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NOTA BENE

Titre francais :
Micro-structuration de membranes nanofibreuses par électrospinning : application a

I’ingénierie tissulaire

Cette thése de doctorat a été rédigée en utilisant, pour chaque chapitre, le format
habituellement adopté dans les articles scientifiques paraissant dans des revues a comité de
lecture. L’indulgence du lecteur est ainsi sollicité pour les répétitions et redites inhérentes a la

forme de rédaction choisie.

Le présent mémoire de thése a été rédigé en langue anglaise, conformément a 1’autorisation
délivrée par Monsieur le Professeur Eric WESTHOF, professeur des Universités a I’université
de Strasbourg, et vice-président de 1’université de Strasbourg, chargé de la recherche et de la

formation doctorale, le 08 juillet 2008.
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RESUME

Résumé

L’objectif de cette thése était de développer de nouveaux biomatériaux nanofibreux
architecturés (2D ou 3D) grace a la méthode d’électrospinning puis d’étudier ’influence de
ces structures nanofibreuses sur le comportement des cellules osseuses. L’¢électrospinning est
une technique qui permet d’obtenir des nanofibres en projetant sous 1’action d’un champ
électrique intense une solution de polymeére sur un collecteur. Le jet de la solution de
polymere, émanent de 1I’émetteur (une aiguille métallique soumis a une tension de plusieurs
kV), subit des mouvements de fouet violents qui conduisent a la réduction du diameétre et a
I’évaporation du solvant. Les nanofibres sont alors généeralement disposees aléatoirement sous
forme de mats (ou scaffolds). Ces scaffolds trouvent des applications en ingénierie tissulaire
grace a leur structure mimant la matrice extracellulaire des tissus vivants. Toutefois, il a été
montré que lorsque le collecteur est micro-structuré, il est alors possible de controler
I’organisation des fibres lors de leur dépbt gréce a la perturbation locale du champ électrique
au voisinage de la surface du collecteur. Ces collecteurs architecturés jouent ainsi le role de
« templates » électrostatiques. C’est dans ce contexte que s’est inscrit ce sujet de thése.

Dans un premier temps, nous avons développé des scaffolds 2D nanofibreux
monocomposants en forme de nids d’abeilles grace a 1’utilisation d’un collecteur micro-
structuré en nids d’abeilles lors du procédé d’électrospinning. Ces scaffolds ont eété
développés a partir de deux biopolyesters le poly(e-caprolactone) (PCL) ou le poly(lactic
acid) (PLA). Nous avons prouvé que la morphologie des nanofibres de PCL (distribution
bimodale du diametre des fibres) conduisait a un scaffold présentant un relief beaucoup plus
marqué alors qu’avec les fibres de PLA, qui présentent une distribution monomodale du
diametre des fibres, les scaffolds obtenus sont beaucoup plus plats. Puis nous avons montré
qu’il est possible de contrdler 1’organisation spatiale de cellules osseuses de type MG-63, des
ostéoblastes, en jouant sur le relief et I’architecture du scaffold.

Puis, nous avons cherché a développer des matériaux 3D en utilisant des collecteurs
micro-structurés afin d’ouvrir de nouvelles voies pour I’élaboration de matériaux de
comblement pour la régénération osseuse. Nous avons démontré qu’en couplant la micro-
structuration des nanofibres de PCL (par 1’utilisation d’un collecteur en nid d’abeilles lors du
procédé d’électrospinning) avec les propriétés d’auto-assemblage du PCL, nous pouvions
élaborer de nouveaux scaffolds nanofibreux 3D ayant la particularité de présenter des pores de

tailles controlées ainsi qu’un gradient de porosité dans 1’épaisseur du scaffold.
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RESUME

Puis nous nous sommes intéresses a 1’¢laboration de membranes composites micro-
structurées 2D et 3D. En couplant le procédé d’électrospinning avec le procédé
d’¢lectrospraying sur des collecteur micro-structurés, nous avons démontré que nous pouvions
déposer de maniére controlée les particules spécialement sur les murs des nids d’abeilles
grace notamment a la présence d’une trés fine couche de fibres électrospinnées au préalable
sur le collecteur. Cette fine couche de nanofibres joue le role de « template électrostatique »
pour le dépdt des particules.

Nous avons ensuite appliqué cette technique pour développer des membranes
composites nanofibreuses bicouches & base de nanofibres de PCL et de microparticules
d’hydroxyapatite (HA). Ces membranes composées de 21 microarchitectures différentes
(barres, plots, hexagones, labyrinthe) ont ensuite été intégrées dans des mini plagues de
culture cellulaire, formant ainsi un nouveau type de biopuce, pour le screening d’architectures
nanofibreuses. En effet, ces biopuces appelées biochip ont prouvé qu’elles permettaient de
réaliser le screening de microarchitectures nanofibreuses composites afin d’identifier la plus
pertinente pour la régénération osseuse. Il s’est avéré que la structure HA hexagonale (avec un
diametre moyen de 300 um) ainsi que les structures HA circulaires (avec un diamétre moyen
150 pum environ) sont celles qui améliorent le mieux le processus de minéralisation des
cellules osseuses.

Enfin, nous avons montré qu’il est possible d’élaborer des scaffolds composites 3D en
combinant simultanément 1’électrospinning de nanofibres et 1’électrospraying de particules
sur des collecteur micro-structurés en nid d’abeilles. Il est possible de contrler la taille des
pores cylindriques de ces composites 3D de quelques dizaines de microns a quelques

centaines de microns en changeant la taille du nid d’abeilles du collecteur.
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Abstract

The aim of this thesis was to develop new architectured nanofibrous biomaterials (2D
or 3D) using the electrospinning method and to study the influence of these nanofibrous
structures on bone cells behaviors. Electrospinning is a technique allowing the production of
nanofibers by projecting, under the action of a strong electric field, a polymer solution on a
collector. The jet of the polymer solution, emitted from a metalic needle subjected to a voltage
of several kV, undergoes strong whipping movements, resulting in the evaporation of the
solvent and the reduction of the diameter of the nanofiber. The nanofibers are generally
randomly deposited and form mats or scaffolds. These scaffolds are interesting for tissue
engineering applications because of their structure mimicking the extracellular matrix of
living tissues. However, it has been shown that when the collector is microstructured, it is
possible to control the organization of the fibers during their deposition through the local
perturbation of the electric field at the vicinity of the surface of the collector. These
micropatterned collectors act as "electrostatic templates”.

First, 2D honeycomb nanofibrous scaffolds were elaborated using micropatterned
honeycomb collectors during the electrospinning process. These scaffolds were made either
with poly(e-caprolactone) (PCL) or poly(lactic acid) (PLA). We showed that the morphology
of the PCL nanofibers (bimodal distribution of the fiber diameter) led to a scaffold with a
strong relief. Despite, with PLA fibers which presented a monomodal distribution of the fiber
diameter, the obtained scaffolds were much flatter. It was possible to control the spatial
organization of bone-like cells MG-63 (osteoblasts), playing on the relief and the architecture
of the scaffold.

Subsequently, 3D materials were elaborated using micropatterned collectors in order
to open new paths for the development of filling materials for bone regeneration.
Microstructuration of PCL nanofibers (by the use of micropatterned honeycomb collector
during the electrospinning process) coupled with the self-assembling properties of the PCL
lead to the development of new 3D nanofibrous scaffolds, with controlled pore size and
porosity gradient in the thickness of the scaffold.

Afterwards, micropatterned composite 2D and 3D membranes were elaborated. By
coupling the process of electrospinning with the process of electrospraying on micropatterned
collector, we demonstrated that we can deposit the particles in a controlled way, especially on

the walls of honeycomb patterns thanks to the presence of a thin fiber layer first deposited on
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the collector. This thin nanofiber layer plays the role of an "electrostatic template” for the
particles deposition.

Thereafter, this technique was applied to develop bilayers composite nanofibrous
membranes containing PCL nanofibers and hydroxyapatite (HA) microparticles. These
membranes consisted of 21 different microarchitectures (bars, blocks, hexagons, maze) were
then incorporated into a small cell culture plate, thereby forming a new type of biochip for the
screening of nanofibrous architectures. Indeed, these biochips allowed the screening of
nanofibrous microarchitectures to identify the most relevant for bone regeneration. It turned
out that the HA hexagonal structures (with an average diameter of 300 microns) and circular
HA structures (with an average diameter of 150 microns) are the structures that enhance the
most the mineralization process of bone cells.

Finally, by combining simultaneously electrospinning nanofibers and electrospraying
particles on micropatterned honeycomb collector, 3D composite scaffolds were elaborated. It
was possible to control the size of cylindrical pores of these 3D composite from tens to

hundreds of microns by changing the size of the honeycomb patterns of the collector.
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Abbreviations, acronyms and symbols

AA Acetic Acid
Al Alginate
BSPII Bone SialoProtein II
C Concentration
Ca(OH), Calcium Hydroxyde
Cay0(PO4)s(OH) Hydroxyapatite
CHCl; Chloroform
CaCl, Calcium Chloride
DCM Dichloromethane
DMF Dimethylformamide
DW Deionized Water
EtOH Ethanol
FA Formic Acid
FDA Food and Drug Administration
GTA Glutaraldehyde
HA Hydroxyapatite
HFIP Hexafluoropropan-2-ol
H3;PO4 Orthophosphoric acid
OCN Osteocalcin
PBS

Phosphate Buffer Saline
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PCL Poly(e-caprolactone)
PDMS Polydimethylsiloxane
PEG Poly(ethylene glycol)
PEO Polyethylene Glycol
PFA Paraformaldehyde
PGA Polyglycolic Acid
PLA Poly(lactic acid)
PMMA Poly(methyl methacrylate)
PS Polystyrene
PVA Polyvinyl alcool
SEM Scanning Electron Microscopy
TFE 2,2,2-trifluoroethanol
Ty Glass Temperature
THF Tetrahydrofuran
Tm Melting point
& Resistivity
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GENERAL INTRODUCTION

Context:

Currently, global population is ageing and new health challenges have emerged. Indeed,
while in the past, people were dying of infectious diseases, nowadays, the number of chronic
diseases is increasing and has become responsible of health loss and death. Contrary to
infectious diseases which are cured by antibiotics, the chronic diseases should be cured by
regenerative approaches [1].

Among these chronic diseases, bone diseases represent a big challenge due to apparent
inability of bone to self-repair. Indeed, there is no effective therapy available and patients can
only be helped by surgical joint replacement. An inherent major concern is the limited
availability of autografts, which significantly reduces the number of treatable defects.
Therefore, tissue engineering for bone regeneration appears as the most promising alternative.

The term “Tissue engineering” was firstly used by Dr. Fung from California University
during the National Science Foundation Meeting in 1987 [2]. The official definition dates to
1988 and was published in 1988 by Skalak and Fox, after the Tissue engineering meeting held
in USA this year [3].

Tissue engineering refers to an “interdisciplinary field that applies the principles of
engineering and life sciences toward the development of biological substitutes that restore,
maintain or improve tissue function” [4]. In 1993, Langer and Vacanti introduced three
different strategies of tissue engineering [3] (Figure 1):

(a) The development of cell therapy : infusion of cells at the lesion place (like stem cells)

(b) The development of specific molecules (such as growth factor, small molecules which

promote several effects on the cells)

(c) The development of scaffold or matrices, which are placed at the lesion, and which

enhances and promotes the regeneration process.
While research has been made about cells and specific molecules, the degree of success of
tissue engineering is still highly dependent on the properties of the scaffold.
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Cells

Autologous x Heterologous

Differentiated x stem cells

Scaffold

W/ " Signalin
Bioactive
Molecules
Synthetic x natural conStrUCtS
Metals ‘ A Growth Factors
Ceramics Hormones
Small molecules
Polymers

Morphogenetic

ORI Al
Composites proteins

IRNA, etc

Figure 1: Tissue engineering strategies: As proposed by Langer and Vacanti [5, 6], tissue
engineering can be performed by different approaches. Combining cells, scaffolds and signaling

molecules can be the best association for tissue regeneration.

It is now very important to develop efficient biomaterials for bone regeneration.
Efforts have to be made on the Achilles’ hill of tissue engineering: the scaffold. The main
challenge relies upon the design of ideal scaffold/ synthetic matrices that can mimic the
structure and biological functions of the natural extracellular matrix.

The scaffold plays a key role as it must guide the cell growth, allow the synthesis of
extracellular matrix and other biological molecules and facilitate the formation of new
functional tissue. There are several basic and important requirements for the design of bone
regeneration scaffold. It should:

(a) Be biocompatible : the scaffold should not be rejected when it is put at the lesion

place

(b) Be biodegradable : it should degrade with the same speed (rate) than the new tissue

is growing

(c) Present good mechanical properties, near to the native mechanical properties of the

native organ

(d) Have a good porosity, which will allow nutrients intakes and cell penetration deeper

in the scaffold
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(e) Present functional character in order to enhance bone cells-scaffold interactions such
as adhesion, growth, migration, differentiation function, and bio-mineralization.
() Mimic well the structure of the native tissue
It is also well known that because the extracellular matrix is made of collagen nanofibers,
the scaffold must show specific fibrous morphology. Besides, one of the most promising
techniques to develop nanofibrous scaffold for tissue engineering is electrostatic spinning also
called electrospinning.

Electrospinning was invented and patented in 1902 by Cooley [7] and Morton [8].
This technology allows the production of nanofibers by the projection of a polymer solution
under a high electrical field in order to produce nanofibers with a diameter ranging from few
tens of nm to few microns.

Electrospinning was patented in 1934 by Formhals [9]. However, due the incapacity to
observe the obtained nanofibers, scientists were not interested by this technique.

It is only in the 1990’s that electrospinning was rediscovered. Renecker et al. showed
that electrospun fabrics are promising materials due to their high surface to volume ratio and
their capability to mimic natural tissues [10, 11].

Furthermore, this technique is applicable with any kind of polymer which can be
dissolved in a solvent or molten by heating. Therefore, electrospinning can be used in many
domains such as filtration [12, 13], protective clothes [14, 15], environmental engineering [16,
17], electronics [18, 19], and of course biomedical [20-22] and tissue engineering [23, 24].
For all these reasons, electrospinning presents a growing interest for researchers around the
world (Figure 2).
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Figure 2: Plot of annual research publications concerning electrospinning studies. Search data

from http://www.scopus.com, years 20002014, using “electrospinning” or “electrospun,” as

article title, abstract, or keywords.
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Structuration of electrospun nanofibers:

Many tissues or organs (heart, nerves, and skin) have a native complex structure and
bones are among them. Effective regeneration process of these complex tissues could only be
possible with scaffolds that are able to mimic as closely as possible the native structure of
these tissues.

Electrospinning is a very interesting technique in the field of tissue regeneration due to
its capability to structure the nanofibers from one dimension to three dimensions. Indeed,
while with a classical electrospinning setup, fibers are generally collected in a random way on
the collector (generally an aluminum foil), it is possible to structure the electrospun mat by
just changing the nature of the collector. Researchers have developed different kinds of
collectors in order to organize the nanofibers from simply aligned nanofibers to complex three
dimensional nanofibrous scaffolds [25]. Now, architectured electrospun scaffolds with
fibrous/ porous/ roughness morphology (from several nm to hundreds um length scales) can
be obtained. They are used in different fields of tissue engineering. Thanks to in vitro an in
vivo studies, the efficiency of these electrospun architectured scaffolds is evaluated. Despite,
very often, the influence of the electrospun scaffold morphology on cells behaviors is not very
well explained and understood.

This thesis seeks to elaborate and to study new kinds of micropatterned scaffolds
obtained by electrospinning process for bone regeneration applications. The control of the
architecture of electrospun scaffolds is explained. The influence of different micropatterned
electrospun structures on osteoblast cells behaviors such as spatial organization and
mineralization is studied.

The first chapter of this work is a review of all the methods existing to organize the
nanofibers from 1D to 3D dimensions with the electrospinning process. The effect of the
different forces acting on the fiber structuration during the process is explained.

In the second chapter, the elaboration of monocomponent micropatterned electrospun
scaffold is presented. The first part of this chapter deals with 2D monocomponent
micropatterned scaffolds. Thanks to photolithographic processes, micropatterned collectors
were obtained (block collector and honeycomb collector). Two kinds of biopolyesters were
then tested for the fabrication of the electrospun membranes. After optimization of the
electrospinning parameters, honeycomb electrospun scaffolds were elaborated either with
poly(e-caprolactone) (PCL) either with poly(lactic acid) (PLA). First, the effect of the fiber
morphology on the morphology at the scaffold’s length scale was discussed. Then, the
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influence of honeycomb structure of the electrospun scaffold on osteoblast cells organization
was showed. In the second part of the Chapter 2, elaboration of 3D monocomponent
micropatterned scaffolds is presented. We demonstrate that by using honeycomb collector and
the self-assembling properties of fibers, we were able to fabricate a new kind of 3D
electrospun scaffold. The mechanism of formation of such 3D electrospun scaffold is
explained. This scaffold has the particularity to present porous columns and porosity gradient
with controlled pore size, which could be useful for bone regeneration applications.

