3.4. If the pore diameter is very small, it is necessary to reduce the
size of the polyelectrolyte by adding salts, to enter into the pore and adsorb on the wall.
However, a too high salt concentration can provoke a neutralization of the chains, and thus
prevent their deposition. Moreover, the chain could precipitate in the dipping solution, or
create clusters in the pores, and block them. Therefore, the salt concentration needs to
be adjusted, neither too high nor too low, to obtain well shaped nanotubes.
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1.4 Nanopapers of nanotubes

Filamentous membranes, usually built by electrospinning, are widely used for biomedical
applications such as tissue engineering, sensors, enzyme-immobilization and filtration sys-
tem [52]. Indeed, they offer a porous, high surface-area to volume ratio system, allowing to
reduce the amount of material used while providing sufficient surface available to perform
the reactions wanted. Layer-by-Layer deposited nanotubes, in addition, enables the use of
a wide range of materials and a tunable surface chemistry. Zhang et al. proposed a way
to combine the two methods in order to build filamentous membranes from a filtration of
nanotubes in suspension on a porous membrane. [2]

The group studied different mat textures, by playing on the rigidity of the tubes. Indeed,
the morphology of the mat is affected by deformations of the tubes such as flattening,
twisting and scrolling, and their occurrence depends on the tubes rigidity. Figure 1.17
shows SEM images of nanotubes (column a) and AFM topography images of the mats
built from these tubes (columns b and c) under three categories of nanotubes building
conditions, influencing their rigidity. On the right images of the figure, the categories are
referenced. The tubes of category A were built at the ”natural” pH of the polyelectrolytes
(PAH/PSS). At this pH, the polyelectrolytes are fully charged and therefore the layers
are thin (section 1.3.4). Second category, B, represents mats produced by the filtration
of nanotubes built at a pH of 7.0. In these conditions, the PSS is still fully charged, but
the PAH lose charge density. The layers are thus thicker. Finally, the addition of salt
leads to condition C. As explained in section 1.3.4, the increase of ionic strength allows
the construction of thicker layers. The amount of bilayers and the pore diameter of the
template (so the outer diameter of the tubes) are referenced in the images of the column c.

The study showed that coarser texture are obtained with larger outer diameter of the
tubes. Moreover, mats are more rough and their pores larger (three first images, of cate-
gory A). The deformation of the tubes (flattening, twisting and scrolling) in suspension are
highlighted in images of column A. These effects are also present in the mats, influencing
the opening of the network. For example, mats grown under condition C show an open
network with straight tubular species, while under conditions A the texture is less easy
to characterize. Images also provide the information that the diameter of the tubes are
smaller in the mats than in suspension, probably due to the stronger forces that the tubes
undergo when they are collected to form a mat.

The group also studied the influence of the density of tubes on the paper’s texture. They
showed that under 109 nanotubes · cm−2 mats were not continuous. Indeed, they observed
nanopapers with nanotubes tagged with a fluorescent marker thanks to fluorescence mi-
croscopy. They saw big clusters separated by gaps (figure 1.18). However, even when the
mat was continuous (i.e. with a density of tubes larger than 109 cm−2), the presence of
the clusters was still noticeable. They concluded that nanotubes accumulate in clusters,
and the gaps between them are progressively filled until a continuous mat is formed.

Zhang et al. also showed that nanopapers can be functionalized if one of the building
block is active, or by post-functionalization of the mat, or even by the superposition of
layers containing different types of nanotubes.

By developing such a new kind of filamentous membrane, the group gave a tool to de-
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Figure 1.17: SEM images of PAH/PSS nanotubes grown under different conditions (de-
scription in column c) and collected on filtration membranes (column a), and AFM topog-
raphy images of the nanopapers based on these nanotubes (columns b and c). The grey
colour levels span 450 nm in column b; column c displays the high-pass flattened images
of column b, revealing the nanotubes located deeper in the nanopaper. The growth condi-
tions, A, B or C, are indicated for each row of images in column c; D0 is the measured pore
diameter of the templating membranes and n the number of LbL cycles. A few measured
diameters are indicated, as well as typical modes of deformation of the nanotubes. [2]
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Figure 1.18: Epifluorescence microscopy images of nanopapers made of FITC- tagged
(PAH/PSS)6 nanotubes grown under conditions A in membranes of 300 nm nominal
pore diameter. The approximate amount of nanotubes collected per unit area is indicated
in the images. [2]

sign new technologies such as the one studied in this work: medical patches containing
bacteria.
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Materials and methods

2.1 Materials

2.1.1 Polymers

Poly(sodium-p-styrenesulfonate) (PSS) of average molecular weight 70 kDa was purchased
from Acros organics. Poly(allylamine hydrochloride) (PAH) of molecular weight between
120 and 200 kDa was purchased from Alfa Aesar. Poly(ethyleneimine) (PEI) of average
molecular weight 750 kDa was purchased from Aldrich. Glycol Chitosan (gCHT) of poly-
merization degree ≥ 400 and Sodium Alginate (ALG) were purchased from Sigma-Aldrich.
Their chemical structures are shown in figure 2.1.

Figure 2.1: Chemical structure of polyelectrolytes PAH, PSS, gCHT and ALG, and poly-
mer PEI.
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2.1.2 Substrate

Track-etched membranes were purchased from It4ip (http://www.it4ip.be, Louvain-
la-Neuve). Characteristic of polycarbonate (PC), polyester (PET) and polyimide (PI)
membranes are summarized in table 2.1. Membranes were cut in 6x6 cm2 or 10x10 cm2

squares to use is as template for the deposition of the tubes. To serve as a filter, the
membranes were cut in disks of two cm diameter (section 2.2.1).

Material Pore diameter Average pore density Thickness
[µm] [pores/cm−2] [µm]

PC 0.3 108 25
PC 0.8 4 · 107 24

PET hydrophilic 0.8 4 · 107 22
PI hydrophilic 0.2 5 · 108 25

Table 2.1: Characteristics of membranes purchased from It4ip.

Topsil supplied the silicon wafers used for the assembly on flat surfaces. The crystal
orientation was [1-0-0], and they were n-doped with Phosphorus. They had a polished top
surface and an alkaline etched back surface. The thickness was 500 to 550 µm.

2.1.3 Solvent, fixative, adjuvent, water and latex particles

Glutaraldehyde (OHC(CH2)3CHO) in solution (8% in H2O) from Sigma-Aldrich was used
as fixative. To dissolve the PC membrane, dichloromethane HiPerSolv CHROMANORM
for HPLC (CH2Cl2) was purchased from VWR International. As explained in section
2.2.1, an adjuvent was added when the tube were transfered to water. It was Dextran
(from Leuconosctoc spp., Mr: 70 kDa) supplied by Sigma-Aldrich. The water used in
all experiments was purified by a millipore system (Milli-Q water of 18 MΩcm resistiv-
ity). Finally, latex particles in aqueous suspension used to model the bacteria were also
purchased from Sigma-Aldrich. They were made of carboxylate-modified polystyrene and
tagged with yellow-green fluorescent (λex ∼ 470nm, λem ∼ 505nm). Their mean diameter
was one µm, as shown on figure 2.2.

Figure 2.2: SEM image of the latex particles, with measurements of their size
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2.2 Methods

2.2.1 Nanotubes

Synthesis

Polycarbonate membrane was dipped in polyanion-polycation solutions alternately (step
(a), (b) and (c) of figure 2.3). Solutions were prepared just before the assembly. The
concentration of polymer was fixed at 1 mg/mL, and the ionic strength at 0.5 M (for
polyelectrolytes PAH, PSS and PEI) or 0.15 M (for ALG and gCHT) in water. The pH
of the solutions was controlled with a pH-meter and was adjusted with HCl and NaOH
to be between 6.5 and 7. Rinsing solution had the same ionic strength as the one of the
polyelectrolytes solutions used to built the nanotubes: 0.5 M for nanotubes of PAH and
PSS, and 0.15 M for nanotubes of ALG and gCHT. Polyanion was deposited first in order
to facilitate the release of the tubes from the polycarbonate membrane. The membrane
stayed 5, 10 or 15 minutes in the polyelectrolyte solution and was dipped in two rinsing
baths for two minutes between each deposition. n-Bilayers were obtained by repeating the
polyanion-(rince)2-polycation-(rince)2 cycle n times. Every three bilayers, the membrane
was decrusted with a cotton swab in Milli-Q water, to avoid the building of a film on the
top and the bottom of the membrane and the encrusting of the pores (step (d)). Rinse
solutions were renewed after three dipping of the membrane in it.

Figure 2.3: Scheme of one cycle of the assembly of polyelectrolytes multilayers inside
nanopores [53].

Transfer in water

Nanotubes were released from the polycarbonate membrane by its dissolution in the
dichloromethane solvent (CH2Cl2) (step (e) of figure 2.3). The adjuvant-assisted filtration
technique developed by Saghazadeh et al. [23] was used (fig. 2.4): Dextran was added
(0.042 g/cm2 of polycarbonate membrane, or 108 nanotubes) in order to avoid the ag-
glomeration of the tubes further in the process. To be sure of a complete dissolution of
the membrane, the solution of CH2Cl2 with the tubes was sonicated. It was then filtrated
under vacuum through the system shown in fig.2.5. Polyimide membrane with pore diam-
eter of 0.2 µm was used as filter. Figure 2.4 represent the steps of the filtration: 300 µg
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of dextran was placed on the PI membrane, followed by the filtration of CH2Cl2 to make
a porous compact cake. Tubes and dextran suspension in dichloromethane was then fil-
trated through this system. Nanotubes were therefore trapped in dextran. Additional
dichloromethane was filtrated through the pellet formed, to completely dissolve the PC.

Figure 2.4: Schematic representation of nanotube collection by the adjuvant-assisted fil-
tration method. Figure adapted from [23].

Figure 2.5: Filtration system used to release the nanotubes from the polycarbonate mem-
brane. Figure adapted from [54].

Powder of dextran and nanotubes was collected and dried overnight under vacuum in order
to remove all the dichloromethane. Finally, saline solution (0.15 M) was added to dissolve
the dextran and suspend the tubes. Solution was shaken to accelerate the dissolution.

2.2.2 Mats fabrication

Without particles

The same filtering system (showed on fig. 2.5) was used to build the mats. Tube suspension
in water (for SEM observation) or saline solution were filtered on a PET membrane (pore
diameter 0.8 µm). Mat was thus formed because of the nanotubes accumulation on the
PET membrane. The whole was kept in saline solution (0.15 M).
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With particles

Following the same methodology, three mats were filtrated on top of each other, as shown
in fig. 2.6. The layer of the middle contained latex particles. Indeed, 400 · 106 particles for
2.5 · 109 nanotubes (5x5 cm2 of polycarbonate membrane) were added in tube suspension
before filtration. The 3-layered paper was kept in saline solution (0.15 M).

Figure 2.6: Left: Structure of the paper: 3 films of PSS/PAH nanotubes on the top of
each other. The one in the middle contains particles. Typical SEM image of mat. Right:
photo of a mat (in Falcon tube plug).

Fixation

To ensure better mechanical properties for the microtomy (section 2.3.1), papers were
fixed with a solution of glutaraldehyde 2% in NaCl 0.15 M. Samples were put in contact
of the solution three times: first for 30 minutes at 30◦C, then 15 minutes at 30◦C and
finally one hour at ambient temperature. Three rinses were then performed (10 min each,
in NaCl 0.15 M, at ambient temperature).

Adhesion and cohesion

Two techniques were developed to improve the stability of the paper:

• To make the mat adhesion on the support better, PET membrane was coated with
PEI or PEI/PSS (all 1 mg/mL in NaCl 0.5 M) before the filtration of the tubes
suspended in water.

• Cohesion of the paper was increased with a LbL deposition of a (PAH/PSS)6 film
on top of the structure. PAH was the first deposited polyelectrolyte. The other
technique tested was the complexation of oppositely charged polyelectrolytes also on
top of the 3-layered mat.
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2.2.3 Multilayer assembly of gCHT and ALG on flat surface

Before use, silicon wafers were cleaned with piranha solution (H2SO4 (98%)/H2O2 (32%),
1/1 v/v) for 20 minutes. The adherence of the film on the surface was increased by the
dipping of the wafers in PEI solution (1 mg/mL in NaCl 0.5 M) for five minutes, followed
by two rinsing in saline solution (NaCl 0.5 M, two minutes). Same process of multilayer
construction as the one described in section 2.2.1 was followed: the wafers were dipped
in polyelectrolyte solution for five minutes, and rinsed in a saline solution (two minutes)
two times between each polyelectrolyte bath. After the repetition of the cycle n times,
wafers were carefully dipped in Milli-Q water to remove the salt without destroying the
multilayer assembly. They were then dried and finally stocked in Fluoroware Single Wafer
boxes in order to perform ellipsometry analysis (section 2.3.2).