The third chapter deals with composites micropatterned electrospun membranes
elaborated with nanofibers (PCL, alginate or PLA) and microparticles (hydroxyapatite or
poly(ethylene oxide) (PEO)). In the first part of this chapter, we present a new kind of 2D
composite electrospun microstructured membrane. First, we explained the "electrostatic
template effect” leading to the local controlled deposition of particles on an electrospun thin
membrane deposited on a micropatterned collector. This kind of composite membranes were
used in a new device called a biochip. The biochip was dedicated for screening application for
bone regeneration. This device was made for testing different nanofibrous structures at the
same time. It was developed in order to find quickly which kind of architecture of the
nanofibrous membranes can induce the best bone regeneration process. Therefore, a biochip
was an on-chip small cell culture plate with 21 different wells. In each well, a specific
architecture made by PCL nanofibers and hydroxyapatite microparticles is included. The
smaller size of the biochip and the screening of the different micropatterned composite
electrospun membranes (located in each well) made this device a new tool for rapid diagnosis
in bone tissue regeneration. On the second part of the third chapter, we present new kind of
3D composite micropatterned membrane. These 3D composite construct were elaborated by
alternately electrospraying and electrospinning onto a honeycomb micropatterned collector.
We showed that these scaffolds presented cylindrical pores with an internal diameter that
could be tuned precisely from tens to hundreds microns. Tensile measurements showed good
mechanical properties of these scaffolds, promoting their use in tissue regeneration
applications.

Finally, general conclusions and perspectives of this work are presented.
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Contexte:

Actuellement, la population mondiale vieillit de plus en plus, et de nouveaux défis de
santé ont vu le jour. En effet, alors que dans le passé, les gens mouraient de maladies
infectieuses, de nos jours, le nombre de maladies chroniques augmente et est devenu le
principal facteur de déceés de la population. Contrairement aux maladies infectieuses qui sont
soignées par la prise d’antibiotiques, les maladies chroniques doivent étre soignées par des
approches régénératives [1].

Parmi ces maladies chroniques, les maladies osseuses représentent un important défi
en raison de lincapacité apparente de l'os a s’auto-réparer. En effet, il n’existe aucun
traitement efficace disponible a ce jour et les patients ne peuvent étre aidés que par des
arthroplasties chirurgicales. Une des préoccupations majeures qui en découle est la
disponibilité limitée des autogreffes, ce qui réduit considérablement le nombre de patients
traitables. Par conséquent, l'ingénierie tissulaire apparait comme la solution la plus
prometteuse pour la régénération osseuse.

Le terme «ingénierie tissulaire » a d'abord été utilisé par le Dr Fung de I'Université de
Californie lors de I'Assemblée National Science Foundation en 1987 [2]. La définition
officielle remonte a 1988 et a été publié en 1988 par Skalak et Fox, aprés la conférence sur
I’ingénierie tissulaire tenue aux Etats-Unis cette méme année [3].

L'ingénierie tissulaire se réféere a un "domaine interdisciplinaire qui applique les
principes d'ingénierie et de sciences de la vie afin de développer des substituts biologiques qui
peuvent restaurer, maintenir ou améliorer la fonction des tissus" [4]. En 1993, Langer et
Vacanti introduisent trois stratégies différentes en ingénierie tissulaire [3] (Figure 1):

(@) Le développement de la thérapie cellulaire: injection de cellules a I'endroit de la
Iésion (comme des cellules souches par exemple)

(b) La mise au point de molécules specifiques (tels que des facteurs de croissance, des
petites molécules qui favorisent différents effets sur les cellules)

(c) Le développement de scaffolds ou matrices, qui sont mis en place au niveau de la
Iésion, et qui améliorent et favorisent le processus de régénération.

Bien que beaucoup de recherche ait éte faite au sujet de la thérapie cellulaire et
également au sujet de 1’élaboration de nouvelles molécules spécifiques, le degré de succes de
I'ingénierie tissulaire dépends encore trés fortement des propriétés du scaffold qui est introduit

au niveau de la lésion.
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Figure 1 : Les stratégies en ingénierie tissulaire: Comme proposé par Langer et Vacanti [ 5, 6],
I'ingénierie tissulaire peut étre effectuée par différentes approches. Combiner a la fois la
thérapie cellulaire, I’utilisation de scaffolds ainsi que des molécules spécifiques peut représenter

la meilleure association pour parfaire la régénération des tissus.

Il est maintenant treés important de développer des biomatériaux efficaces pour la
régénération osseuse. Des efforts doivent étre faits en ce qui concerne le talon d’Achille de
I’ingénierie tissulaire, a savoir le scaffold. Le principal défi repose sur la conception du
scaffold idéal / des matrices synthétiques qui peuvent imiter a la fois la structure et les
fonctions biologiques de la matrice extracellulaire naturelle.

Le scaffold joue un réle essentiel car il doit promouvoir la croissance des cellules,
permettre la synthese de la matrice extracellulaire et d'autres molécules biologiques et
également faciliter la formation d'un nouveau tissu fonctionnel. Il y a plusieurs exigences
fondamentales et nécessaires pour la conception d’un scaffold dédié a la régénération osseuse.
Il doit :

(a) Etre biocompatible: le scaffold ne doit pas étre rejeté quand il est mis en place au
niveau de la lésion.

(b) Etre biodégradable: le scaffold doit se dégrader a la méme vitesse que le
nouveau tissu qui est en train de se former.

(c) Présenter de bonnes propriétés mécaniques, proche des propriétés mécaniques de

'organe qu’il vise a régénérer.
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(d) Avoir une bonne porosité, ce qui permettra lI'apport de nutriments et une
pénétration cellulaire plus profonde dans le scaffold.

(e) Présenter certains propriétés spécifiques afin d’améliorer les intéractions cellules
osseuses —scaffold telle que 1’adhésion, la croissance, la migration, la différenciation et la
bio-minéralisation.

(f) Bien imiter la structure native du tissu.

Il est également bien connu que la matrice extracellulaire est constituée de
nanofibres de collagéne. Afin d’optimiser le processus de régénération, le scaffold doit
présenter une morphologie fibreuse qui tend a mimer la structure fibreuse de la matrice
extracellulaire. L’une des techniques les plus prometteuses pour développer des scaffolds
nanofibreux pour l'ingénierie tissulaire est le filage électrostatique également appelé
électrofilage ou électrospinning.

L’¢lectrospinning a été inventé et breveté en 1902 par Cooley [7] et Morton [8].
Cette technologie permet la production de nanofibres par la projection d'une solution de
polymere sous un champ électrique élevé afin de produire des nanofibres ayant un diametre
allant de quelques dizaines de nm a quelques microns.

L’électrospinning a été breveté en 1934 par Formhals [9]. Toutefois, en raison de
I'incapacité des scientifiques a observer les nanofibres obtenues, ils ne se sont pas intéressés a
cette technique.

Ce n’est que dans les années 1990 que 1’électrospinning a été redécouvert. Renecker
et al. ont montré que les non-tissés obtenus par électrospinning sont des matériaux
prometteurs en raison de leur rapport élevé surface / volume ainsi que leur capacité a mimer
les tissus vivants [10, 11].

De plus, cette technique peut étre appliquée a tout type de polymere qui peut étre
dissous dans un solvant ou fondue par chauffage. Par conséquent, 1’électrospinning peut étre
utilisé dans de nombreux domaines tels que la filtration [12, 13], les vétements de protection
[14, 15], le génie environnemental [16, 17], I'électronique [18, 19], et bien sOr le domaine
biomédical [20-22] et I'ingénierie tissulaire [23, 24]. Pour toutes ces raisons, 1’électrospinning

présente un intérét croissant pour les chercheurs du monde entier (Figure 2).
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Figure 2 : Nombre de publications annuels concernant les études portant sur I’électrospinning
Recherche des données sur _http://www.scopus.com, années 2000-2014, en utilisant les termes
« electrospinning » ou « electrospun », comme titre d’article, de résumé, ou de mots-clés.

Structuration des nanofibres obtenues par électrospinning :

Beaucoup de tissus ou d'organes (tels que le cceur, les nerfs et la peau par exemple)
présentent naturellement une structure complexe. Les 0s sont également des tissus
naturellement structurés. Le processus de régénération de ces tissus ne peut étre efficace que
si les scaffolds employés sont capable de mimer le plus fidéelement possible la structure native
de ces tissus.

L’¢lectrospinning est une technique trés intéressante dans le domaine de la
régénération des tissus en raison de sa capacité a permettre la structuration de nanofibres
d’une dimension a trois dimensions. En effet, en utilisant un montage d’électrospinning
classique, les fibres sont généralement collectées de maniére aléatoire sur le collecteur (qui est
en général une feuille d'aluminium). Cependant il est possible de structurer le tapis de
nanofibres en changeant simplement la nature du collecteur. Les chercheurs ont développé
différents types de collecteurs afin d'organiser les nanofibres : ils ont pu réaliser a la fois des
fibres simplement alignées (1D) jusqu’a I’¢laboration de scaffolds 3D nanofibreux complexes
[25]. De nos jours, des scaffolds présentant des morphologies a la fois nanofibreuses,
poreuses et ayant une rugosité de surface ont pu étre obtenus. lls sont utilisés dans différents
domaines de I'ingénierie tissulaire. Grace aux études in vitro et in vivo, l'efficacité de ces
scaffolds architecturés obtenus par électrospinning a pu étre évaluée. Cependant, tres souvent,
I'influence de la morphologie du scaffold nanofibreux sur les comportements cellulaires n’est

pas bien expliquée et pas bien comprise par les chercheurs.
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Cette thése vise a élaborer et a étudier de nouveaux types de scaffolds micro-
structurés obtenus par le procédé d’électrofilage (ou électrospinning) pour des applications en
régénération osseuse. Le contréle de l'architecture des scaffolds nanofibreux est expliqué.
L'influence des différentes structures nanofibreuses sur les comportements des cellules
osseuses (telles que I'organisation spatiale et la minéralisation des ostéoblastes) est étudié.

Le premier chapitre de ce travail recense toutes les méthodes existantes pour
organiser les nanofibres d’une dimension a trois dimensions (1D & 3D) avec le processus
d'électrospinning. L'effet des différentes forces agissant sur la structuration de la fibre pendant
le procédé est expliqué.

Dans le deuxiéeme chapitre, I'élaboration de scaffolds micro-structurés nanofibreux
monocomposants est présentée. La premiére partie de ce chapitre traite des scaffolds 2D
monocomposants micro-structurés. Grace aux procédes de lithographie, des collecteurs micro-
architecturés ont été obtenus (des collecteurs plots et des collecteur en nid d'abeilles). Deux
types de biopolyesters ont ensuite été testés pour la fabrication des membranes nanofibeuses.
Aprés optimisation des parameétres d'électrofilage, les scaffolds en nid d’abeilles ont été
¢laborées soit avec du poly (e-caprolactone) (PCL), soit avec du poly (acide lactique) (PLA).
Premiérement, I'effet de la morphologie de la fibre sur la morphologie a I'échelle du scaffold a
été discuté. Ensuite, 1’influence de la structure en nid d'abeilles du scaffold nanofibreux sur
I’organisation spatiale des cellules osseuses a été étudiée. Dans la deuxieme partie du chapitre
2, I'élaboration de scaffolds 3D monocomposant micro-structuré est présenté. Nous
démontrons qu’a l'aide d’un collecteur en nid d'abeilles et grace aux propriétés d'auto-
assemblage des fibres de PCL, nous avons éte en mesure de fabriquer un nouveau type de
scaffold 3D par électrospinning. Le mécanisme de formation de ces scaffolds 3D est explique.
Ces scaffolds ont la particularité de présenter des colonnes poreuses avec une taille de pores
contrdlée et un gradient de porosité dans 1’épaisseur du scaffold, ce qui pourrait étre trés utile
pour les applications en régénération osseuse.

Le troisieme chapitre traite des membranes composites micro-structurées élaborées a
partir de nanofibres (PCL, alginate ou PLA) et de microparticules (hydroxyapatite ou poly
(oxyde d'éthyléne) (PEO)). Dans la premiere partie de ce chapitre, nous présentons un
nouveau type de membrane composite 2D micro-structurée. Tout d'abord, nous expliquons
I’effet de « template » électrostatique d’une fine membrane de nanofibres (électrospinnée sur
un collecteur micro-structuré) sur le dép6t contrdlé local de particules. Ce type de membranes
composites ont été utilisés par la suite dans un nouveau type de biopuce appelé biochip. Le

biochip a été congu pour réaliser du screening dans le domaine de la régénération osseuse. Ce
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dispositif permet de tester différentes structures nanofibreuses en méme temps. Il a été
développé dans le but de trouver rapidement quel est le type d’architecture nanofibreuse qui
permet d’induire le meilleur processus de régénération osseuse. De ce fait, le biochip est une
mini plaque de culture cellulaire constituée de 21 puits différents. Dans chaque puit se trouve
une membrane composite nanofibreuse faite de nanofibres de PCL et de microparticules
d’hydroxyapatite. Dans chaque puit, la membrane présente une architecture différente. La
taille réduite de ce biochip et le fait qu’il permette de tester un grand nombre de structures
nanofibreuses en méme temps ont fait de ce dispositif un nouvel outil de diagnostic rapide
dans le domaine de la régénération du tissu 0sseux.

Dans la deuxieme partie du troisieme chapitre, nous présentons nouveau type de membrane
3D composite micro-structurée. Ces scaffolds 3D composites ont été élaborés en réalisant
alternativement 1’électrospinning de nanofibres et 1’électrospraying de microparticules sur des
collecteurs micro-structurés en nid d’abeilles. Nous avons montré que ces scaffolds
présententt des pores cylindriques avec un diamétre intérieur qui peut étre de quelques
dizaines a quelques centaines de microns. Des mesures en traction ont permis de mettre en
évidence les bonnes propriétés mécaniques de ces scaffolds, favorisant ainsi leur utilisation
dans des applications de régénération tissulaire.

Enfin, les conclusions générales et les perspectives de ce travail sont présentees.
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Chapter 1: An introduction

to organized nanofibers :

from 1D to 3D
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1. Electrospinning process

1.1 Electrospinning theory

Electrospinning is a way of obtaining nanofibers that can be used with a wide variety of
polymers. Applying the electrostatic force for drawing a pendant droplet of polymer solution, to
form fibers in sub-micron scale, is the electrospinning theory. In fact, the polymer solution is
placed in a syringe connected to a needle. An automatic pump feeds the polymer solution into the
metallic needle. A drop of polymer solution is suspended from the needle tip which is in contact
with a high voltage electrode. The electric charges overcome the surface tension and a jet of
solution is ejected at high velocity (Figure 3). In 1969, Taylor presented his theory about the
behavior of pendant polymer droplet at the end of the spinning capillary [26]. In fact, Taylor
determined that in order to balance the polymer solution surface tension with the electrical forces,

a cone angle of 98.6° (49.3° between the cone axis and the cone apex) is essential (Figure 4).

Syringe

Polymer solution Taylor cone

pOR— |
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. / Collector

Figure 3 : Electrospinning set up (Reproduced from [27])
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Figure 4: Taylor Cone [28, 29]

During the process, the jet passes through the distance between the needle and the second
electrode, which acts as a collector. Between the two electrodes, the jet is stretched by two
combined phenomena: first, the repulsion between the positive charges and second, the strong
attraction of the collector. Although the setup of the electrospinning device seems simple, its
principle is rather complicated. Until 1999, most of researches thought that the repulsion between
the charged polymer charges was the reason of splitting and splaying of the polymer solution and
theirs ultrathin structure formation [30] [31]. Recent studies show that the bending instability of
electrified jets is the main reason of thinning of jet during their transition from spinneret to
collector [30].

Figure 5-a shows the picture of an electrospun jet and Figure 5-b shows the conical
shape of a single electrospun jet. Obviously, it can be seen that the jet, at first, is a straight line
and then becomes unstable. The picture 5-b demonstrates that the conical region in

electrospinning process contains only a single, rapidly bending or whipping fiber [31].
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—1cm —2cm

Figure 5 : a) Conical instability of jet; b) Single jet ( from [31])

The high frequency of whipping makes impossible to see the single jet with conventional
cameras and gives impression that the initial jet divides and splits into multiple branches as they

move forward the collector.