2.3 Characterization techniques

2.3.1 Microscopy

Microtomy and optical microscopy

One mm slices of papers were obtained by microtomy. The technique is based on the
rotation of a blade (diamond for this work). The blade is first below the sample, then it
goes up and therefore cut the sample. It is then moved back and below and the cut can be
collected. Finally, the blade goes forward and therefore is again located below the sample.
The cycle can start another time to produce a new cut.[55] The device used was an ultra
microtome Reichert, with a cryogenisation chamber. As the paper was soft, thick, fragile
and heterogeneous, its cutting was not easy to perform, even at -70◦C. To facilitate it,
the sample was surrounded by a drop of water: the paper was inserted in the pliers of the
microtome, and water was carefully put in contact with the structure. Because of the low
temperature, the water directly froze, and the paper was therefore trapped in ice: figure
2.7. Cuts were observed by optical microscopy, with an Olympus AX70/Provis.

Figure 2.7: Entrapping of the sample in water for microtomy.
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Scanning Electron Microscopy

Morphology of nanotubes and mats was analyzed by scanning electron microscopy. The
surface of the samples was scanned with a focused beam of electrons. Its morphology could
be determined thanks to the interactions between the electrons and the matter. [56] In
order to observe the tubes and the mats by scanning electron microscopy, saline solution
in which they were kept was replaced by Milli-Q water. For nanotubes, a drop of the
suspension in water was deposited on a gold-coated PET membrane and the samples were
dried. Before imaging them, the mats were metallized with a 20 nm layer of gold. The
metallizer was a Cressington 208HR High Resolution Sputter Coater, while the SEM was
a JEOL 7600F. Acceleration voltage was fixed at five kV, and working distance at height
mm.

Fluorescence microscopy

The fluorescence of latex particle into the mat or in the supernatant of the solution in
which the mats were kept was analyzed by means of epifluorescence microscopy. It is based
on the capacity of some materials (the latex particles here) to absorb high energy photons
and emit light after that. Thanks to microscopy, this emitted light is detected and an
image is formed. [57] For this work, an Olympus IX71 inverted microscope equipped with
a green filter set was used to see the samples and the supernatant in which the mats were
kept.

Confocal

Samples placed between two glass slides were characterized by confocal microscopy with
a Zeiss LSM 710 microscope. Thanks to a spatial pinhole, out-of-focus light of the mi-
croscope is blocked when the image is formed. It allows to capture multiple 2D images
at different depth and then 3D images can be reconstructed. [58] Green filter was used
to see the particles, as well as a x25 objective. Stack of images were acquired and the
3D-reconstruction was performed with the software ImageJ. Separation between the plans
was the smallest possible, i.e. five µm.

Atomic Force Microscopy

Atomic force microscopy in tapping mode was used to characterize the roughness of the
multilayers assembled on flat surfaces. The AFM technique is based on the scan of a
surface with a probe. Interactions between sample atoms and the probe are detected.
As they reflect the topology of the surface, an image can be formed by the analysis of
these interactions. In tapping mode, the probe oscillate at its resonance frequency, with a
determined amplitude. When it interacts with the surface (Van der Waals and electrostatic
forces, dipole-dipole interactions, etc.), the oscillation frequency and the amplitude change.
This variation of amplitude is the parameter used to form the image. [59] The films were
imaged without any further preparation with a Bruker Icon Dimension. Probes used were
PPP-NCHR-50 type from Nanosensors. Their resonance frequency and force constant
were about 300 kHz and 40 N/m respectively. Images were then treated with ImageJ.

2.3.2 Ellipsometry

Ellipsometry was used to determine the thickness of the film built on flat surface. The
very sensitive and accurate technique is based on the influence of the sample on the
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polirized light emitted by the ellipsometer. Collimated and polarised light is sent toward
the sample. When it reaches the surface, a part of the beam is absorbed, while the other
part is reflected. The planar and polarised wave becomes an elliptical wave. The state
of polarisation is therefore changed, depending on the surface nature. A detector receives
the reflected light, and measurements of ellipsometric angles are done: the amplitude
ratio Ψ and the phase shift ∆. These angles are representative of the ellipticity of the
reflected light, and depend on the thickness and the reflection angle of the surface. [60]
The ellipsometer used was a Accurion EP3+ ellipsometer. The wavelength of the laser
was 658 nm. To determine the film thickness from the ellipsometric angles, the Accurion
software with n − k fix model was used (n = 1.5, k = 0). The thickness of the SiO2 was
subtracted from the measurements, after processing ellipsometry on a Si wafer as reference
(a SiO2 layer is present on top of the Si crystal).

2.3.3 Ultraviolet–visible spectroscopy

Supernatant of the mats was qualitatively analyzed through UV-spectroscopy. The aim
was to see if there was decomposition and qualify in which conditions there was. The
technique is based on the absorbance of the light by the sample. Depending on the nature
of the sample, it will absorb light at particular wavelengths. The spectra calculated is the
function between the intensity of the light absorbed and the wavelength of the light. [61]
Analysis were performed between 400 and 800 nm of wavelength with a Varian Cary 50
UV-Visible Spectrophotometer. Software Varian Cary WinUV was used to get the data,
and treatment of this data was done with Matlab.

2.3.4 Porometry measurements

The growth of the multilayer in the pores of the membrane was quantified thanks to gas-
flow porometry measurement of It4ip. 0.137 cm2 sections of PC membranes containing
the nanotubes were analyzed at ambient temperature, after air-drying. The flowmeter
used was a GMF Pro Gas Flowmeter. Air was sent upstream the sample with a pressure
of 0.7 bar, and the gas flow was measured downstream (mL/min). From the lecture of the
porometer, average nanopore diameter can be determined thanks to:

• the Knudsen diffusion:

Jdiff =
4

3

d

l

(Pup − Pdown)√
2πMRT

(2.1)

• the viscous flow (Hagen-Poiseuille):

Jvisc =
d2

l

(P 2
up − P 2

down)

64µRT
(2.2)

where d is the pore diameter (m), l the thickness of the PC membrane (m), Pup and Pdown
the pressure upstream and downstream from the sample (Pa), M the gas molar mass
(kg/mol), µ the dynamic viscosity of the gas (kg/ms), R the ideal gas constant (J/Kmol)
and T the gas temperature (K).