1.2 Electrospinning setup

Technically, electrospinning is a relatively simple spinning process that could be used

with a large range of polymer solutions. A simple electrospinning device is composed of:

» A high voltage system
» Apump
» A metallic needle
» A syringe
» The feeding tubes

» A metallic collector
The high voltage system should prepare the electrical field in the range of 1kV/cm. Normally, a
metallic needle is used as electrospinning capillary, although there are some electrospinning
systems which used more than one needle and are called multi jet electrospinning. The feed rate
of pumping must be controllable with a high precision and adapted with the rate imposed by the

electric field. For the feeding tubes, it is better to use the Teflon tubes to avoid the reaction
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between tube and polymer solution. The metallic collector may be of various shapes, flat,
circular, tubular, and it can be static or rotary.

Other set ups were also designed and built to increase the production rate. For example
needleless devices were developed to improve the electrospinning productivity, such as the one
supplied by Elmarco Company (Figure 6).

REREISPIder

Figure 6: Needleless electrospinning system presented by Elmarco Co.

1.3 Electrospinning parameters

It is very important to optimize the electrospinning process conditions to obtain
homogeneous electrospun nanofibers in a reproducible way. A large number of researchers have
focused their studies to investigate the parameters that affect the homogeneity and reproducibility
of electrospinning process. The major known defects which occurred in electrospinning process
are:
branched nanofibers

beaded nanofibers

vV V VY

buckled nanofibers

» flat (ribbon like) nanofibers
Different parameters affect the electrospinning condition which could be classified in three
general categories. Generally, researches sorted these parameters by following order:

» Polymer solution parameters (such as: concentration, viscosity, molar mass, surface

tension, conductivity and the ions addition)
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» Process parameters (such as: applied voltage, distance, feed rate, polarity, needle
properties)
» Ambient parameters (such as: temperature, humidity)
Optimization of these parameters leads to product defect-free electrospun nanofibers. Moreover,
by understanding and controlling the influence of these effective parameters on nanofibers
properties, it will be possible to create targeted electrospun nanofibers in term of morphological
and physical properties. All three mentioned categories consist of different parameters which will

be described.

The concentration, the viscosity and the molar mass

Concentration is one of the most important parameter which affects electrospun
nanofibers properties. The effect of this parameter was studied for many polymers (PCL [32],
PLA [33], PEO [34], PA-6 [35], silk [36], PMMA [37], PVA [37]). It is in general one of the first
parameter that is varied to optimize the morphology of the nanofibers. The investigation of the
effect of polymer solution concentration on beading during electrospinning shows that by
increasing the solution concentration, the amount of beads disappear and the average diameter of
the fibers increases. Also, the shape of the fibers appears to be more elongated [35]. By
increasing the concentration of the polymer solution, the viscosity of the solution increases too.
The polymer solution viscosity has same effect as the polymer solution concentration on
electrospun nanofibers. By increasing the viscosity, beads and beaded fibers disappear and the
diameter of the fibers increases [38]. Furthermore, for a given concentration, the viscosity of the
solution also increases with the molar weight of the polymer. The relation between the intrinsic
viscosity [n] and the molar weight My, is given by the Mark—Houwink equation, also known as
the Mark—Houwink—Sakurada equation:

[n] = KMy*

The polymer chain entanglements insure the stability of the electrospun jet and prevent
the droplet formation and consequently control the morphological properties of resultant
nanofibers, such as beading, branching and diameter uniformity [39]. In fact, it was demonstrated
that the fiber morphology, and thus the electrospinning regime, depends on the product of the
intrinsic viscosity and the solution concentration [n]C (Figure 7) [40-42] . The product [n]C is

equivalent to the ration C/C*, where C* is the critical chain overlap concentration, i.e the cross-
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over concentration between the dilute and semi-dilute regimes [41]. A decrease of [n]C directly
relates to a decrease of the viscosity of the solution and thus a reduction of the fiber diameter.
They showed that in case of dilute system, when [n]C< 1, PCL could only be electrosprayed:
there are not enough entanglements between the polymers chains and therefore, instead of
forming nanofibers, particles are formed and electrospinning becomes electrospraying.
Furthermore, for their studied PCL solutions in acid solvents, Lavielle et al. [40] demonstrated
that for 1< [n]C< 3, the solution was defined as being in the range of semidilute, unentangled
regime, leading also to only electrospraying. Finally, for [n]C> 3, which was considered as the
entrance of the semidilute, entangled domain, their PCL solutions led to beaded fiber formation.
Only higher degree of entanglements in the PCL solution led to form bead-free fibers ([n]C> 10).
However, nanofibers could be obtained until the product [n]C < 21, otherwise, the solution was
too viscous to produce fibers under the applied electrospinning conditions. Such electrospinning
regimes are always observed, however, the critical values of [n]C which bounded the regimes

strongly depends on the polymer-solvent system.
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Figure 7: Variation of fibers average diameter with [n]*C (m): zone 1: electrospraying, zone 2:
beaded electrospun fibers, zone 3: bead-free electrospun fibers and zone 4: no electrospinning.

Equation of power law dependency (==): diameter = 4.2 ([n]*C)1.5 (R2 = 0.92) from [40].
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The voltage
The effect of the electric field on the processability and on the electrospun nanofibers

morphology was one of the most studied parameters. The voltage is one of the most primordial
parameter of the electrospinning process since the voltage allows the formation of the Taylor
cone and the ejection of the solution at high velocity. Indeed, the electrospinning only happens
when the electrical charges at the surface of the droplet overcome the surface tension of the
solution. The voltage should overcome a threshold value so that the Taylor cone could be formed.
But in the same time, the voltage should not be too high to not make the Taylor cone instable.
Indeed, if the stability of the Taylor cone is not guaranteed, then an intermittent jet could appear,
leading to the formation of beaded fibers. For example, Deitzel J. M. et al. demonstrated the
effect of applied voltage variation on the shape of the Taylor Cone [43] in the case of poly
ethylene oxide (PEO) dissolved in water. They concluded that above a critical electrical field, the
shapes of origination jet are significantly changed and these changes correspond to an increase in
amount of beaded nanofibers.

The surface tension

The surface tension of a polymer solution depends on the solvent properties. The surface
tension plays a key role on the Taylor cone shape and therefore the initiation of the jet but also on
the diameter of the fibers. In general, a high surface tension prevents the electrospinning process,
makes irregular Taylor cone shape, creating instabilities of solution jet during the process and
therefore beaded fibers. Conversely, studies show that by reducing the polymer solution surface
tension, the nanofibers could be produced without beads and the average diameter of nanofibers
increases [35, 38].

Different ways were presented to change the polymer solution surface tension. For
example, addition of solvent with a low surface tension helps formation of smooth nanofibers.
Another way to decrease the surface tension is to add surfactant to the solution. It was found that,

the addition of surfactant helps to produce more uniform nanofibers [44].
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The conductivity and ions addition

The charged ions in the polymer solutions have a great influence on the jet formation.
The existence of ions increases the charge carrying capacity of the jet and creates higher tension
with applied electric voltage [45].

The addition of ions can change the conductivity of the polymer solution. It has been
found that the polymer solution conductivity mainly affects the morphology of the fibers by
decreasing the average of their diameter [46]. Beachley V. and Wen X. [32] reported that by
increasing NaCl concentration in polycaprolactone, a decrease of nanofibers diameter was
observed and beaded fibers were produced only when NaCl was not present in the polymer
solution. Similarly, Mit-Uppatham C. et al. have investigated the effect of solution conductivity
on nanofibers diameter; they found that by increasing the polymer solution conductivity, the

average of nanofibers diameter decreases significantly [35].

Needle tip-to-collector distance

The most important aspect of this parameter concerns the evaporation of solvent during
electrospinning process. To obtain defect free electrospun nanofibers, a sufficient residence time
between the needle tip and the collector is essential for an efficient evaporation of the solvent.
This residence time is determined by the needle tip-to-collector distance.

Figure 8 demonstrates the effect of the needle tip-to-collector distance on the morphology of
electrospun SLPF (Silk Like Polymer Fibronectin functionalized) [47]. Two different structures
from two different distances were obtained. For Figure 8-a, the needle tip-to-collector distance
was 2 cm and for Figure 8-b was 0.5 cm. By applying a larger distance between needle tip and
collector the evaporation time increases and the electrospinning process leads to produce fibers
(Figure 8-a), but the smaller distance does not allow a complete evaporation of the solvent

leading to fiber fusion (Figure 8-b).
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Figure 8: Deposition distance morphology of SLPF fibers a) with a distance = 2 cm; b) with a
distance =0.5 cm ([47])

Feed rate

For a given applied voltage, an increase in feed rate increases the nanofibers diameter
[33]. Touny A. H. et al. investigated this effect on poly(lactic acid) (PLA) electrospun nanofibers.
They showed that a decrease in the polymer solution feed rate leads to decrease the nanofiber
diameter. Another advantage of decreasing the feed rate is the complete evaporation of solvent
from nanofibers and the reduction of the beading problem. Therefore, lower feed rate is more
desirable for defect free nanofibers [33]. In the same time, a minimum of feed rate is essential to
maintain the Taylor cone shape during production. Higher feed rate provides more polymer
solution volume than needed and further increase leads to projection of polymer solution droplet

toward the collector.

Collector
Collector design and composition are the most important parameters to determine the
nanofibers organization. The different methods to structure the nanofibers from aligned fibers to

complex 3D structures are explained in details in the second part of this chapter.
Temperature

The change in polymer solution temperature can make the changes in solution properties

such as viscosity, surface tension and conductivity. The changes in these parameters, as
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mentioned before, affect the electrospinning process and electrospun nanofibers morphology
[35].
Humidity

It is well known that humidity plays a key role on the production stability during
electrospinning. The effect of humidity largely depends on the polymer/solvent system.
Electrospinning in very low humidity makes clogging in the needle and thus prevents the
polymer solution jet formation.

Humidity affects the evaporation speed of the solvent. As an example, for aqueous
polymer solutions, humidity affects the drying of electrospun nanofibers. Tripanatasuwan et al.
noticed that by increasing humidity during the electrospinning of poly(ethylene oxide) (PEO) in
water, a decrease of the evaporation rate from the fluid jet is observed, which allowed the
charged jet to remain fluid, to continue to elongate and to become thinner [48]. In the same
interval, the surface area increased and the charge per unit area on the surface decreased.
Capillary instabilities were developed creating thin fiber segments between beads with diameter
larger than the fibers. In another study, Casper C. L. et al. demonstrated that the amount of
humidity affects the surface morphology of electrospun polystyrene (PS) fibers [49]. The
polystyrene was dissolved into tetrahydrofuran (THF). Electrospinning in an atmosphere of less
than 25% humidity produced smooth fibers without any surface features. When the humidity is
above 30%, pores begin to be formed on the surface of the fiber. Increasing the amount of
humidity causes an increase in the number of pores on the surface, the pores diameter, and the

pores size distribution (Figure 9).
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Figure 9: FESEM micrographs of 190 000 g/mol PS/THFfibers electrospun under varying humidity:
(a) <25%, (b) 31-38%, (c) 40-45%, (d) 50-59%, (e) 60-72%. ([49]).

They explained the pore formation by two phase separation processes: thermally induced and
vapor phase separations. Vapor induced phase separation involves the penetration of a non-
solvent vapor causing phase separation of the polymer solution. In their case, water is the non-
solvent, which induces the phase separation of the homogeneous mixture of PS and THF. They
claimed also that the rapid evaporation of the solvent when the jet is being projected from the
needle thus making thermally induced phase separation a viable explanation for pore formation as
well. In the case of PS fibers in THF, the phase separation process occurs by the mechanism of
spinodal decomposition (SD), thus creating closed pores. Spinodal decomposition is opposed to
the other mechanism of phase separation, the nucleation and growth (NG) which leads to an

interconnected pore structure.
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2. Organized assembly of electrospun nanofibers: from 1D to 3D

Chapter IX of the Book entitled ‘Electrospinning, Principles, Practices and
Possibilities’, under press, 2014

ISBN 13: 9781849735568, ISBN 10: 1849735565, 2014.

Salima Nedjari, Anne Hébraud, Guy Schlatter

Abstract:

Although electrospinning is well-known as a process able to produce non-woven mats,
researchers have shown from the beginning that fiber alignment can be easily achieved. Indeed,
when the charged electrospun jet is landing on a collector with a sharp corner, alignment occurs
thanks to favourable electrostatic forces. Starting from these observations, researchers have
exploited the versatility of the process to assemble the nanofibers and produce mats with 1D, 2D
and even 3D organized architectures. In this objective, they have manipulated electrostatic,
magnetic or mechanical forces and adapted the standard electrospinning set up to control the
organisation of nanofibers, or taken advantage of the self-assembly of the nanofibers under

certain conditions.

The aim of this chapter is to present the mechanisms driving the assembly of electrospun
nanofibers. It highlights recent applications proving that the building of complex nanofibrous
architectures is an active research field in many areas. In the first part, we will describe the
different possible ways allowing an efficient 1D fiber alignment. Then, we will show in the
second part that the previous concepts are generalizable to elaborate 2D fibrous structures.
Furthermore, a new strategy is also presented to produce 2D structures by self-organisation. In
the last third part, we will show that electrospinning can eventually lead in the building of 3D

nanofibrous constructs with controlled pore size.
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2.1 Fiber Alignment

2.1.1 Electrostatic Forces

Aligned electrospun nanofibers can be obtained by manipulating the electrostatic forces
that act on the charged jet. Thus replacing the plane collector by a specially designed one has an

effect on the electric field at the vicinity of the collector.

The use of a rectangular collector [50, 51] (Figure 10-a) or of a collector consisting of two pieces
of electrically conducting substrates separated by a gap [52, 53] (Figure 10-b) or an insulating

substrate [54] results in the alignment of the electrospun nanofibers.

Figure 10: a) Alignment of electrospun nanofibers over a rectangular frame electrode of 2 x 6 cm,

reproduced from ref. [50] b) Nanofibers aligned between two conducting silicon stripes, Reprinted

with permission from [52].

2.1.1.1 Mechanism of alignment

The charged electrospun jet is subject to two kinds of electrostatic forces: forces induced
by the external electric field and coulombic interactions between the landing jet and the collector
or the already deposited nanofibers. Thus the landing fiber will first follow the direction of the
electric field lines towards the two electrodes and will land across the gap (Figure 11). Then the
induced image charges created at the surface of the grounded electrode by the highly charged

fiber will generate coulombic attractive forces between the fiber and the oppositely charged
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electrode, stretching the fiber across the gap with perpendicular orientation. Finally, because the
middle part of the fiber suspended over the gap remains highly charged, it will induce repulsive
coulombic interactions with the subsequent landing fibers and enhance the alignment between

them. Thus after a few seconds of deposition, an improvement of the alignment is observed [55].
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Figure 11: (A) Schematic illustration of an electrospinning setup with two conducting silicon stripes
separated by an air gap. (B) Calculated electric field strength vectors in the region between the
needle and the collector. The arrows denote the direction of the electrostatic field lines. (C)
Electrostatic force analysis of a charged nanofiber spanning across the gap: the electrostatic force
(F1) resulting from the electric field and the Coulomb interactions (F2) between the positive charges
on the nanofiber and the negative image charges on the two grounded electrodes.

Reprinted with permission from[52] .

2.1.1.2 Influence of the experimental conditions on the alignment

As alignment of the nanofibers is here exclusively due to electrostatic forces, the relevant
parameters to obtain the best possible alignment should have either an influence on the geometry
or intensity of the electric field or on the charge density of the landing fiber and already deposited

ones. Several parameters play a role in the electric field shape and magnitude.
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Besides the voltage, the gap width has a great influence on the local electric field direction
and intensity. Indeed, the magnitude of the transversal electric field Ex at the metal edge increases
dramatically with the gap width, until the distance between the electrodes is approximately equal
to the distance between the needle and collector and then further decrease for larger gaps [54].
However, at the same time, the spatial extent of the stretching forces due to Ex decreases with
increasing gap width and while it acts on the whole fiber for gaps lower than 1 mm, efficiently
enough to lower the fiber diameter, on the contrary, it only stretches the end of the fiber at the
vicinity of the electrodes for gaps larger than 1 cm. Thus an optimal distance is observed of
around 1 cm depending on the experimental conditions, for the best alignment of the fibers [51,
54, 56] .

The intensity of the transversal electric field also increases with the electrical permittivity
of the electrodes and according to Yan et al.[53], it is difficult to get aligned nanofibers when the
relative permittivity of the collector is below 5. For example, fibers could be aligned between
ferrite electrodes (g,=12, Figure 12-b and 12-d) while a random mat was obtained when using

epoxy electrodes (¢,=4, Figure 12-a and 12-c).