Φ is the total volume flow rate (m3/s) and can be determined by 2.1 and 2.2:

Φ = (SP )
RT

Patm
(Jdiff + Jvisc) (2.3)
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with S the effective section area of the membrane (m2), Patm the atmospheric pressure

(Pa) and P = N πd2

4 the transparency of the membrane (N is the pore density (m−2)).

Finally, the wall thickness t (m) of the tubes was calculated by:

t =
di − d

2
(2.4)

where di is the initial pore diameter. [51]
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Results and discussion

3.1 Tube fabrication process optimization

The first step of this work aimed at optimizing the fabrication process of the nanotubes.
PSS/PAH nanotubes were built into a PC membrane, at pH ∈ [6.5, 7]. At this pH, PSS
is fully charged, while PAH is not. Resulting tubes are therefore thicker than if they were
assembled at pH 4.0 for the PAH and 5.3 for the PSS, their ”natural” pH, for which they
are fully charged (see section 1.4).

Dipping time and amount of bilayers are two parameters of the fabrication process that
influence the nanotube morphology. They also have a huge impact on the cost of the
fabrication. Indeed, the assembly of 9-bilayer nanotubes with 15 minutes dipping time
takes 6h30. It was therefore tried to reduce the time needed while keeping well-shaped
tubes. Nanotubes were assembled with 3-6-9 bilayers (after three bilayers a decrusting
step was performed) and the dipping time was fixed at 5-10-15 minutes. Tubes dispersed
in water were analyzed by SEM as well as in mats. Porometry measurements provided
the thickness of the walls of the tubes.

3.1.1 Integrity of tubes in water

The nanotubes were dispersed in water after the dissolution of the polycarbonate mem-
brane, and a drop of the suspension was left to evaporate on a gold-coated PET membrane.
After evaporation of the water, SEM visualization was performed. Results are shown in
the matrix of images of figure 3.1. The first line of the image matrix corresponds to three
bilayers, the second line to six bilayers and the last line to nine bilayers. Column one, two
and three gather dipping times of 5, 10 and 15 minutes, respectively. The major changes
results from a variation of the number of bilayers rather than the dipping time. Indeed,
3-bilayer nanotubes seem to flatten (they look like nanoribbons) and they are also twisted
around their axis.

Flattening can be observed with SEM because it results in larger diameter. In figure
3.1, three flattened sections are shown (dotted green arrows). It was calculated that the
average diameter of the 3-bilayer tubes amounts to at least 485 nm while it should be
about 300 nm (like the pore diameter of the template). Lateral load is applied on the
nanotubes upon tube collection and drying, due to an increase in van der Waals and capil-
lary forces. For hollow cylinders, the lateral load has to be higher than E(w/D0)3 for the
tube to flatten. E is the Young’s modulus, w the wall thickness and D0 the external tube
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Figure 3.1: Matrix of SEM images of PSS/PAH nanotubes. Lines represent the number
of bilayers (3-6-9) from top to bottom and columns the dipping time (5-10-15 minutes)
from left to right.

radius. [2] The Young’s modulus is ∝ R2
EE/L with REE the root-mean-square end-to-end

distance of the tube and L the contour length [54]. It is easy to see that REE is smaller
for nanotubes built with fewer bilayers and that the more bilayers, the higher REE . One
can assume that L is the same for all the tubes (i.e., they were not broken in the process)
as well as D0, and that they are fixed by the thickness and the pore diameter of the PC
membrane template (25 µm and 300 nm, respectively). The Young’s modulus therefore is
smaller for the 3-bilayer nanotubes and increases with the amount of layers. Moreover, w
(the wall thickness) should also be smaller for three bilayers than six or nine. It leads to
the conclusion that the fewer bilayers there are, the smaller is the minimum lateral load
needed for a flattening. This is why flattening is observed for tubes with three bilayers
and not for the others.

Nanotubes built with only three bilayers undergo twisting (full red arrows). Nanotube
resistance to twisting is also proportional to E, which explains the huge amount of twisted
sections for 3-bilayer nanotubes, while there is almost none for the other tubes.

At this stage of the characterization of the 3-6-9 bilayers tubes built with 5-10-15 min-
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utes in the solutions, dipping time does not seem to have an impact on the nanotube
morphology.

3.1.2 Nanotube wall thickness

Porometry measurements allowed to determine the nanotube wall thickness. Results are
shown in figure 3.2. These results show that the dipping time influences the tubes mor-
phology, on contrary to what was observed with the SEM images. Indeed, in the graph,
it can be seen that the thickness of the nanotube wall increases with the dipping time.
As explained in section 1.3.7, the adsorption on a pore wall begins rapidly without dif-
fusion limitation. Then, adsorbed chains interconnect through the pore and a dense gel
is formed. The diffusion limits the deposition of further layers and the process becomes
slower. One could think that the dipping time dependence of the nanotube wall thickness
is due to a pore filling reached before the deposition of the third bilayer. Indeed, if the
pore was not filled, the assembly of the layers would not depend on the dipping time, as
the diffusion is not a limiting mechanism before the formation of the dense gel. However,
if the pore was filled, the thickness of the layers would not change as much as it is shown
in the graph, which rejects the pore filling hypothesis. The dipping time dependence
of the nanotube wall thickness is probably due to the sensitivity of the porometry mea-
surements to local restrictions of the section. It is possible that, in the nanotube, there
is a constriction at a given point (the ends being more likely), and that this constriction
increases over time. The gas flow will therefore be significantly impacted, giving a time de-
pendency of the nanotube wall thickness, while their overall appearance is not influenced.
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Figure 3.2: Nanotube wall thickness depending on the amount of bilayers and the dipping
time.