Figure 12: a) and b) Digital camera Images of prepared nanofiber meshes using epoxy and ferrite as
the collectors, respectively. ¢) And d) are optical micrographs of a) and b) respectively. Reprinted

with permission from [53].
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As for the charge density of the electrospun nanofibers and mats, it is influenced by the
relative humidity, the electric permittivity of the polymer solution or the conductivity of the
insulator between the electrodes. The water molecules in air promote fiber discharging, leading to
a decrease of the residual charges on the nanofibers and of the coulombic electrostatic repulsion
between fibers. So at high relative humidity, the degree of orientation is reduced [57, 58].

The permittivity of the solvents has also a direct impact on the surface charge density of
the fibers. Indeed, increasing the solvents permittivity induces higher charge density, and thus
stronger coulombic interactions, resulting finally in a higher degree of orientation. As an
example, Zhang et al.[59] have electrospun poly(e-caprolactone (PCL) and D,L-poly(lactic acid)
(PDLLA) in a mixture of THF (¢=7.4) and DMF (&=36.2) and have observed better alignments
for higher DMF/THF ratio i.e. for higher electric permittivity of the polymer solution.

Finally, when using a void gap between electrodes, thinner fibers (inferior to 150 nm in
diameter) usually break because they are not enough strong to support their own weight and the
repulsion forces between them. To avoid this problem, collectors composed by two conducting
strips on an insulating substrate have been used [54, 55]. In this case, alignment of the nanofibers
also improves with the insulator resistivity. This confirms the role on the alignment of the fibers,
of electrostatic repulsion forces due to residual charges on the deposited fibers across the

insulating substrate.

2.1.1.3 Limits of the process

One of the limits of the process is the length of the aligned nanofibers. Indeed, nanofibers
align between two electrodes and, as already discussed, the alignment efficiency decreases at
large gap width. To our knowledge, the longest aligned fibers using this process in literature were
reported by Rafique et al .[60], who were able to align nanofibers on length as big as 25 cm.
Another solution to this problem was proposed by Katta et al .[61] who used a drum composed of
parallel copper wires assembled by two plexiglas disks which rotates very slowly (1 rpm). In this
case, the nanofiber is attracted by the copper-wire nearest to the needle and because the drum is
slowly rotating, the next copper wire attracts the nanofibers which stretch perpendicular to the
copper wires to span the gap between them. Another limit of the process is the deposition time.

Most of the studies of fiber alignment by electrostatic forces were done on short deposition time.
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Indeed alignment is lost after long deposition times [61], certainly due to the accumulation of
charges on the whole mat and the modification of the electrostatic fields at the vicinity of the
collector after thick mats have been formed.

In conclusion, using electrostatic forces to align electrospun nanofibers is a facile and
versatile method as it takes advantage of the high electric charge density of the electrospun jet.
Moreover, this method can have a small impact on the morphology of the fibers as in specific
cases (gap lower than 1 mm), it can decrease their diameter [54] or align polymer chains parallel
to the fiber axis [62].

2.1.2 Magnetic Forces

Magnetic forces can also be used to align nanofibers, either by taking advantage of the
fact that the fibers are electrically charged, and thus are subject to Lorenz forces [63], or by

addition of magnetic Fe,O3 nanoparticles inside the polymer solution [64, 65].

2.1.2.1 Electrospinning using magnetic collectors: application of
Lorenz force

Liu et al. [63] were able to align nanofibers with very good efficiency by adding two
magnets on both sides of a plane aluminium collector, separated from the collector by thick
insulators. In this case, the charged jet, moving inside the magnetic field, is subject to radial
Lorenz forces that tend to align the nanofibers in the direction of the magnetic field. The
nanofibers moreover became more uniform, with less branching and a slightly reduced diameter
under magnetic field, compared to nanofibers electrospun in the same conditions in the absence
of magnets. The magnetic forces seem to reduce the jet instability and increase the velocity of the
jet reaching the substrate.

Finally, Magnetic-Field-Assisted Electrospinning (MFAE) enables the alignment of nanofibers
over long deposition times, whereas alignment gradually disappears when parallel auxiliary

electrodes are used.
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2.1.2.2 Electrospinning using magnetics or paramagnetic Particles in

the polymer solutions

In order to reinforce the influence of the magnetic field on the electrospun jet, it is
possible to add a small amount of Fe,O; magnetic nanoparticles (less than 0.5 %) in the polymer
solution [65]. This solution is then electrospun between non conducting magnets, placed on a
grounded aluminium plate, forming nanofibers suspended between the two magnets, parallel to
the magnetic field lines. The same polymer solution without magnetic nanoparticles does not
align between the magnets, but deposit as a random mat on the aluminium plate, confirming the
role of the magnetic field in the alignment. Finally, the addition of a larger quantity of magnetic
particles (25% of the solid content) in the polymer solution enabled the fabrication of aligned
ferrite nanofibers by electrospinning and removal of the polymer by oxygen plasma treatment
[64].

2.1.3 Mechanical forces

Mechanical forces have been used to align nanofibers, collecting the electrospun jet onto a

rapidly moving surface.

2.1.3.1 Mechanism of alignment as a function of collector velocity

Matthews et al. [66] used a rotating cylinder to collect collagen nanofibers (Figure 13-a).
They showed that the velocity of the rotating cylinder is crucial to obtain aligned fibers. Indeed,
at low velocity, the collected mat still has a random structure due to the jet whipping movements,
while at higher velocity, the fibers are aligned perpendicularly to the axis of rotation (Figure 13-
b and Figure 13-c). The critical tangential velocity of the drum, at which the fibers start to be
aligned, should be equal to the velocity of the landing nanofibers jet. The nanofiber velocity, vz,
can be estimated from mass balance [67], relating the weight of the polymer fibers collected
during a short time with the infuse rate of the polymer solution by the syringe pump:

Vi=4Q ¢v/ (7D?) 1)

were Q is the syringe pump infusion rate, ¢y is the polymer volume fraction in the solution and D

is the landing fiber diameter.
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However in some cases, when the applied voltage and infusion rate are high, the
calculated nanofibers velocity is so high (even higher than the sound velocity) that one must
assume that multiple filaments with lower velocity are landing on the collector [67]. These
multiple filaments can be the result of the ejection of several jets from two or more Taylor cones
at the same time, or from branching of a single electrospun jet [68].

Finally, when the collector velocity increases, after an optimum alignment, wavy fibers can be
observed, probably due to a turbulent air flow near the surface of the collector [69] (Figure 13-
d).

1200rpm 10.0kV 5.4mm x2.00k SE(U) 1/8/04

Figure 13: FE-SEM micrographs of electrospun fiber mats at various surface velocities: (a) 4.3 m/s,
(b) 8.6 m/s, (c) 12.9 m/s), and (d) 17.2 m/s. Reprinted with permission from [69].

At high velocity of the collector surface, the nanofibers are subject to mechanical forces that
stretch them, thereby decreasing their diameter [69, 70]. Moreover, the stretching forces acting on
the fiber also modify their structure. Indeed, changes in the orientation of polymer crystals in the
fibers, necking with the development of fibrillar structures or even breakage have been observed
[71-73].
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2.1.3.2 Limitations and strategies to improve alignment

Mechanical alignment by using a simple rotating drum is most of the time not perfect [74,
75], as a result of the whipping movements of the landing nanofiber leading to its random
orientation just before landing on the collector. To achieve a higher degree of alignment, different
strategies have been employed, that aim at reducing or suppressing the whipping movements. The
whipping movements are due to a bending instability [76] that develops due to the presence of
free charges at the surface of the jet, and their interaction with the external electric field. Hence, it
is possible to reduce or suppress it either by decreasing the presence of charges at the surface of

the jet, or by modifying the external electric field.

Decreasing the presence of charges at the surface of the jet can be done by choosing very pure
solvents with low dielectric constants. It was shown that electrospinning PEO in HPLC grade
CHCI; rather than water, allow the suppression of the whipping movements and the collection of
highly aligned fibers [77]. On the contrary, adding organic salts to this PEO in CHCI3 solution
results in the appearance of the bending instability and poorer alignments of the fibers. Another
way to reduce the global amount of free charges at the surface of the electrospun jet is to use an
AC potential instead of a DC potential. By using this technique Kessick et al. [78] observed a
significant reduction of the bending instability and the deposition of much better aligned
nanofibers on a collector, compared to those collected under a DC potential.

A good control of the electric field can also permit the suppression of the whipping movements.
For example, the fibers were collected on the edge of a rotating disc leading to focusing of the jet
and diminution of whipping movements near the collector [79] (Figure 14-b).

Nanofibers were also collected on thin copper wire electrode winded around an insulating
cylinder, producing bundles of highly aligned nanofibers [80] (Figure 14-c). However the use of
a thin disc or a thin copper wire as a collector leads to membranes with small areas, which could
be a problem for some applications.

Another similar strategy to control the electric field and reduce the whipping movements is to use
of an auxiliary electrode placed inside [81] (Figure 14-d), or just behind the rotating drum [82]
(Figure 14-e), at an electric potential opposite to the one of the electrospinning nozzle. In this
last case, the whipping movement is completely suppressed, and the jet follows a straight electric

field path toward the auxiliary electrode. The auxiliary electrode can then be moved along the
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drum during the process in order to collect fibers on the whole area of the drum. The fibers
collected on the drum during the first moments are uniform with uniform spacing, on the order of
5 to 30 um depending on the electric charge on the fibers that repel each other’s.

Kiselev et al. [70] (Figure 14-f) have used a low electric field near the tip of the needle and at
low liquid flow rate; they were able to produce single filament electrospinning, thus allowing the
precise matching of the velocity of the collector and the jet production. Furthermore, they have
added an electrode plate, positioned behind the electrospinning emitter in order to render the

electric field more uniform and to limit whipping movements.

57



CHAPTER 1: AN INTRODUCTION TO ORGANIZED NANOFIBERS: FROM 1D TO 3D

Electrode for Sofution Charging
Polymer Solution
Reservoir \
N”Z?JB\ High Veltage Source
Polymer Jet/Fiber +
< R
Mandrel

d)

b) c)

Syringe
~— Pendant Drop

g
\ nverte
 0=26.61 K( Cone
mm| \ —
0 <

= I sh
T arpened Edge
o

Rotating Disk
Collector

Axis

Callector Negative syringe pump
Electrode /
1

() solution from — -Diﬁo—ln

syringe pump =} |
] N\
Lt

Figure 14: Different electrospinning setups with rotating collector. From a) Reprinted with
permission from Matthew et al. [66]. b) From Theron et al. [79]. c) Setup of Bhattarai et al. [80]. d)

Reprinted with permission from Sundaray et al. [81]. ) Reprinted with permission from Carnell et

al. [59]. f) Reprinted with permission from Kiselev et al. [70]
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2.2 2D Patterned Nanofibrous Membranes

2D patterned complex nanofibrous membranes have been prepared by using the same
approaches as described for 1D assemblies. They can be formed by stacking of the 1D aligned
nanofibers, or by precise local control of the previous forces. Moreover, a new strategy has

emerged recently that uses self-assembly of the nanofibers during electrospinning.

2.2.1 2D Composites formed from 1D aligned fibers

The easiest way to obtain 2D controlled assemblies of nanofibers is to produce several
independent layers of uniaxial aligned fibers, using one of the methods previously described and
to stack them with different orientation or positions. This can be done, either by transferring the
aligned fibers on a support [65], or by depositing them onto a thin film, that can be turned in

another direction before depositing the new layer of aligned nanofibers [82, 83].

Composite structure made of multilayers of aligned fibers can be used in tissue
engineering for example. They combine the advantage of alignment of nanofibers, which has
shown to favour cell proliferation and induce the formation of anisotropic tissues such as the
cardiac muscle [84] or guidance for neural tissue engineering [85], with increased mechanical

properties in all directions [86].

When using electrostatic forces, different pairs of electrodes can also be used, that are
alternately grounded for a few seconds, changing the alignment orientation of the nanofibers
from one layer to the other [55] (Figure 15). This approach can be generalized for 2D structures

for the fabrication of more complex architectures.
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Figure 15: Gold electrodes patterned on a quartz substrate. The electrode pairs of 1-4, 2-5 and 3-6
were sequentially grounded for 5 s to collect alternating layers with the orientations of their fibers

rotated by ~ 60°.Reprinted with permission from [51].

2.2.2 Complex 2D patterned membranes by precise control of electrostatic
forces

As described in part 2.1, electrostatic forces can be manipulated in order to control the

deposition of the nanofibers by designing collectors with particular geometry or different local
dielectric properties. This concept has been employed for the preparation of aligned nanofibers
mats but can be generalised to more complex 2D patterns. Hence, electrospinning has been
performed on various macroscopic substrates, such as metallic grids [87] or the knit pattern of a
fabric mesh coated with a conducting gold layer [88]. In these cases, most of the nanofibers
deposited on the conducting structure that play the role of a template [89], with some fibers
aligned in between.
In order to control the 2D architecture of the electrospun membranes on a smaller scale, various
type of collector with micropatterns were designed and prepared by photolithography [83, 90],
thermal evaporation [57] or other microfabrication techniques [91]. The effect of the geometry of
the substrate: conducting protusions on conducting surfaces [91, 92] and the impact of local
differences in electric permittivity of a flat substrate [57, 83] on the structure of the membrane
were studied.

When protusions are present on a conducting collector, the electric field at the vicinity of
the collector is modified. For truncated pyramidal protusions, a simulation was performed

showing that the electric field was higher at the top of the pyramid than in the valley, leading to a
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selective deposition on top of the pyramid [91] during the first moments. However, the selectivity
of the deposition decreases with time as the deposited fibers mat accumulates charges and
becomes repulsive towards incoming fibers, forcing them to land between the protusions. Thus,
after a few minutes fibers are deposited on top of the protusions as well as in the valleys provided
that spacing between protusions is large enough to allow for fibers deposition in-between. In the
case of protusions, close enough to each other, fibers deposit on the top of protusions with
aligned fibers suspended between adjacent ones. It has been shown for conducting cylindrical
blocks, that the spacing L between blocks had to be lower than 3 times their height H for the
fibers to align between blocks [90]. For L>3H, fibers are deposited on top of the plots and in the
valley with fibers suspended from the top of the plots to the bottom in the form of a tent (Figure

16), as is observed macroscopically when electrospinning on an erected screw [93].

a)ke b7 % 3 T

Figure 16 : Effect of the distance L between conducting 20 pm-in-diameter block and height
H=60 um: (a) downside view of the scaffold showing microgrids with block separation
L=0.33H=20 um after peeling from the collector, (b) downside view (after peeling the scaffold from
the collector) of the scaffold with L=1.67H=100 pum, (c) downside view with L=3.67H=220 um, (d)
topside view of the collector after fiber deposition with L=3.67H=220 um. Scale bars=200 um.

Reprinted with permission from [90].
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As a generalization of the 1D alignment observed on the sharp edge of a rotating disc [79]
(Figure 14-b), 2D sharp conducting micropatterns can also lead to local fiber alignment by a
confinement effect. Indeed, it has been shown that when a collector is made of thin conducting
strips surrounded by insulating regions, the nanofibers are confined and mostly aligned along the
conducting paths [57].

Similarly, such effect occurs also when using entirely conducting collectors with tall, thin
and long patterns. As an example, a patterned collector with thin walls forming a honeycomb
structure is shown in the inset of Figurel7-a. The intense electric field located over the thin walls
induces an efficient deposition of the nanofiber over these patterns. Furthermore, because the
width of the walls is much smaller than the curvature radius of the loops formed by the whipping

movements of the electrospun nanofiber, an efficient alignment is observed between the edges of
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Figure 17: Downside views (obtained after peeling the scaffold from the collector) showing
honeycomb structures of PLA obtained from the deposition onto a honeycomb-like conducting
collector. a) Structure of a nanofibrous pattern. The inset shows the structure of the used collector.
b) Detail showing that thanks to the confinement effect, the nanofibers align efficiently over the thin

conducting walls of the honeycomb collector.

Selective deposition was also obtained by playing on local electric permittivity differences. It is
the case of insulating collectors with a patterned conducting layer evaporated on top of it [57,
83]. In this case, the nanofibers are first randomly deposited on the conducting electrode
following its shape (Figure 18). Moreover Cho et al. [83]. have shown that selectivity could be
improved by inversing the polarities of the electrodes, placing the electrospinning needle to the
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ground and the collector to a positive electric potential, thus creating a larger potential between
the electrode and the surrounding insulator.

By this process, patterns with resolutions as low as 30 um could be obtained. Finally, by
electrospinning on a thin polymer film placed over the patterned collector, more complex patterns
can be obtained as it is possible electrospin a second layer with different shape on the top of the

first one after placing the film on another patterned collector.

Figure 18: Complex shapes deposited on a thin flexible film above conducting pattern electrodes.

Reprinted with permission from [83].

As a conclusion, by playing on the geometry and/or the dielectric properties of the
collector, very complex 2D architectures can be obtained, as was demonstrated by Zhang et al.
[59], who prepared structured electrospun tubes for biological applications (Figure 19).
However, the preparation of an electrospun membrane with small patterns necessitates the
fabrication of the corresponding collector by microfabrication techniques and, as for the 1D
alignment of nanofibers under electrostatic forces, the structure might be lost after long
deposition times, as the electric field is modified by the accumulation of charges on the

electrospun mat.
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Figure 19: a) Schematic illustration of collecting process using a cylindrical collector with equally
spaced circular protrusions (es, electrospinning process; pc, patterned collector). b) A fibrous tube
with patterned architectures (scale bar = 5 mm). ¢) Magnified image of panel b (scale bar =200 pm).
d) Schematic illustration of collectors with two different patterns and relevant fibrous tube (pc,
patterned collector; ft, fibrous tube). e) A fibrous tube with two different patterns (scale bar =5
mm). f, g) Magnified images of two different patterns of panel (scale bar = 200 pm).
Reprinted with permission from [59].

2.2.3 Self-assembly of electrospun fibers

As shown in previous sections, many efforts are made to elaborate structured nanofibrous
scaffolds by developing specific processing techniques. However, few researchers have shown
that under certain conditions, nanofibers can self-organize during their landing on the collector to

form aligned fibrous bundles or honeycomb-like fibrous patterns. This strategy is very interesting
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because it requires the standard electrospinning setup without any more modification leading thus
to the production of structured scaffolds in a very cost-effective way.

Self-assembly has been observed in various conditions, but always with a common
feature: the electrospun fibers must present a bimodal distribution in size and/or electric charge
when landing on the collector. Deitzel et al.[43] reported that irregular fibers with large variation
in diameter obtained from low concentrated poly(ethylene oxide) aqueous solutions can lead to
the formation of numerous junction and bundles of fibers in the non-woven mat. More recently,
Heiden et al. [94, 95] observed similar morphologies when electrospinning conducting solutions
by adding a salt. The authors explain the formation of bundles by attractive electrostatic forces
due to the excess charge provided by the salt. This phenomenon, called by the authors
“backbuilding”, leads to the appearance of negative charges which are drawn back through the
positively charged jet. Thus, the positive portions of the jet are attracted by the negative ones
before hitting the collector surface forming bundles of fibers. With similar ionic solutions of
chlorinated polypropylene, the formation of bundles of fibers have been observed but moreover
they self-organize into honeycomb-like patterns [96]. Microscopic observations reveal that the
walls of the honeycomb patterns are formed by the accumulation of the bundles of fibers whereas

single isolated fibers are hanging in air between the walls of the honeycomb patterns.
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w

Figure 20 : SEM images showing the surface morphology and wall structure of the HNFSs of PVA

and PEO electrospun at different conditions: (A,B) PVA, concentration 6%, 22 kV, on plastic films;

(C,D) PEO, concentration 16%, 22 kV, on Al substrates; (E,F) PEO, concentration 16%o, 19 kV, on
Al substrates. Reprinted with permission from [97].
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Honeycomb-like structures have also been observed in the case of beaded nanofibers
obtained from low concentrated polymer solutions with poor volatile solvents [97, 98]. Yan et
al.[97] observed very regular patterns (Figure 20) for which the walls are formed by the
aggregation of the beads whereas thin free-beaded segments of fibers are crossing the honeycomb
patterns. The authors explain the self-organization mechanism by the competition between the
repulsive Coulomb forces and the attractive capillary forces due to remaining solvent. However,
capillary forces can only act at very short distances and in the presence of solvent.

Recently, we observed that electrospinning of poly(e-caprolactone) (PCL) in a
dichloromethane/dimethylformamide (DCM/DMF 50/50) solvent system can also lead to self-
assembled honeycomb-like structures. We showed that honeycombs efficiently form when a
bimodal distribution of the fiber diameter is observed. This bimodal distribution, explained by the
poor solubility of PCL in DMF, leads to a heterogeneous distribution of the electric charges along
the electrospun jet. When the jet is landing on the collector, a rough fibrous membrane is formed
showing a honeycomb structure. The walls of the honeycombs are formed by thick and wet fibers
segments in good contact with the collector (thanks to the remaining DMF) whereas thin and
dried fibers are hanging in air between the walls leading to poor electric charge dissipation
(Figure 21). Thus, the membrane surface is rough and shows attractive (honeycomb walls) and
repulsive domains (inside honeycomb patterns).

In conclusion, honeycomb-like structure can be obtained from highly conducting
solutions or from low concentrated solutions with poor volatile solvents. The condition for self-
organization is the bimodal distribution of the jet diameter (i.e. jet segments of bundles of fibers
and single fibers in the case of highly conducting solutions and beaded jet morphology in the
other case) which results in a heterogeneous electric charge distribution on the top surface of the

fibrous membrane (Fig. 21-b) leading to a self-sustained structuration process.
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Figure 21: a-c) Self-assembled PCL-based scaffold at different scales. d) Scheme representing
honeycomb patterns with positive charges remaining on the suspended thin membrane suspended in
the air and the thick bundles of fibers in good contact with the collector.

Reprinted with permission from [99].
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2.3 Towards 3D Nanofibrous Constructs

Thick nanofibrous and porous constructs are necessary in some applications such as catalysis
or scaffolding for bone regeneration of large defects. In the latter case, porosity and pore size
play a crucial role in bone formation. Pore size of few hundreds of microns is required for
efficient cell infiltration and but also for vascularisation [100]. However, by nature,
electrospinning is a process that generally results to the fabrication of thin 2D mats with pore size
typically smaller than 5 pum and a thickness rarely larger than several hundreds of um. Indeed, the
thickness limitation is due to electric charge saturation on top of the mat during electrospinning.
This saturation level is reached when the electrostatic field due to the charges on the substrate
cancels out the external field imposed by the electrodes and the geometry of the apparatus leading
thus to fiber repelling and inefficient deposition [101].

We will show that different kinds of electrospinning processes have been proposed to
overcome the limitations of the thickness and pore size. Furthermore, we will present recent
results showing that cm-thick 3D open cell foams with pores ranging from pm to few hundreds of
KM can be obtained thanks to self-assembly of electrospun nanofibers.

2.3.1 Specific electrospinning processes for 3D constructs

The use of a chemical blowing agent (azodicarbonamide) in the formulation for the
electrospinning was proposed to increase the size of the pores of PCL scaffolds up to 50-70 pm
[102]. In this method, the scaffold is subjected to 100°C in a drying oven during few seconds
leading to partial blowing of some spots of fibers. The method leads to partial melting of the
fibers and moreover, the mesopores formed from the blown spots are not densely distributed in
the scaffold. In order to create mesopores of several tens to hundreds of microns, leaching of salt
[103] or ice particles [104] (see Fig. 22-a) which were previously deposited in the scaffold during
electrospinning was proposed. Although this latter method doesn’t lead to the fabrication of thick
scaffold (i.e. no more than several hundreds of microns), the authors demonstrated that the depth
of in vivo cell infiltration were much greater (> 400 um) for such mesoporous scaffolds
compared to standard electrospun scaffolds (< 50 um). The easiest way to achieve a thick
scaffold is to build multilayered constructs. Srouji et al.[105] built multilayered constructs with

thirty individual PCL and collagen-based electrospun scaffolds which were previously seeded by
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human mesenchymal stem cells. They achieved mm-thick of densely-stacked layers. After six
week culture period in a bioreactor, the thick multilayered scaffold was implanted in nude mice.
Although this strategy doesn’t lead to the formation of mesopores, it revealed good cell
proliferation and neovascularization.

Tzezana et al. [106] developed multilayered hydrospinning technique for which each nanofibrous
layer is electrospun onto a water coagulation bath. Thanks to the use of a coagulation bath instead
of a standard solid collector, a thin skin of water is surrounding the nanofibers preventing their
fusing into each other during the collection process. Then, exposition of the multilayered scaffold
in the vacuum for few minutes allows the elaboration of cm-thick scaffolds with pore size up to
100 um (see Fig. 21-b). Moreover, the authors claimed that cells can be seeded during the

hydrospinning process but however without sterilization due to technical difficulties.

LA TS E ./ N ' B o B C
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Figure 22: a) Cryogenic electrospun scaffold showing pores between 10 to 500 um. (Reprinted with
permission from [104]. b) Principle of hydrospinning technique: (A) Electrospinning onto a
coagulation bath. (B) A thin layer of nanofibers is collected on the surface of the water. (C) The
layer is picked up on a glass slide. Step (C) is repeated and each layer is assembled on top of the
previous one. The layered scaffold is put in a vacuum chamber for few minutes, during which its

thickness is multiplied by 10. (Reprinted with permission [106])

2.3.2 3D Cm-thick scaffolds from self-assembled electrospun fibers

Multilayered electrospinning techniques require a huge number of steps for the production
of each layer and thus lead to long time of production. Thus, researchers developed one-step

electrospinning processes for the elaboration of thick scaffolds. Blakeney et al.[107] used a
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specially designed collector made of an array of long stainless steel probes in a non-conducting
spherical dish. The electrospun nanofibers were collected on the probes preventing an efficient
charge dissipation leading thus to the elaboration of cotton ball-like PCL scaffolds with loose
random fiber networks. However no mechanical characterisation was performed on these
scaffolds and implanting them in vivo might lead to collapse of the structure or delamination.

Recently, we found that cm-thick electrospun scaffolds with suitable mechanical properties and a
gradient in porosity and pore size up to several hundreds of microns can be produced thanks to
the self-assembly of PCL nanofibers. By focusing the electrospun jet and optimising the process
conditions we force the growth of the scaffold in thickness up to the cm-scale. Indeed, as
previously mentioned in section 3.3, PCL can self-organized into honeycomb-like structure. This
process is stable and efficient for very long deposition times allowing thus the continuous
production of stratified honeycomb layers. As it can be seen in Figure 23, each honeycomb
pattern forms a mesopore. Moreover, the walls of the honeycomb structures are organized in the
form of columns (see Figure 23-d) which are in good contact with the collector allowing
efficient charge dissipation and thus very long deposition times of several hours. Furthermore,
water content in the DMF plays a huge role in electric charge repulsion. Thus, the use of non-
distilled DMF can lead to the formation of large mesopores up to 500 um - 1 mm whereas
distilled DMF lead to the formation of dense foam (see Fig. 23-a and 23-b). This unique
columnar structure of the mesopores leads to good mechanical properties in compression, suitable

for handling and implanting the thick scaffold in vivo.
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Figure 23: Sections in the thickness of 3D thick scaffolds obtained thanks to the self-assembly of
electrospun nanofibers. a) Macro-photography of a 3D thick scaffold and its section in the inset of a
sample of ~10 mm thick showing large meso-pores obtained from non-distilled DMF. b) Macro-
photography of the section of a sample of ~10 mm thick showing smaller meso-pores obtained from
distilled DMF. c) SEM picture of the whole section of a sample of ~2 mm thick. d) Detail of the
previous picture showing the columnar meso-porous structure of the scaffold. ) Detail of the

previous picture showing micro and meso-pores. Reprinted with permission of [99].
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2.4 Conclusions of the structuration

In this part, we showed that controlled assembly or self-assembly of electrospun fibers can be
achieved by the use of electrostatic, mechanical or magnetic forces forming 1D, 2D or 3D well
defined fibrous architectures. It then allows the design of the complex architectures necessary for
many specific applications such as reinforcement of composites [108], electronics [109] and
tissue engineering [110].

For example in tissue engineering, electrospun scaffolds mimic the complex structures of the
human body such as bones, skin, heart, vessels and nerves and their structuration is very
important [111-115], as it influences the cell activity in various ways. For instance, aligned
nanofibers results in a higher production of fibroblasts cells [116] and also improve the cell
differentiation of the tendon stem cells [117]. Furthermore, it can guide cell growth in a specific
direction in order to obtain the anisotropic structure necessary for heart tissue construction [118]
or for nerve regeneration [119]. A double-layered nanofibrous mesh can also provide a good
guidance for the neurites to grow into complex patterns and thus improve the nerve repair [120].
Structures like tubes are also often developed for the nerve regeneration and can have great
potential in vascular substitutes [121]. At last, in 3D electrospun scaffolds, control of the porosity
and improvement of the mechanical properties are the key factors for a better bone regeneration
[100].

In conclusion, the ability to organize the nanofibers in highly ordered structures offers a great

promise for technical applications especially in tissue regeneration.
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3. Conclusions of Chapter 1

In this first chapter, we presented briefly the electrospinning theory. We discussed the effect
of the different electrospinning parameters on the fiber formation during the process.
In the second part of this chapter, we explained in detail the elaboration of architectured
electrospun nanofibers from one dimension to three dimensions. The effect of the different forces
acting on the fiber structuration during the process was explained. 1D aligned and highly aligned
electrospun nanofibers were first developed by using different kind of forces (electrostatic forces,
mechanical forces and magnetic forces). 2D patterned nanofibrous membranes could be obtained
by a stacking of the 1D aligned nanofibers. A local control of the electrostatic forces (with
micropatterned collectors) is another way to obtain micropatterned electrospun membranes.
Finally, we showed that in some case, self-assembly of some polymers during the electrospinning
process could also lead to 2D electrospun constructs.
Finally, we presented different electrospinning strategies which were developed to create 3D
electrospun scaffolds with open porosity, ideal for tissue regeneration applications.

The aim of the thesis was to elaborate new kinds of architectured electrospun membranes.

To do that, we had to choose among all available strategies the best way to organize the
nanofibers in 2D and 3D. We decided to use micropatterned collectors to control the fiber
structuration. Indeed, the local control of the electrostatic forces at the vicinity of the
micropatterned collector will structure the nanofibers and allow the formation of a 2D
micropatterned electrospun membrane.
In the chapter two, we present the elaboration of new 2D and 3D monocomponent electrospun
membranes thanks to new kind of micropatterned collectors (made by lithographic processes).
The effect of the morphology of nanofibers on the topography of the scaffold is explained in
detail. Then, the influence of these micropatterned electrospun membranes on bone cells (i.e.
osteoblasts) behaviors (proliferation, organization) is studied. Finally, we show that by
combining micropatterned collectors and self-assembling properties of electrospun fibers, we can

elaborate a new kind of 3D electrospun scaffold with controlled pore size and porosity gradient.
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1. Introduction

In this chapter, we present how monocomponent 2D and 3D electrospun membranes can
be obtained and how they can be used for bone regeneration applications.

Our first aim was to develop electrospun 2D micropatterned membranes and then, to study
the impact of the microstructuration on osteoblasts proliferation. Our second aim was to be
elaborate 3D micropatterned electrospun scaffold based on the findings obtained for the
membranes.

Our strategy was to use micropatterned collectors during the electrospinning process in
order to structure the fibers into a micropatterned nanofibrous mat. Indeed, at the vicinity of
the collector, the electrostatic forces are driven by the topography of the micropatterned
collector, resulting in the structuration of the jet over the micropatterns of the collector.

Micropatterned collectors were designed by photolithographic processes. Different
kinds of collectors (honeycomb collector, grid collector) were elaborated and tested during the
electrospinning processes. The 2D electrospun membranes were fabricated with two FDA
approved biopolyesters: poly(e-caprolactone) (PCL) and poly(lactic acid) (PLA). After an
optimization of electrospinning conditions of PCL and PLA, different kinds of micropatterned
electrospun membranes were fabricated: grids and honeycomb electrospun membranes.

Then, a complete study of PCL and PLA honeycomb micropatterned electrospun membranes
and their effect on osteoblast organization was made and published in Macromolecular
Bioscience.

In the second part of this chapter, we show that by using honeycomb micropatterned
collectors and self-assembling properties of PCL electrospun fibers during their deposition,
we were able to elaborate 3D mm-thick electrospun scaffold with controlled pore size and
porosity gradient in the thickness of the scaffold. This work was submitted to Material
Letters.

Finally, conclusions of this chapter are given.
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2. Materials and methods

2.1 Photolithographic processes

2.1.1 Principle

Photolithography (or "optical lithography™) is a process used in microfabrication to
selectively remove parts of a thin film deposited on a substrate. It uses UV light to transfer
a geometric pattern from a photo mask to a light-sensitive chemical "photoresist” on the
substrate. A series of chemical treatments then engraves the exposed patterns into the material
underneath the photoresist. Patterns of micro and nano size can therefore be fabricated on a

flat substrate such as a silicon wafer.

During the lithographic process, a light sensitive chemical photoresist is exposed to UV light
(wavelength 365-436 nm) through a mask made of geometric chrome patterns and geometric
quartz patterns. The chrome patterns are opaque to UV wavelength and therefore only light
transmitted through the geometric quartz patterns could expose the photoresist. After the
exposure, a latent image of the patterns is created in the photoresist allowing the selective
development in adequate solution.