15-min dipping time curve shows a very small increase between six and nine bilayers,
in comparison to the other curves. A hypothesis could be that decrusting step was badly
performed after six bilayer deposition. Pores were therefore clogged and polyelectrolytes
could not adsorb on their walls.
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The growth seems exponential. It is not unexpected because the linear growth regime
of PAH-PSS multilayer is known for assembly on flat surfaces, and not for membrane
templated assembly. The mechanism of growth inside nanopores is different from the one
on flat surfaces. However, more samples should be done (for example, measuring the
porometry after each bilayer) in order to conclude that with a pH between 6.5 and 7, the
nanotube wall thickness growth is exponential. This is beyond the scope of this work.

3.1.3 Mats

Figure 3.3: Matrix of SEM images of PSS/PAH nanotubes mats. Lines represent the
number of bilayers (3-6-9) from top to bottom and columns the dipping time (5-10-15
minutes) from left to right.

The suspension of the tubes in water was filtered on a PET membrane to build a mat.
A gold coating was then performed to observe the papers by SEM. Figure 3.3 shows images
of the samples. The same matricial organization as for the tubes in suspension was kept
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for the images: the amount of bilayers increases from line to line, and dipping time from
column to column.

Again, the amount of bilayers impacts the morphology of the mats more than the dipping
time. Mats of coarser texture were obtained with nanotubes of fewer bilayers. Indeed,
tubes merge with each other because of electrostatic interactions. With the increase of
number of bilayers, the tubes are stiffer (higher Young’s modulus). They therefore provide
more resistance to this merging and the mats morphology is better defined. [2]

In section 3.1.1, it was concluded that only the 3-bilayer nanotubes flattened, and that
it was because of drying. However, in figure 3.3, it can be seen that (PAH/PSS)6 and
(PAH/PSS)9 nanotubes also flatten. Their diameter is larger than the one of the PC
membrane template. Measured diameter of the 3-bilayer nanotubes in mats is kept around
300 nm (or even smaller). However, as the tubes merged a lot, these results are not sta-
tistically significant. For mats, the origin of the flattening is not the drying (since 6- and
9-bilayers nanotubes did not flatten upon drying!), but it is probably due to the compres-
sive forces induced by the filtration step in the paper built-up process.

Porosity of the papers is also observable, and seems to increase with the rigidity of the
nanotubes.

Figure 3.4: SEM image of (PAH/PSS)6 nanopaper placed vertically. Dipping time was 10
minutes. The mat contained 2.5 · 109 nanotubes (5x5 cm2 of PC membrane).

Figure 3.4 shows a SEM image of a paper placed vertically. The nanotubes had six
bilayers and the dipping time was ten minutes. The thickness value of the sample was
5.5 µm. However, this value must be used carefully. Indeed, this sample was dried for
SEM analysis, while in the further sections of the work, mats were kept in saline solu-
tion. Therefore, the tubes are swelled and the thickness could be larger. This image also
gives an idea of the paper surface morphology. Like in the work of Zhang et al., clusters
with larger density of tubes are noticeable. It confirms their hypothesis of a continuous
mat formed by accumulation of tubes in local clusters, with progressively infilling of the
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structure.

3.1.4 Conclusion

After the analysis of these results, it was decided to keep nine bilayers for the tubes, as the
number of bilayers has a significant effect on the nanotube and mat morphology. 9-bilayers
nanotubes showed a higher rigidity, and were less subject to deformations (flattening and
twisting). In mats, these tubes led to a higher porosity and less fusion although they
underwent flattening because of the compressive forces in the mat built-up. Dipping time
was fixed at 10 minutes. It indeed allowed to reduce the nanotubes assembly time by
1h30, and the thickness of the tubes was high enough to build good mats. Therefore, for
the rest of this work (PAH/PSS)9 nanotubes were used, with a ten minutes dipping time.
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3.2 Incorporation of particles in mats

After the optimization of the tube fabrication process, the next step of this work was to
build a 3-layered paper. First and last layers were mats obtained after the filtration of
ca. 2.5 · 109 suspended nanotubes in water. In the tube suspension of the middle layer
were added 400 · 106 latex particles. Mechanical properties of this structure were studied
and improved. Temperature effect was also analyzed. Finally, particle localization was
determined.

3.2.1 Mechanical stability

After the 3-layered nanopaper built-up, the structure was kept in saline solution. Ultraviolet-
visible spectroscopy of the supernatant was used to qualitatively check the decomposition
of the paper. The graph shown in figure 3.5 represents the first results obtained on a
3-layered paper. This paper was placed in a saline solution directly after its built-up, for
2 hours. It was then transferred in a fresh solution for 2 more hours, and finally again in
a fresh one over night.
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Figure 3.5: 3-layered paper supernatant ultraviolet-visible spectroscopy. Results after 2h,
4h and one night in saline solution. Blue open dots correspond to a control fresh saline
solution without mat.

It is clear from the figure that the green line (full circles) has higher values than the others.
This line corresponds to the first supernatant collected from the solution in which the pa-
per was dipped. Other curves are similar to the control line (blue dotted one). Therefore,
one can conclude that the structure partially decomposes directly after its build-up, and
that after this decomposition, what remained of the structure was mechanically stable,
as the red (crosses) and light blue (squares) curves show. However, the nature of the
elements released in the saline solution was not known. It could be latex particles, that
therefore were not trapped in the structure. It could also be loosely attached chunks of the
complete structure, that were taken off because of the sample manipulation. To check the
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nature of these released elements, the supernatant was observed by epifluorescence. Latex
particles were tagged with a yellow-green fluorescent dye and observations indicated that
PAH/PSS nanotubes were also slightly fluorescent in green. However, by selecting the
range of wavelengths visualized by the epifluorescence microscopy, it is possible to select
only the fluorescence of the particles or of the tubes, or a combination of these elements.

Figure 3.6: Epifluorescence microscopy of the supernatant of the solution in which the
3-layered paper was for 2 hours. Wavelength range kept for this image allows to visualize
the particles and the nanotubes.

Figure 3.6 is an epifluorescence microscopy image of the supernatant of the solution in
which the 3-layered paper was kept for 2 hours. Wavelength range for this image includes
the particles and the nanotubes. It can be seen that the elements released in the saline
solution were big chunks of paper, in which latex particles were entrapped. Indeed, two
large (about 50 µm) zones of nanotube agglomeration are visible, as well as latex particles
inside these zones. However, there are no particles outside the zones, and it confirms that
particles are entrapped into the nanotubes network.

To improve the mechanical properties of the sample, we tried to play with two mech-
anisms:

1. The first one was the adhesion of the 3-layered nanopaper on its support. Indeed,
big chunks collected in the supernatant could possibly come from poor adhesion of
the nanopaper on the PET membrane used in the filtration process. Actually, when
the samples were manipulated, it was already observable that elements of the system
were not well fixed together, as figure 3.7 shows. To improve the adhesion, the PET
membrane used in the filtration process was coated with polyethylenimine (PEI)
alone and with PSS over the PEI. PEI was used as a coating because it is widely
used as an attachment promoter. Moreover, assuming that the first PSS layer of the
nanotubes was not complete, adding PSS on top of PEI should further promote the
adhesion of the nanotubes on the coated membrane. Indeed, PSS was theoretically
first adsorbed on the PC pore walls, but as the PC is slightly negatively charged,
it is possible that the adherence of the PSS was not good. Therefore, the external
surface of the tubes could be essentially made of positively charged PAH, and its
contact with the PSS coating should improve the adhesion.
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2. The second mechanism of improvement was the cohesion of the nanopaper. Two
methods were tried. First, a LbL coating of (PAH/PSS)6 was done over/in the
whole structure (PET membrane-nanopaper). The LbL was supposed to maintain
the structure entrapped. The other method tested was the formation of a PAH/PSS
complex over/in the sample. A drop of PAH solution was first put in contact with
the system (see figure 3.7). Its excess was carefully removed, before adding a drop of
PSS solution. As they are oppositely charged polyelectrolytes, when their solutions
are mixed together, a bulk complex is formed within the paper. This complex aimed
at reinforcing the nanotube network.

Figure 3.7: Picture of a 3-layered nanopaper before adhesion improvement. A drop of
polyelectrolyte was placed over the nanopaper, to form a complex to improve the cohesion
of the structure.

Samples that were done are summarized in table 3.1. To see the influence of the latex
particles on the mechanical properties of the nanopaper, four more samples were done
without them. The 3-layered mat fabrication process was exactly the same, except that
no particles were added in the middle layer tube suspension.

Cohesion technique
Complex LbL

Adhesion technique
PEI+PSS 1 1
PEI alone 1 1

Table 3.1: Summary of samples tested for adhesion of the nanopaper on the PET mem-
brane support, and improvement of the nanopaper cohesion.

UV-visible spectroscopy was performed on the samples. Results for the samples with
latex particles are shown in figure 3.8, while the ones without them are in figure 3.9.

The effect of the latex particles is clearly visible. Curves of paper without particles are
higher than the ones with them. It means that they increase the cohesion of the paper.
As the particles are negatively charged (carboxylate groups), their positive effect on the
cohesion confirms the previous assumption of a positively charged tube external surface.
Indeed, if the nanotubes are mostly positively charged, electrostatic interactions between
the two elements promote a better cohesion of the nanopaper.

It can be seen in figure 3.8 that the improved samples degraded less than the control
paper. Combination of only PEI for the adhesion and PAH/PSS complex for the cohesion
seemed to be less efficient than the other combinations. However, differences between the
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Figure 3.8: Ultraviolet-visible spectroscopy of paper supernatant (samples with particles).
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Figure 3.9: Ultraviolet-visible spectroscopy of paper supernatant (samples without parti-
cles, except for the black curve).

curves are weak, and an analysis of the supernatant by epifluorescence microscopy was
thus done to determine the best combination. Results are shown in figure 3.10 in a matrix
of images. Only the wavelength allowing to see the particles was used for these images.

For the adhesion technique, the first line of the matrix of images gathers the results
of using a PEI+PSS coating and the second of using only PEI as coating. In the images
of the samples with only PEI, collections of latex particles are visible. These collections
confirm the previous hypothesis of big chunks pulled off the sample: if the particles are
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Figure 3.10: Epifluorescence microscopy of supernatant of a solution in which the improved
nanopapers was immersed for 2 hours. The first line gathers papers with a PEI+PSS
coating on the PET membrane, while only PEI was added over the PET in the samples
of the second line. A PAH/PSS complex was formed in the structure for the samples of
the first column and a (PAH/PSS)6 LbL film was deposited on/in the nanopapers of the
second column. The wavelength range kept for this image allows to see only the particles.

assembled in the image, it is because they are entrapped in the nanotube network, as
shown in figure 3.6. These chunks are not visible for the samples with a PET membrane
covered by a PEI+PSS coating. One can therefore conclude that the addition of PSS over
the PEI improves the adhesion of the nanopapers on the PET, and it confirms once more
that the external surface of the tubes is mostly positively charged.

The difference between the two tested cohesion methods is weaker than the one for the
adhesion techniques. A few less free latex particles and chunks were found in samples
with the PAH/PSS complex (column 1 of figure 3.10) than after the LbL deposition, but
it was not enough to determine that one technique is better than the other. However, as
the complexation is faster than the LbL technique, it was decided to keep this method.

To conclude this section on the mechanical stability, it was decided to coat the PET
membrane of the next samples with a layer of (PEI/PSS) to improve the adhesion be-
tween the nanopaper and the membrane. It was also decided to form a PAH-PSS complex
in the whole paper to maintain everything together.
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3.2.2 Temperature effect

As the final goal of the 3-layered nanopaper is to use it as a patch containing bacteria on
the skin, it was important to test its stability at 37◦C, and its stability under movements.
To do so, a sample was placed in a thermal agitator. The rotation speed was fixed at 500
rotation per minute. The sample was first kept in saline solution at ambient temperature
without agitation for two hours. Then, it was transferred to a fresh solution and inserted
in the agitator at 37◦C. The operation was repeated after 30 minutes. Results are shown
in figure 3.11. The curve named ”0 min” is the spectra of the solution in which the paper
was first kept without temperature and agitation. The curves ”30 min” and ”24 hours”
represent the solution after 30 minutes and one day of thermal agitation. There is slightly
more decomposition with temperature and agitation over the time, but the values are
really small compared to the first samples (figure 3.5). On the basis of these results, it
can be concluded that the paper is essentially thermally stable.
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Figure 3.11: Ultraviolet-visible spectroscopy of the supernatent of a solution in which a
sample was immersed and kept at 37◦C for 0 min, 30 min and 24 hours. Black curve
reflects the UV-visible spectroscopy of a control solution of NaCl 0.15M.