Different kinds of photoresist are available in the market: positive and negative photoresists.

(see Figure 24).
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Figure 24: Differences between a negative photoresist and a positive photoresist during a

photolithographic process.
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With a negative photoresist, the exposed areas are cross-linked during a post-exposure bake
and become insoluble into the developer solution. Conversely, with a positive photoresist, the
UV exposed areas are dissolved in the developer solution (Figure 24).

Only one type of photoresist was used during our study: the epoxy-based SU-8 photoresist.
This type of photoresist was chosen due to the chemic stability of the SU-8 photoresist. As
example, SU-8 is not soluble in many solvents like acetone, ethanol, and isopropanol.

The resistance to solvent is a property required for the photoresist because after the
electrospinning process, the collector made by the photoresist is immersed into different kinds
of solvents in order to remove the electrospun scaffold. With the SU-8, the patterns will be
stable after the peeling operation of the scaffold. The different steps of lithographic processes

are summarized on the Figure 25 and detailed in the next part.

e 1) Cleaning of the wafer

] 2) Coating of the wafer with the SU-8 photoresist

L 3) Prebake
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4) Exposition to UV light through the mask

Figure 25: The different steps of lithographic processes

2.1.2 Main steps in photolithography process used during this work.

1) Treatment of the substrate before the spin coating:

The contamination of the silicon wafer can create many problems on the next steps of
the process of photolithography. The main problems are the decrease of the adhesion of the
photoresist to the substrate and also the inclusion of defects. To avoid these defects, the
silicon wafer is firstly washed in acetone, ethanol and isopropanol. Humidity is also one the
most pollutant during photolithographic processes. The silicon wafers are hydrophilic and
thus can adsorb the humidity of the air, increasing the amount of hydroxides on the surface of
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the substrate leading adhesion issue with the photoresist. To avoid this phenomenon, the
substrate is heated just before the spin coating operation. Once the substrate is dehydrated, a
special component, generally hexamethyldisilazane (HMDS) is deposited at the surface of the
substrate to promote the adhesion between the photoresist and the substrate, in replacing
hydrophilic groups by hydrophobic groups.

2) Deposition of the photoresist

The photoresist is deposited by a centrifugation coating (spin-coating) (Figure 25-2). The
principle consists in spreading a little quantity of a solution of the photoresist on the substrate

(silicon wafer) thanks to centrifugal forces, in a spin-coater. The main steps of the process are:

a) Deposition of the photoresist over the wafer

b) Repartition of the photoresist over the wafer by a slow rotation of the spinner

c) Increase of the speed rotation in order to eliminate the overage of the photoresist

d) Rotation with a constant speed in order to evaporate the solvent and also to

homogenize the thickness of the deposited photoresist.

The result is a solid film deposited on a wafer. The quality of the film depends on the
presence of defects (dust, crater). For SU-8 2050, the photoresist is firstly spread a with a
speed of 500 rpm during 5 seconds and then 30 seconds at 2500 rpm in order to obtain

patterns with a height of 60 pum.

3) Baking after spin coating:

This step follows directly the deposition of the resin on the wafer. This first bake
guarantees a rapid elimination of the solvents and also the densification of the matrix. The
bake is made on a heating plate. For SU-8 2050, the first bake is made at 65°C during
3minutes and the second bake lasts 7 minutes at 95°C.

4) Exposition:

The time of exposition depends directly on the power of the UV lamp. The time of
exposition is calculated by through a surface energy (J/m?). The time of exposition fixes the
surface energy which the parameter that controls the resolution of the patterns. For the SU-8
2050, for a thickness of 60 um, a surface energy of 7 mW/cm? corresponded to 28 s of
exposure. A post-exposure bake at 65° C during 2 minutes and followed by 95 °C for 6

minutes is then necessary in order to cross-link the exposed areas (Figure 25-3).
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5) Development:

The patterns of the desired height appear during the step of the development (Figure 25-
5). The wafer is immersed in a developer during a certain period. Immersion for longer
periods can partially or fully destroy the patterns. After this step, the wafer has to be rinsed
into isopropanol in order to stop the development process. Once the residues of SU-8 have
been perfectly removed, patterns with a height of 60 um are on the surface of the wafer.

Final Bake:

Before making any other treatment, the wafer undergoes a final bake in order to harden
the photoresist. For SU-8, a final bake during 10 minutes at 150 °C was necessary. Optical
images and characteristics of the obtained silicon collectors are presented on Figure 26 and in
Table 1.

Figure 26: Optical images of silicon collectors: a) Honeycomb collector: D is the internal
diameter of the honeycomb pattern and L is the width the honeycomb wall (space between two
honeycomb patterns; b) Block collector: D is the internal diameter of the block pattern block

and L is the space between two block patterns

Honeycomb collector Block collector

D= 360 pm/L=20 pm D=20 pm/ L=40 pm
D= 160 pm/ L=20 pm D= 20 pm/ L=60 pm
D=80 pm/ L=20 pm D=20 pm / L=100 pm
D= 40 pm / L=20 pm D= 20 pm / L=120 pm

Table 1: Characteristics of the micro-fabricated collectors: D is the internal diameter of the

hexagon or the block and L is the space between two patterns.
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Gold/ Aluminium deposition

Finally, the micropatterned collectors are covered by a conductive layer in order to make
them conductive as they will be used as collectors during the electrospinning process. To
make them conductive, a thin layer of aluminum/ gold (150 nm) was deposited by electron
beam deposition machine. After this final step, the collectors can be used for the
electrospinning process.

2.2 Polymers for bone tissue engineering applications

In tissue engineering, the scaffold that allows the reconstruction of the tissue is introduced
in the living body at the lesion place. For consequence, it should be:
- biocompatible: the scaffold should have the ability to be accepted by the living body
- bioresorbable: the scaffold should be able to resorb and to be replaced by the new
formed tissue
- biodegradable: the scaffold should break down in physiological environments by
macromolecular chain scission into smaller fragments, and ultimately into simple
stable end products that are not toxic. The degradation may be due to aerobic or
anaerobic microorganisms or biologically active processes (e.g: enzyme reactions) or
passive hydrolytic cleavage.
Thus, the chosen polymer to elaborate the electrospun scaffold should respect these
requirements but it should also be able to be dissolved in a system of solvents adapted to the
process of electrospinning. Finally, the polymer selected should present mechanical properties
that allow the manipulation of the electrospun membrane during surgery.
Considering that the extra-cellular matrix (ECM) of the bone tissues presents a fibrillar
structure of various type of collagen (collagen type I, II, 1Il), natural polymers (such as
collagen[122] or hyaluronic acid [123]) come as the best choice to elaborate such scaffolds.
However, the elaboration of electrospun nanofibers with these polymers is not trivial: they are
in general polysaccharides or polypeptides that are not soluble in solvents adapted to the
process of electrospinning. Moreover, the supply of such natural polymers is more difficult
(their price is high) and their properties could be very variable.
In such context, we decided to elaborate our monocomponent electrospun micropatterned

scaffolds with synthetic polymers. The synthetic polymers are less expensive than the natural
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polymers, their properties are predictable and their elaboration with the electrospinning
process is easier than with the natural polymers [21].

Degradable polymers frequently used for tissue engineering applications are linear aliphatic
polyesters such as PGA (polyglycolic acid), PCL poly (e-caprolactone) and PLA poly (lactic
acid). They are biocompatible and bioresorbable, and thus ideal for such kind of applications.
They differ from each other by their physical properties but also their time of degradation.
PCL and PLA present longer time of degradation (superior to 2 years) than PGA (0.5 year-1
year), and this makes them more suitable for bone tissue engineering applications that require
a longer time of degradation (superior to 8 months) to allow the formation of the new bone
[124].

We decided to work with the PCL and the PLA, that present long degradation rate but also
interesting mechanical properties. We used these polymers as homopolymers while in many
studies researchers have mixed the two polymers in order to obtain different properties. These
two polyesters are presented in the next part.

2.2.1 PCL

PCL was one of the earliest polymer synthesized by the Carothers group in the early
1930 [125]. It is an aliphatic polyester with a glass transition temperature (Tg) of -61°C and a
low melting point (T,) (65°C) [126]. PCL is generally prepared by Ring-Opening
Polymerization (ROP) of e-caprolactone in the presence of metal alkoxide (aluminium
isopropoxide, tin octoate, etc) [126] (Figure 27). It is a semicrystalline polymer and its
crystallinity tends to decrease with increasing molar mass [127].

0O
Catalyst ﬁ
+ Heat
0 - O—(CHZ)S—C
\J "
g-Caprolactone PolyCaprolactone

Figure 27: Ring opening polymerization of pely(e-caprolactone) from [127].

PCL is soluble in chloroform, dichloromethane, benzene, toluene, cyclohexanone and
2-nitropropane at room temperature. It has a low solubility in acetone, butanone, ethyl acetate,
dimethylformamide and acetonitrile and is insoluble in alcohol, petroleum ether and diethyl
ether [128].
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PCL is a biocompatible and bioresorbable polymer. It is FDA (Food and Drug
Administration) approved [129]: it is already used in clinical applications as a medical suture
material (Monocryl®) or drug controlled release material (Capronor®) or even as nerve guide
device in nerve regeneration [129]. PCL presents some rheological and viscoelastic properties
that allow its processing by electrospinning [130] of course and other techniques like solid
freeform fabrication [131], and others. The fact that PCL is easily processed by different
techniques makes this material ideal for the elaboration of various types of scaffolds for tissue
engineering applications [130]. In electrospinning for example, various PCL scaffolds were
developed for cardiac engineering [132], bone and cartilage tissue engineering [133]. Indeed,
one advantage of PCL for tissue engineering application is its degradation rate. PCL presents
a very slow degradation rate : 2 to 4 years depending on the starting molar mass of the device
or implant and on the environment conditions [127]. For example, because of its slow
degradation rate, PCL can be used in long time application such as Capronor® which is a
contraceptive device implantable for one year [134, 135]. PCL could also be easily
enzymatically degraded. Actually, the mechanism of degradation of PCL could be attributed
to random hydrolytic chain scission of the esters linkages, which caused a decrease in molar
mass [127]. Furthermore, this hydrolytic degradation can be catalyzed under acidic conditions
[136]. However, PCL also present some disadvantages like for instance its hydrophobicity
[130].The fact that PCL is hydrophobic results in poor wettability, lack of cell attachment and
uncontrolled biological interactions with the materials [137]. This inconvenient could be
overcome by surface modifications of the PCL such as modifications by covalent chemical
bonds, plasma treatment or physical adsorption of proteins [130].

2.2.2 PLA

PLA is an aliphatic polyester, which is biocompatible and bioresorbable. It was FDA
approved for biomedical applications [138] such as sutures, drug delivery systems and
implants for tissue engineering [129, 139]. For example, PLA has been used as a copolymer
with the glycolic acid to form a suture material (Vicryl®) [140].

The chemistry of PLA involves the processing and polymerization of lactic acid
monomer. L-lactide acid and D-lactic acid are the two isomers of lactic acid. Lactic acid is
commercially easily prepared by fermentation of molasses or potato starch or of dextrose
from corn. Lactic acid can also be prepared via petrochemical feedstocks. The lactic acid
produced by the petrochemical route can be L or D isomers whereas the lactic acid produced

by fermentation is in majority the L-isomer but D-form is also produced [141].
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Polymerization of lactic acid to high molecular weight PLA can be achieved according
Figure 28.
In direct condensation, solvent is used under vacuum and temperatures for the removal of
water produced in the condensation. This technique was used by Carothers and the resultant
product is a low to intermediate molar mass material, which can be used as is, or coupled with
isocyanates, epoxides or peroxide to obtain high molar mass [141].
In the solvent free process, a cyclic intermediate dimer, the lactide, is produced and purified
by distillation. Ring-Opening polymerization of the lactide intermediate results in PLA with
controlled molar mass. By controlling residence time and temperatures in combination with
the catalyst system and concentration, it is possible to control the ratio and sequence of D- and

L-lactic acid units in the final polymer [142, 143].

CH, & CH,
o OH
HO L n O/Y
o} CH (o]

Chain coupling agents
Condensation Low molecular weight prepolymer
Mw = 2,000-10,000
?H’ Azeotropic dehydrative
A OH condensation
. /\/ /Y
L CH,
Lactic acid High molecular weight PLA

Mw =>100,000

Condensation\‘ Ring opening
polymerization

AR ==

Low molecular weight prepolymer Lactide
Mw = 1,000-5,000

Figure 28: Synthesis of polylactic acid [143]

Different PLA structures can be produced such as the poly (D-lactic acid) (PDLA) and
the poly (L-lactic acid) (PLLA), which are semi-crystalline material with regular chain
structures; the poly (D, L-lactic acid) (PDLLA), which is from semi-crystalline to amorphous
according to the L/D ratio. We can also find the specific case of the 1:1 blend of poly (D-
lactic acid) with the poly (L-lactic acid) with formation of a stereo-complex. The
homopolymer PLA has a Tg of around 58° C and a Tm of around 152°C. PLA is soluble in

common solvents like benzene, chloroform, dioxane; etc. and degrade by simple hydrolysis of
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the ester bond [139]. The PLA 7000D (containing 7% of D) is a PDLLA, which is amorphous
before processing.

Some properties of PLA and PCL are presented on the Table 2, to be compared. At
room temperature, PLA is a brittle material (less than 10% elongation at break) whereas PCL
is more elastomeric and presents an elongation at break higher than 500 %.Then, PLA
presents a high tensile modulus (2050 MPa) compared to PCL (190 MPa). PLA mechanical
behavior limit its application when high deformation is required [144]. One way to increase
the PLA deformation is the plasticization. Different plasticizers can be used such as PEG,

oligomers of lactic acid [145].

PCL Solvay (CAPA 680) PLA Dow-Cargill (Natureworks)

Density (g/cm®) 1.11 1.25
Melting point (°C)? 65 152
Glass transition (°C)? -61 58
Crystallinity® (%) 67 0-1
Modulus (MPa) ( NFT 51-035) 190 2050
Elongation at break (%) (NFT 51-035) > 500 9
Tensile stress at break or max (Mpa) 1
(NFT 51-035)
Water permeability WVTR at 25°C
P o 23’ o) 177 172
Surface tension (y) (mN/m) 51 50

2: Measured by DSC; °: determined on granules, before processing.

Table 2: Some properties of PCL and PLA (from [126])

The PLA, likewise the PCL can be processed by different techniques such as the melt-
spinning, the dry spinning, the electrospinning, etc. [141]. Different studies proved that PLA
is a very promising material in the field of biomedical applications, especially when it plays
the role of the support (scaffold) for the cells in the human body [139].

Its bioresorbability property can be observed when PLA filaments were used for
regeneration of nerves in paralyzed patients. Schwann cells were growing on the support
(functionalized with poly-D-Lysine) that was joining two extremities of the nerves. With the
passage of time, the support disappears and leaves behind a continuous channel of nerve cells
[146].

Moreover, PLA has already shown favorable results in the case of fractures and
osteotomies. For example, PLLA rods, which were manufactured by extrusion and drawing

techniques, were used as scaffolds for bone formation in muscle. At 6 weeks after the
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implementation, new histologically mature bone had been generated in predesigned
cylindrical form [147].
The degradation rate of PLA depends on the crystallinity, the molar mass and its

distribution, the morphology, the water diffusion rate into the polymer and the stereoisomeric

content [144, 148]. It was proved that PLA implants are reduced in weight by 63.2% within

168 days and that a complete decay would need at least 2 years [149]. This slow degradation
rate makes PLA ideal for bone tissue engineering. To obtain desired mechanical properties or
desired degradation rate, PLA is often copolymerized with glycolide or caprolactone in order

to tailor the final performances of the final biomaterial [150].

3. Electrospinning of PCL and PLA

3.1 Electrospinning of PCL

PCL has been widely used in electrospinning to produce scaffolds for various

applications in tissue engineering, especially in the last decade [130] (Figure 29).
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Figure 29: Publications using PCL electrospun fibers during the last 12 years ( Search date from
http://www.scopus.com, years 2002-2014, using “ PCL electrospun fibers” [130].

In the literature, PCL has been electrospun in solvent or mixing of solvents. Unique
solvent such as acetone [151], chloroform [152] or dichloromethane (DCM) [153] are good
solvents for PCL but they evaporate very quickly. Indeed, their rapid evaporation provoke
formation of clogging in the needle, therefore the process is not stable. Fluorinated solvents

like hexafluoropropanol (HFIP) [154] or trifluoroethanol (TFE) can be used for the

89



CHAPTER 2: MONOCOMPONENT 2D AND 3D ARCHITECTURED NANOFIBROUS SCAFFOLDS

electrospinning of PCL [155] but they should be avoided because of their high toxicity. Thus,
PCL is generally electrospun from the mixing of two solvents.

Acid solvent mixtures can be used. They present advantage for biomedical
applications because of their absence of toxicity [136]. However, the acid system accelerate
the hydrolytic degradation of PCL [40]. It is thus necessary to perfectly control the duration of
immersion of PCL in this kind of solvents systems in order to keep a constant molar mass
during the production.

Another kind of solvent system including DMF (dimethylformamide) is often used
with PCL. The high dielectric constant of DMF allows a high polarization and therefore a
concentration of electrical charges at the surfaces of the droplet. Besides, the saturating vapor
tension of DMF is low avoiding a quick evaporation of the solvent mixture, allowing a stable
production. In solvent system like DCM/DMF, Ahirwal et al. showed that PCL fibers present
a bimodal distribution of their diameter [99].

To get more regular PCL fibers, we decided to play on the conductivity of the solvent
system. Indeed, Uyar et al. showed for instance that conductivity could greatly affect the
morphology of polystyrene (PS) fibers. They prepared solutions of PS in DMF with different
grades of DMF from different suppliers showing different conductivity. They demonstrated
that by electrospinning the solutions of PS under the same conditions, they could manage to
obtain beaded or non-beaded PS fibers only by playing on the conductivity of the DMF [156].
Moreover, De Clerck et al. proposed a new system of acids solvents (mixture of formic acid/
acetic acid) in which PCL nanofibers had a diameter ten times smaller than the diameter
obtained from chloroform solution [136]. But as previously mentioned, PCL is subjected to
high degradation rate due to the catalytic effect of acids. Lavielle et al. exploited this
phenomenon to produce regular thin nanofibers with a diameter as low as 135 nm +/- 70 nm
[40].

Based on these studies, we played on the conductivity of the solution in order to optimize
the morphology of PCL fibers. We compare three different solvents systems for the solution
of PCL:

e DCM/DMF1 (DMF1: ReagentPlus® > 99%, Sigma-Aldrich)

e DCM/DMF2 (DMF2: ACS reagent, >99.8%, Sigma-Aldrich)

e DCM/DMF1/Formic Acid (FA): we added 5% wt/wt of FA compared to the total

weight of the solution.
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The influence of the conductivity of the solutions on the diameter of the fibers is presented on
Table 3 and the Figure 30.

{Paniet B2 4

Figure 30: SEM images of PCL nanofibers: a) 15 wt % PCL solution containing DMF1;
b) 15 wt % PCL solution containing DMF2; c) 15 wt % PCL solution containing 5% of Formic

Acid.
PCL 15 wt % 60/40 PCL 15 wt % 60/40 PCL 15 wt % 60/40
DCM/DMF1 DCM/DMF2 DCM/DMF1/Formic Acid
Average diameter (nm) 1650 +/- 500 950 +/- 450 270 +/- 600
Conductivity (uS.cm™) 1+-01 3402 234 +/-12
Voltage (kV) 25/0 25/0 25/0
Distance (cm) 13 13 13,5
Flow rate (mL.h-1) 1 0,9 1,1
Temperature (° C) 25 +/-1 25 +/-1 25 +/-1
Humidity (HR %) 33 +-3 33 +-3 35 +/-3

Table 3: Electrospinning conditions of different PCL solutions and diameter of the fibers

obtained from these solutions.

According to the Table 3 and Figure 30, there is a small increase of the conductivity

of the solution made with the purest DMF (DMF2). Yet, the nanofibers obtained with the
solutions without acid presented quite the same fibers morphology: a bimodal distribution of
the fiber diameter with a large amount of thick fibers compared to thin fibers (Figure 30-a

and Figure 30-b). However, by adding some formic acid in the solution, we increased
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significantly the conductivity of the solution from 1 uS.cm? to 234 pS.cm? (Table 3) and the
sample presented bimodal distribution of the diameter of the fibers with a higher amount of
thinner and regular fibers (270 nm) fibers (Figure 30-c). By increasing the conductivity, we
increased the quantity of charges inside the solution. Thus, the rise of charges inside the
solution induces an increase of the electrostatic forces: the jet is well stretched and the
nanofibers present therefore a smaller diameter.

Because we added formic acid in the solutions, the catalytic hydrolysis of PCL had to
occur. To measure the degradation of PCL after 24 hours after FA introduction, the molecular
wright was assessed by GPC measurements. It appeared that, after 24 hours, the molar mass

of PCL did not much decrease, which proved that the small amount of formic acid added to

PCL 15 wt%
60/40 DCM/DMF
+ 5 % Formic Acid

PCL 15 wt%
60/ 40 DCM/DMF

My, (kg/mol) 75 +-8 74 +i-8

the solution did not accelerate so much the hydrolysis of PCL during the first 24 h (Table 4).

Table 4:Molar mass of two different samples of PCL

Electrospinning was always performed between 20 hours and 24 hours after introduction of
FA in the solution.

Finally, we measured also the surface tension of the different solvents system of the
PCL solutions to see if an increase in the conductivity could have affected the surface tension.
Regarding the Table 5, we can conclude that there is no significant difference between the all

solutions with or without FA.

PCL 15 wt%
60/ 40 (VIV) PCL 15 wt% 0
DCM DMF DCM/ DMF 60/ 40 DCM/DMF 60/40 DCM./DM'.: to%
Formic Acid
Surface
Tension 27 +/-2 36 +/-2 31 +-2 30 +-2 32 +/-2
(mN.m™)

Table 5: Surface tension of different solvents and different solutions of PCL
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3.2 Electrospinning of PLA

To obtain PLA nanofibers, we decided to work in a system of solvent with DCM/
DMF, similar with the one used for PCL but without acid. Indeed, like PCL, DCM is a good
solvent of PLA, whereas the addition of DMF in the solution will permit to get of a stable jet
during the production.

We prepared different solution of PLA, varying the concentration and the DCM/DMF
ratio. The obtained nanofibers are presented on Figure 31. As we can see on Figure 31, we
varied the concentration of PLA from 7 % to 10 %. The ratio DCM/DMF was either 70/30
(VIV) either 50/50 (V/V).

As showed on Figure 31-a and Figure31-b, concentrations of 7 % of PLA and 8 %
PLA in 70/30 (V/V) DCM/DMF leads to beaded fibers. By increasing the concentration to 10
% in 70/30 (V/V) DCM/DMF, the beads disappear but the diameter of the fibers greatly
increase due to the increase of the concentration. The diameter of the fibers rises from 110 nm
to 1656 nm. However, the ratio 70/30 (V/V) DCM/DMF does not allow long time of
production.

By changing the ratio to 50/50 (V/V) DMC/DMF, the jet is stable during long time of
production. PLA solution of 10 wt% electrospun with a voltage of 27 kV leads to
homogenous regular nanofibers with an average diameter of 477 nm (Table 6).

However, we optimize the diameter of the fibers by decreasing the concentration to
8wt % and by applying a negative voltage during the electrospinning process. Indeed, with a
PLA concentration of 8.2 % in 50/50 (V/V) DCM/DMF electrospun with a negative voltage,
the diameter of the PLA nanofibers reaches 254 nm. Finally, this solution was selected and
used for next applications.
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Figure 31: SEM images of different PLA solutions: a) 7% PLA in 70/30 (V/V) DCM/DMF;
b) 8% PLA in 70/30 (V/V) DCM/DMF; ¢) 8% PLA in 50/50 (V/V) DCM/DMF; d) 10% PLA in

70/30 (V/V) DCM/DMF; €) 8.2 % PLA in 50/50 (V/V) DCM/DMF

PLA 8 wt% PLA 10 wt% PLA 8.2% wt% PLA 10 wt%
70/30 (V/IV) 70/30 (VIV) 50/50 (VIV) 50/50 (VIV)
DCM/DMF DCM/DMF DCM/DMF DCM/DMF
Diameter (nm) 110 +/- 23 1656 +/- 142 254 +/- 34 477 +/- 54
Beads Yes No No No
Voltage (kV) 27/0 21/0 12/-5 27/0
Distance (cm) 18 22 18 18
Flow rate (mL.h™) 1 1 1,2 1
Temperature (°C) 26 +/-1 25 +/-1 25 +/-1 26 +/-1
Humidity (HR %) 51 +/-3 50 +/-3 50 +/-3 51 +/-3

Table 6: Electrospinning of different PLA solutions
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Figure 32: SEM images of different samples of PLA nanofibers obtained with different PMMA
plate: a) without PMMA plate b) with a PMMA plate with an internal hole (diameter of 25 mm)
¢) with a PMMA plate with an internal hole (diameter of 35 mm); d) with a PMMA plate with

with an internal hole (diameter of 55 mm)

To concentrate the deposition of the nanofibers on the collector (silicon wafer), a
poly(methyl methacrylate) (PMMA) plate with an internal hole can be placed over the wafer.
The morphology of the fibers could be affected by this PMMA plate. To see the effect of the
PMMA plate on nanofibers morphology, we compared the diameter of samples which were
electrospun directly on aluminium foil without a PMMA plate above and other samples which
were electrospun on aluminium foil with a PMMA plate (with different hole diameters). As
showed on Figure 32, by varying the PMMA plate diameter hole from 25 mm to 55 mm, the
diameter of the fiber is not affected. Therefore, we decided to use the PMMA plate with a
diameter of 55 mm to concentrate the deposition of the nanofibers only on the silicon wafer

during the electrospinning process.
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4. 2D Structuration

After optimal electrospinning conditions of PCL and PLA were found, different kinds of
micropatterned electrospun membranes were elaborated.

First, we tried to elaborate grid micropatterned scaffolds with block collectors. Indeed,
with block collectors, Lavielle et al. [90] showed that different kind of micropatterned grids
could be obtained. Such kind of structured scaffolds with aligned fibers and good mechanical
properties may be interesting for the culture of cells which can be promoted by structural
anisotropy [157]. The results obtained with the block micropatterned collector are presented

in the next subchapter.

We also developed a new kind of honeycomb micropatterned collector. As it was
mentioned in the chapter one, the self-assembling of electrospun fibers in the form of
honeycomb-like structures occur [96, 98]. In order to control the size and the morphology of
honeycomb structure, we designed a new kind of honeycomb micropatterned collector. We
expected that such collector may help to guide the deposition of the nanofibers in the form of
regular honeycomb fibrous structure which may mimic the bone structure of osteons. The
complete study of the elaboration and application of such membranes was published in

Macromolecular Bioscience and is presented on next chapter.

4.1 Electrospinning on block collectors

The first micropatterned collectors that were tested were block collector with block of
10 um in diameter. The distance L between two blocks was varied: 20 um, 40 pum, 90 um
and 120 um. However, with this kind of micropatterned collector, we were not able to
structure the electrospun nanofibers as it is presented on the Figure 33. Either with gelatin
nanofibers, which are thin fibers (average diameter of 200 nm) (Figure 33-a), either with
PCL nanofibers which are thicker than gelatin fibers (Figure 33-b), it was not possible to

structure the membrane.
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Figure 33: a) SEM image of gelatin fibers on a block micropatterned collector with an internal
diameter D = 10 um and L= 40 um after 5 minutes of electrospinning.
b) SEM image of PCL fibers on a block micropatterned collector with an internal diameter
D =10 um and L= 40 um after 5 minutes of electrospinning

¢) Proposed mechanism for the deposition of nanofibers on a block micropatterned collector
with D= 10 pym

d) Proposed mechanism for the deposition of nanofibers on a block micropatterned collector
with D= 20 pm

The microstructuration of a membrane may be obtained when the ratio L/H (where L
is the distance between two patterns and H the height of the pattern) is lower or equal to 1.5
[90]. Here, even if the ratio L/H = 40/60= 0.7 is in the range where structuration is possible,
structuration of electrospun fibers did not occurred. Normally, the electric field is more
intense at the top of the blocks, driving the deposition of the charged jet preferentially on the
blocks, leading to the formation of aligned fibers between the blocks and thus an electrospun
microgrid (Figure 33-d). However, it seems that when the diameter of the blocks is 10 pum,
the difference between the electric field at the vicinity of the patterns and the bottom of the
collector is not enough. Thus, the charged jet is attracted by the entire surface, no matter the

97



CHAPTER 2: MONOCOMPONENT 2D AND 3D ARCHITECTURED NANOFIBROUS SCAFFOLDS

micropatterns. Therefore, a diameter of 10 um for a block is the limitation to get microgrids
micropatterned membranes.

Thus, we increased the block diameter D to 20 um. The space L between two blocks varied
from 40 pm to 120 pum (60 pum, 100 um). SEM images of the first moments of nanofiber
deposition (Figure 34) proved that with these collectors, the micro-structuration of the
membrane can be achieved. The fibers deposit preferentially on the top of the blocks, and

aligned between two block patterns, leading to the formation of a microgrid (Figure 33-d).

Figure 34: SEM images of the first moment of the deposition of PCL on

micropatterned blocks silicon collectors.

Unfortunately, the SU-8-based blocks patterns with a diameter of 20 pum were too
fragile when they were made on silicon wafers. For example, we noticed that the blocks fall
off of the silicon substrate when the membrane was peeled from the collector immersed in
ethanol.

Normally, one advantage of using micropatterned collectors is that the collector could be
reusable for making many scaffolds for biological applications. Therefore, the micropatterned
collector should present a good resistance during immersion to solvents and peeling
operations to produce scaffolds in a large number.

To solve this problem of fragility, we elaborated block collectors in poly(dimethyl-siloxane)
PDMS by the replication molding technique.

Normally, a micropatterned collector should be reusable several times without
affecting the structure of the electrospun membrane. However, with PDMS blocks collectors,
after the second use of the collectors, the PCL electrospun scaffolds were losing their grid
architecture (Figure 35-aand Figure 35-b). After the third use of the micropatterned collector
during the electrospinning process, the microstructure of the membrane had almost
completely disappeared (Figure 35-c). The loss of the microstructuration with PDMS

collector is due the bad adhesion of the conductive gold layer at the surface of the PDMS
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collectors. After the third use, one part of the gold layer was gone from the surface of the
collector and many cracks were visible at the surface, breaking the electric contact between

the different areas parts of the collector.
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Figure 35: a) SEM image of a PCL micropatterned electrospun membrane after the first use of
the PDMS micropatterned collector during the electrospinning process
b) SEM image of a PCL micropatterned electrospun membrane after the second use of the
PDMS micropatterned collector during the electrospinning process
¢): SEM image of a PCL micropatterned after the third use of the PDMS micropatterned

collector during the electrospinning process

Unfortunately, we were not able to elaborate a protocol that can in a repeatable way,
produce a large number of grid scaffolds. Thus, even if we proved that we were able to
produce electrospun micropatterned grids, we did not study the influence of the grid structure

on the osteoblasts cells behaviors.

In the next part, we present the results that were obtained using honeycomb
micropatterned collectors. Contrary to block collectors, honeycomb collectors were reusable
many times (15 times) after the peeling of the electrospun membrane. Honeycomb
micropatterned collectors were less fragile than block collectors because the walls of the
honeycomb were forming a network on the silicon wafer, giving a strength and resistance to

the micropatterns.
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4.2 Electrospinning on honeycomb micropatterned collectors

Electrospun Honeycomb as Nests for Controlled Osteoblast Spatial
Organization
Macromolecular Bioscience, 2014, Vol. 14, pp. 1580-1589

Salima Nedjari, Sandy Eap, Anne Hébraud, Corinne R. Wittmer, Nadia
Benkirane-Jessel, Guy Schlatter,

Abstract:

Honeycomb nanofibrous scaffolds with a characteristic pattern size ranging from 40 to
360 pum were prepared. poly(e-caprolactone) (PCL) and poly(D, L-lactic acid) (PLA)
scaffolds were obtained by electrospinning onto honeycomb micropatterned collectors and led
to two different types of microstructure. We showed that a unimodal distribution of fiber
diameters, observed for PLA, led to relatively flat scaffolds; on the other hand, the bimodal
distribution of PCL fiber diameters significantly increased the relief of the scaffolds’ patterns
due to the preferential deposition of the fiber portions with the larger diameter on the walls of
the collector’s patterns via preferential electrostatic interaction. Finally, a preliminary
biological evaluation demonstrated the effect of the morphology of the scaffolds on the spatial
organization of MG63 osteoblast-like cells. It is shown that the localization of MG63 cells
depended significantly on the relief of the scaffold. Mimicking hemi-osteons, cell gathering
was observed inside PCL honeycomb fibrous nests with a characteristic size ranging from 80
pm to 360 pm.
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421 Introduction

Scaffolds that mimic the extra-cellular matrix of living tissues are widely used in
biomedical applications such as tissue engineering [158]. An ideal construct should mimic the
physiological environment, mechanical properties and structure of native tissues from nano-
to macroscopic length scales [159]. Indeed, living cells sense their environment and respond
to the topography thereof through adhesion, growth and, finally, organization into a
multiscale, hierarchical structure that gives tissue its specific functions [160]. At length scales
D smaller than the characteristic size of living cells D; (D. ~ few tens of um), it has been
shown that the chemistry of the surface and the fluctuations of the scaffold’s topography play
an important role in cell adhesion [161-163]. At intermediate length scales D ~ Dc, this
topography exerts stresses on cells and on their spatial organization [164-167]. At these length
scales, it has been shown that not only the lateral size D of scaffold patterns but also their
height [168] and their curvature [169] affect cell behavior. Finally, at larger length scales D
>> Dec, a scaffold’s topography and the porosity must be sufficiently open to allow for the

formation of large cell assemblies with vessels and conduits for nutrients.