3.2.3 Particles localization

The final step of the 3-layered nanopaper analysis of this work was to determine the lo-
calization of the latex particles in the paper. For the application, it was desirable that
the particles stayed in the middle layer, but it was possible that through the fabrication
process, they migrated. Microtomy was used to obtain 1 µm slices perpendicular to the
plane of the paper. Then, the cuts were observed by optical microscopy. An example
is presented in figure 3.12. With this observation, it was possible to manually count the
amount of particles on a surface, and therefore, to determine their density. Results are
summarized in table 3.2 for two samples. These samples were improved by the two meth-
ods selected before (section 3.2.1).
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Figure 3.12: 1 µm slice of 3-layered nanopaper containing nanoparticles observed by optical
microscopy. Localizations in the paper are: close to the PET membrane (top image),
middle of the nanopaper (middle image and right of bottom image) and close to free
surface (left of bottom image).
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Localization Area [µm2] Latex particles Density [/µm3]

Sample 1
Surface 2651 3 1.13 · 10−3

Middle 5267 126 23.92 · 10−3

PET 4564 32 7.01 · 10−3

Sample 2
Surface 3771 4 1.06 · 10−3

Middle 5779 146 25.26 · 10−3

PET 4200 1 0.24 · 10−3

Table 3.2: Summary of the latex particle count for two samples.

The technique used to determine the particles density is not very accurate, but was useful
to confirm that most of the particles were in the middle layer. Indeed, it was possible to
compare the results of the table 3.2 to what was already known: 400 · 106 particles were
added to the nanotubes collected from 5x5 cm2 of PC membrane. The diameter of the
mat was determined by the filtration set-up, and its approximate thickness was already
obtained thanks to figure 3.4. Therefore, the theoretical density was 0.47 particles/µm3.
It differs by an order of magnitude compared to the results of counting. This difference
can be easily explained by the assumption on the thickness of the mat (figure 3.4) and
statistical errors on counting. It can also be due to a very slight migration of some par-
ticles in the other layers (as in the table), and a loss of them in the 3-layered nanopaper
built-up. Despite this difference between the theoretical value and the results, it can still
be concluded that the particles stayed mostly in the middle layer, as wanted.

Figure 3.13: 3D-View by confocal microscopy of a 3-layered nanopaper. Wavelength range
kept for this image is selected to see only the particles.

Confocal microscopy confirmed also the localization of the particles: a 3D-view is pre-
sented in figure 3.13, as well as a mean grey value along the thickness of a 3-layered
nanopaper (figure 3.14). The mean grey value of the images is related to the distribution
of the particles. Indeed, the light seen on the images is due to the fluorescence of the
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Figure 3.14: Mean grey value along the thickness of a 3-layered nanopaper imaged by
confocal microscopy. For the x-axis, the origin corresponds to the surface of the nanopaper,
and the x value is increased while going deeper in the paper.

particles. They are mostly in the middle of the nanopaper. A steep increase is obtained
between the top layer of nanopaper and the middle layer, while the decrease between the
middle and the bottom layer is softer. Particles are more subject to migration towards the
PET membrane because of the compressive forces of the filtration process used to built
the nanopaper. The results on the graph confirm also that the thickness of the layers is
approximatively 5.5 µm.

One can also see in the 3D-view that the particles are also assembled in clusters. By
adding the wavelength range of the nanotubes for the image (figure 3.15), it was seen that
there are more particles where there are more tubes (remember the nanopaper formation
by the accumulation of the tubes in clusters followed by the structure in-filling). It was
even observed that the particles situated outside of these clusters were able to move. They
were moving back and forth. On the contrary, in the zones with a larger density of tubes,
the particles did not move at all. This observation confirms once more that the nanotube
network is efficient at encapsulating the latex particles.

3.2.4 Conclusion

After this part of the work, a mechanically and thermally stable structure was obtained.
Indeed, the mechanical stability of the 3-layered nanopaper was improved by a (PEI/PSS)
coating of the top of the PET membrane used as support, and by the addition of a PAH-
PSS complex in the nanotube network. This improved structure showed good stability
under movements at 37◦C, and the particles were localized as wanted in the middle layer.
At that point, it could be concluded that the structure is suitable for the application.
However, the polymers used are not yet suitable for the envisioned application since they
are not skin-compatible.
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Figure 3.15: Confocal image of the middle layer of a 3-layered nanopaper. Wavelength
range kept for this image allows to see the particles and the nanotubes.
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3.3 Transposition to biobased polymers

The last part of this work concerns a preliminary research for a transposition to biobased
polymers. Indeed, as the patch is designed to be in contact with the skin, it should be
biocompatible. PAH and PSS were therefore replaced by glycol chitosan (gCHT) and
alginate (ALG). The complexation in the structure was tested with these new polymers.
LbL on flat surface was also investigated, and finally mats of gCHT/ALG nanotubes were
even built.

3.3.1 Complex formation in nanopaper

Results of stability under movements of two nanopapers covered with a PAH/PSS and a
ALG/gCHT complex at 37◦C are shown in figure 3.16. The same procedure as the one
described in section 3.2.2 was followed. The biobased polymer complex seems to be even
better than the one with the previous polymers, but the difference is very slight. These
polymers represent a good skin-compatible solution.
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Figure 3.16: Ultraviolet-visible spectroscopy of the supernatant of a solution in which
samples were immersed and kept at 37◦C for 0 min, 30 min and 24 hours. The first
sample is covered with a PAH/PSS complex (dotted blue curve) and the second sample
by a ALG/gCHT one (red curve). The black curve is the UV-visible spectroscopy of a
control solution of NaCl 0.15M.

3.3.2 Layer-by-Layer on flat surface

To characterize the growth regime of gCHT/ALG LbL films at pH 7, the thickness of the
deposited film on the surface was measured after each layer by ellipsometry. Results are
shown in figure 3.17. The growth regime is exponential. It was expected since gCHT and
ALG are weak polyelectrolytes (see section 1.3.3). From 5 bilayers, the error bar increased
a lot, probably due to the roughness of the samples. AFM characterization was performed
to check this hypothesis. Results are in figure 3.18. The first 3D-projection is for two
assembled bilayers, the second for four bilayers and the third for six. The results are
consistent with the ones obtained by Saghazadeh et al.: small island-shaped patches are
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formed on the surface at the beginning of the multilayer assembly, and these islands widen
with the number of layers [23]. Therefore the roughness is increased by the assembly of
the layers, leading to large dispersion for the thickness.
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Figure 3.17: Thickness of gCHT/ALG LbL films after each polyelectrolyte deposition,
obtained by ellipsometry.

3.3.3 Nanopapers of Layer-by-Layer nanotubes

Mats of nanotubes with three, six and nine bilayers were assembled with ten minutes
dipping time. Then they were observed by SEM. They are shown in figure 3.19. The first,
second and third images are mats made of 3-, 6- and 9-bilayers nanotubes, respectively.
Nanotubes are visible in the mat formed from nanotubes with three bilayers, but not in the
other mats. It seems that they are sticked together. A hypothesis is a bad dissolution of the
polycarbonate membrane, that could be due to a greater adhesion of the polymers on it.
Another explanation for the fusion of the tube is directly linked to the tubes: the Young’s
modulus of gCHT/ALG nanotubes is smaller, and the tubes are more swollen than the
ones made of PSS/PAH. Therefore, the structure is softer and, under drying, nanotubes
are flattened, leading to this appearance of tube fusion. To confirm this hypothesis, one
can mark the tubes and observe them with epifluorescence. Nanotubes suspended in
water should also be observed to characterize better their behaviour, and particularly to
determine how many bilayers should be assembled.

3.3.4 Conclusion

In this section, the first steps of a transposition to biobased polymers were investigated.
The PAH/PSS complexation over the sample to increase its stability can be clearly re-
placed by a ALG/gCHT one, with the same results. The growth regime of gCHT/ALG
film on flat surface is exponential, and roughness increases with the assembly. Finally,
mats showed a fusion of the tubes. However, this fusion cannot be completely understood
without further characterization. The gCHT/ALG combination seems to be promising to
replace the PSS/PAH one, but more investigations should be performed.
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Figure 3.18: AFM 3D-projection of gCHT/ALG LbL on flat surface. Two, four and six
multilayers were deposited for the first, the second and the third projection, respectively.
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Figure 3.19: SEM images of gCHT/ALG nanotube mats, with increasing number of bi-
layers (3-6-9). Dipping time of 10 minutes.
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The aim of this work was to develop and characterize a sturdy 3-layered nanopaper con-
taining particles, modeling bacteria. Indeed, the presence of some bacteria on the skin
microbiome is essential, because the bacteria produces agents required for adherence,
remodeling, nutrients release, protection against other bacteria and inhibition of uncon-
trolled inflammation [3]. In case of lack or absence of the bacteria on the skin, the host
is vulnerable to colonization of the skin by pathogens and is less able to fight back the
inflammation and keep the skin healthy. The medical patches designed in this work could
bring the bacteria back on the skin of the host to ensure their positive functions.

First, the best amount of layers for the tubes and the membrane dipping time in the
tube built-up were determined. Tubes suspended in water were observed by SEM. It was
shown that tubes made of three bilayers undergo twisting and flattening much more than
nanotubes with six and nine bilayers. The stiffness of the nanotubes also increased with
the number of bilayers. Then, suspended nanotubes were collected in mats and observed.
Mats formed from nanotubes with three bilayers presented a fusion of the tubes, while
an increase in bilayer number led to less fusion. Flattening occured for all the tubes in
the mats, because of the compressive forces in the mat built-up. For the two types of
sample, no effect of dipping time was clearly observable, but porometry measurements
were performed to determine the thickness of the nanotube walls. It increased with the
dipping time. At the end of the section, it was decided to keep nine bilayers for the tubes
while decreasing the dipping time to ten minutes, allowing to save 1h30 in the fabrication
process.

The second part of the research concerned the 3-layered mats with the particles in the
middle layer. First, the mechanical stability was qualitatively analyzed thanks to UV-
spectroscopy of the supernatant of the samples after immersion in solutions, in which the
sample partially decomposed. It was observed that the decomposition occurs only at the
beginning, when the nanopaper is first dipped in the solution. Big chunks of the sample
detached, but the particles remained entrapped in the paper. To avoid this decomposition,
the adhesion of the paper on its support and the cohesion of the whole structure were im-
proved thanks to an additional coating over the support, and a complexation over/in the
nanotube network. The mechanical stability at 37◦C and under movement was tested, as
the paper has to be kept on the skin. With the adhesion and cohesion improvements, the
paper proved to be stable under these conditions. Finally, the localization of the particles
was determined. As wanted, the biggest part of them is localized in the middle of the
nanopaper. There are more particles where there are more nanotubes, which shows that
the entrapping of the particles is efficient.

The third and last part of this master thesis was about the research of a transposition to
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biobased polymers. The complexation with biobased polymers showed to be as efficient
as the one with synthetic polymers. Then, layer-by-layer on flat surface was performed to
characterize the growth regime. It was determined thanks to ellipsometry that the growth
is exponential, but from 5 bilayers the roughness of the sample was too high to have good
measurements. Atomic-force microscopy confirmed this roughness. Finally, nanopapers of
biobased nanotubes were done, and observed by SEM. A huge fusion between the tubes
occurred, decreasing the porosity of the sample, due to the softness of these multilayers.

In conclusion, this work showed that the design is suitable for the application. Indeed, the
particles were well entrapped in the network, and with the improvement of the adhesion
and cohesion, the sample was mechanically stable. It is also possible to transfer the work
to biobased polymers, even though further investigations need to be performed. For exam-
ple, to reinforce the biobased nanotubes, one can imagine to begin the LbL deposition with
biobased polymers and finalize the tubes with synthetic polymer adsorption, as Zhang et
al. did [62]. It will provide a stiff core for the tubes. Another research that needs to be
conducted, is a replacement of the PC membrane for the templating of the tubes. Indeed,
to dissolve the polycarbonate, solvent is used, and this process is not skin-compatible.
Finally, the next step of the work is to replace the latex particles by bacteria.
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[54] C. Vlémincq, “Fabrication and characterization of mats made of soft lbl nanotubes,”
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