Bone regeneration is a good example of a process for which the hierarchical multiscale
geometry of scaffolds is of prime importance. At the subcellular length scale, cell support is
mainly ensured by submicron-diameter collagen fibers of the extracellular matrix (ECM).
Electrospun nanofibrous scaffolds that mimic the dimensions of those fibers have been used
as efficient promoters of cell adhesion and proliferation [170]. At length scales D ~ D¢, local
geometry has proven to play a major role in new tissue formation. During bone remodeling,
osteoclasts dig out small cylindrical pores called osteons or semicircular cavities and grooves
called hemi-osteons [171] with typical sizes on the order of a few hundreds of microns [172].
Osteoblasts are then recruited in those cavities and start to form new bone tissues. Mimicking
those geometries by using concave areas for example, in artificial hydroxyapatite scaffolds in
vitro and in vivo has shown that topography at this length scale can stimulate osteoblasts to
enhance bone formation [173]. Indeed, the kinetics of new tissue production by osteoblasts
depends on the local surface curvature; this phenomenon is called curvature-controlled tissue
growth [174]. Bidan and co-workers [175] designed hydroxyapatite scaffolds with circular
and semi-circular pores to mimic osteons and hemi-osteons. The authors showed that, in
circular pores, bone formation led to uniform, concentric tissue growth that progressively
closed the cylindrical pores, thus increasing the curvature of the surface, whereas in semi-
circular channels, the production of new tissue slowed down as the cavity and curvature of the
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surface decreased. Moreover, no tissue was formed on convex surfaces. The authors
elaborated a “chord model” to explain the curvature-controlled tissue growth and used it to
design pore geometries that improve the speed of bone tissue growth in porous scaffolds
[176]. Based on these results, honeycomb scaffolds, which exhibit concave pores that mimic
hemi-osteons, should be ideal for the rapid formation of new bone tissues. Indeed, George et
al. have already demonstrated that honeycomb collagen sponges are excellent scaffolds for

the differentiation and proliferation of mesenchymal stem cells into osteoblasts [177].

In this paper, we discuss the preparation of honeycomb electrospun scaffolds that
mimic the fibrous structure of the natural ECM matrix with hemi-osteon-like cavities and the
use of these scaffolds as supports for the adhesion and proliferation of MG-63 osteoblast-like
cells. Among the techniques that allow for the elaboration of scaffolds, electrospinning is
currently one of the most widely used tools of prime importance for biomedical applications
[178-180]. Indeed, electrospinning enables the production of nanofibrous scaffolds from a
wide range of materials with large surface-to-volume ratios, tunable porosities and
functionalized surfaces. Although electrospinning usually leads to the production of random
non-woven mats, several studies have focused on the production of structured fibers
assemblies [25, 61, 79, 181, 182]. For example, it is possible to control the spatial
organization of the nanofibers formed by electrospinning by using microstructurally patterned
collectors [87, 90, 183-186]. The relief of the patterns allows for the modulation of the
electric field in the vicinity of the collectors. The deposition of electrospun electrically
charged nanofibers is thus guided by electrostatic forces. Therefore, this phenomenon results
in an organized nanofibrous structure. In this study, we fabricated honeycomb micropatterned
collectors with characteristic sizes ranging from a few tens to a few hundreds of microns by
photolithography, thus corresponding to scales ranging from the size of unique cells to the
size of small cellular assemblies. poly(e-caprolactone) (PCL) and poly(D, L-lactic acid)
(PLA) were electrospun on these collectors to form honeycomb-like scaffolds with distinct
morphologies. Then, for each of these polyesters, the effect of the honeycomb pattern size on

the spatial organization of MG-63 osteoblast-like cells was investigated.
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4.2.2 Experiments

4.22.1 Fabrication of honeycomb collectors

Honeycomb micropatterns were formed by photolithography on silicon wafers (mask
aligner MJB4, SUSS Microtec). The photoresist used was SU-8 2050 (Microchem). A Plassys
MEBS5505 electron beam evaporator was used to deposit a conductive layer (compose of a
120-nm Al layer and a 30-nm Au layer) on the collectors. The collectors were divided into
four zones, for which the internal diameters D, of the honeycombs were 40, 80, 160 and 360
um (see Figure 1 for the definition of Dy). The width and the height of the honeycomb walls

were 20 pm and 60 pm, respectively.

4.2.2.2 Electrospinning

PCL polymer solutions were prepared by dissolving poly(e-caprolactone) (PCL)
(Mw=80 kg.mol™, PDI=1.1, Perstrop, commercial name: CAPA 6806) in dichloromethane
(DCM, Sigma-Aldrich)/ N,N-dimethyl-formamide (DMF, ReagentPlus® > 99%, Sigma-
Aldrich) (60/40 V/V) at a concentration of 15 wt.%. Then, 5% formic acid (Riedel-de Haén)
was added to increase the solution’s conductivity. A 8.2 wt.% poly (D, L-lactic acid) (PLA)
solution (Mw=180 kg.mol™, Natureworks, commercial name: 7000 D, 7% D) was prepared in
a DCM/DMF mixture (50/50 V/V).A homemade vertical electrospinning setup was used. The
device was composed of an 18G needle connected to a positive high-voltage power supply
(Spellmann SL 10) and a collector connected to a negative high-voltage power supply
(Spellmann SL 10). The polymer solution was pushed through the needle via a silicon

feedline connected to a 10-mL syringe mounted on a syringe pump.

Electrospinning experiments were performed 24 hours after the polymer solutions
were prepared. For the electrospinning of the PCL fibers, the needle-to-collector distance was
13 cm, the high voltage applied at the needle was 25 kV, the collector was electrically
grounded and the solution flow rate was 1.1 mL.h™. Additionally, a 3-mm-thick poly(methyl
methacrylate) PMMA plate with a circular opening measuring 45 mm in diameter was placed
on the collector before electrospinning to concentrate the fiber deposition. The
electrospinning time was 10 minutes. The scaffold was retrieved from the collector by
immersing the two in ethanol. The scaffold was then carefully peeled off the collector, dried
and placed under vacuum overnight to remove any residual solvent. For the electrospinning of

the PLA fibers, the needle-to-collector distance was 18 cm, the positive high voltage applied
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at the needle was 12 kV, the negative high voltage applied at the collector was -5 kV and the
flow rate was 1.2 mL.h™. A 3-mm-thick PMMA plate with a circular opening measuring 55
mm in diameter was used to concentrate the jet on the collector. The fiber collection time was
15 minutes. The collector was then immersed in isopropanol, and the scaffold was carefully
peeled off the collector, dried and placed under vacuum overnight to remove any residual
solvent. The PCL scaffolds were sterilized by immersion in ethanol for 20 minutes and
exposure to UV light for at least 30 minutes. The PLA scaffolds were sterilized by immersion
in isopropanol and exposure to UV light for one hour. Then, isopropanol was replaced by
water, and the PLA scaffolds were again exposed to UV light for 3 hours. Isopropanol was
used instead of ethanol for the PLA scaffolds because of the higher extent of shrinkage of
PLA in ethanol.

4.2.2.3 Scanning electron microscopy

The morphology of the honeycomb nanofibers scaffolds was observed by scanning
electron microscopy (SEM) (VEGA 3 LMV, TESCAN, Czech Republic) at a voltage of 5 kV.
Before observation, the samples were sputter-coated with gold using a Q 150RS sputter coater
(Quorum Technologie, United Kingdom). For each scaffold, the diameters of approximately
300 randomly chosen fibers were measured from five SEM images using the image analysis

software ImageJ (National Institutes of Health, USA).

The height H of the fibrous honeycomb walls was measured by using the defocus
function of the scanning electron microscope, which exhibits a reported precision of 1 um. To
this end, the electron beam was first focused with the condenser lenses of the SEM on the top
of a honeycomb relief where the vertical Z value was reset to 0. Then, the picture was
centered on the bottom of the relief pattern and the electron beam was refocused. Thus, the Z
value provided an estimate of the honeycomb height H. The average height was calculated
based on 10 values in each case.

4.2.2.4 Cell culture and seeding

MG-63 osteoblast-like cells were cultured in Dulbecco’s modified eagle medium (D-
MEM®, PAA, Austria) supplemented with 10% fetal bovine serum (FBS), 50 U/mL
penicillin, 50pug/mL streptomycin, 5ug/mL Fungizone and 1% sodium pyruvate in 75 cm?
flasks. The MG-63 cells were incubated at 37 °C in a humidified atmosphere of 5% CO, and
fed every 3 days. The cells were detached by trypsin-ethylenediaminetetraacetic (trypsin-
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EDTA) . Then the cells were seeded onto honeycomb PCL and PLA scaffolds, placed in a 48-
well plate at a density of 10000/cm? and cultured with supplemented D-MEM®.

4.2.2.5 Osteoblasts proliferation study

The osteoblasts proliferation and activity were monitored after 3, 7 and 14 days by an
alamarBlue® (Serotec) assay. The honeycomb scaffolds were incubated with 10 %
alamarBlue® reagent in culture medium for 4h. Then, aliquots were pipetted into 96-well
plates and their absorbance was measured with a spectrophotometric plate reader at 570 nm
and 630 nm. These experiments were performed in triplicates for each pattern size and each
polymer. Comparisons were made between patterned and random scaffolds at each time
interval using paired t-tests (p<0.05).

4.2.2.6 Osteoblasts morphology study

4.2.2.6.1 Scanning electron microscopy

After 3 days of culture, cells were fixed using 2.5% glutaraldehyde diluted in
phosphate buffered saline (PBS) and then 1% osmium tetroxide diluted in PBS. The samples
were then washed several times with PBS and dehydrated gradually with increasing
concentrations of ethanol (25%, 50%, 75%, 90%, and 100%). Finally, the cells were
chemically dehydrated with hexamethyldisilazane (HMDS) and observed by SEM as

previously described.

4.2.2.6.2 Fluorescence microscocopy

Cell nuclei were stained with a DAPI (4°,6-diamidino-2-phenylindole, Sigma) solution
(200 ng/ml) for 5 minutes and washed three times with PBS. The honeycomb scaffolds seeded
with MG-63 cells were then incubated for 20 min with Alexa Fluor 546-conjugated phalloidin
(Molecular Probes) for F-actin labeling before being washed again three times with PBS. The
samples were observed by using an optical microscope (LEICA DM 4000B, Germany) under
fluorescent light. Fluorescence images of PCL scaffolds were captured to estimate the cell
density relative to the nest area. The number of cell nuclei was counted for at least 20 nests
for each honeycomb characteristic diameter D.
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423 Results and Discussion

4.2.3.1 Electrospinning of PCL and PLA honeycomb fibrous
structures

In a previous study, we demonstrated that the distribution of fiber diameters affects the
internal structure of scaffolds [99]. Therefore, we first optimized the processing conditions for
two biopolyester systems to control the fiber morphology and the production stability. The
electrospinning of solutions of PLA and PCL in DCM/DMF mixtures was thus investigated in
the current study. DCM serves as a good solvent for these polyesters, and DMF causes a
decrease in vapor pressure allowing for stable electrospinning over long periods without any
clogging of the needle.

In this solvent mixture, PLA fibers showing a unimodal diameter distribution with an
average value of 410 nm were obtained, as shown in Figure 35-a. In contrast, in the case of
PCL, a bimodal diameter distribution was observed (Figure 35-a), with thin and thick fiber
portions exhibiting average diameters 270 nm and 920 nm, respectively. This bimodal
distribution may be due to concentration heterogeneities in the PCL solution resulting from
the presence of DMF, a poor solvent of PCL. However, this solvent is necessary to prevent
any clogging at the needle exit due to rapid evaporation of DCM. A small amount (5% of the
total solvent weight) of formic acid was added to the PCL formulation to increase the
solvent’s conductivity and the surface charge density of the electrospun jet, thus reducing the

diameter and number of thick fibers portions.
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Figure 36: a) Normalized distributions of PLA and PCL fiber diameters obtained from fibers
deposited on a flat aluminum foil. b) Principle of electrospinning on micropatterned honeycomb
collectors with D, = 40, 80, 160 and 360 um. c) Optical microscopy image showing the central
part of a honeycomb collector. d) SEM image of the same area of a PCL electrospun scaffold
after being peeled from the collector. The image shows the side that was in contact with the

patterned collector (see also Figure S1 in Supp. Info.).

To construct honeycomb nanofibrous scaffolds, electrospinning was carried out on
micropatterned collectors fabricated using photolithographic techniques. The collectors,
coated with an Al-Au layer, were divided into four square areas measuring 20x20 mm
covered with honeycomb patterns with an internal diameter Dp of 40, 80, 160 or 360 um (see
Figure 36b-c). The honeycomb patterns were separated by walls measuring 20 um in width
and 60 pm in height as shown in Figure 36-b. The collector served as an electrostatic
template, and the replication of the honeycomb structure could be observed on the electrospun
membrane (Figure 36-d). In the vicinity of the collector, the electrostatic forces were driven

by the micro topography of the collector.
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Therefore, charged electrospun fibers were preferentially deposited on the honeycomb walls
[90], leading to the efficient replication of the microstructure of the collector even for the

smallest pattern diameter of D, = 40 um (see also Figure S2 of Supp. Info.).

Figure 37-a shows PLA fibers organized on a honeycomb pattern with Dp = 160 pm
for the collector after a short period of electrospinning. It can be observed that most of the
fibers were aligned along the walls of the honeycomb pattern, whereas few fibers were
stretched and suspended above the honeycomb cavity at a depth of 60 pum (see Figure 37-b).
The density of the fibers inside the patterns is thus lower then on the wall.

Similar observations have been done by Lavielle et al. [90] for patterns in the same size range
and by Ortega et al. [167] for millimeter-sized patterns. This effect can be explained by the
fact that during electrospinning, the suspended fibers could not release their electric charges.
Thus, preferential deposition on the walls of the collector’s patterns was due both to attraction
above these walls where the electric field was more intense and to repulsion by the suspended
fibrous and charged net. Figures 37b-d show that the peeling of the scaffold from the
collector, carried out in isopropanol, caused the entire scaffold to shrink due to fiber
retraction. Shrinkage rates ranging from 12 to 25% were measured for all PLA scaffolds.
However, the overall morphology of the scaffold was preserved.

One can also observe a rather good alignment of the fibers along the walls of the honeycomb
patterns (Figure 37-d) and a random orientation inside the patterns (Figure 37-c). Similar
results have also been obtained for other pattern diameters D, (Figure 40 and Figure S2 of
Supp. Info.).

Figures 37e-g clearly show that the morphology of the PCL scaffolds differed from
that obtained with PLA. Indeed, for the PCL scaffolds, honeycomb fibrous structures with
well-defined relief were formed. These structures replicated the collector patterns. With PCL,
just as in the case with PLA, the peeling step, carried out in ethanol, led to a low shrinkage
rate of 5-10%.

A statistical study of the fiber diameter revealed that in the case of PCL, only the thin
fiber fractions with diameters of ~ 270 nm were located inside the honeycomb patterns,
whereas a bimodal distribution of thin (~ 270 nm) and thick (~ 920 nm) fiber portions was
observed on the walls of the honeycomb patterns (Figure 37-h). A similar effect was
observed by Rogers et al. [186] when electrospinning PLGA onto patterned resins collectors.

A difference in diameters of the fibers was obtained between peak and valley regions
of their membranes. Because the linear charge density A of an electrospun jet is proportional
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Figure 37: a) SEM image of PLA fibers deposited on a honeycomb pattern with D, = 160 pm for
the collector after a short deposition period. b) SEM image of PLA honeycomb patterns
obtained with D, = 160 um after being peeled from the collector in isopropanol. c) SEM image of
PLA nanofibers located inside the nest of a honeycomb. d) SEM image of PLA nanofibers
located on the wall of a honeycomb. ) SEM image of PCL honeycomb patterns obtained with D,
=160 pm. f) SEM image of PCL nanofibers located inside the nest of a honeycomb. g) SEM
image of PCL nanofibers located on the wall of a honeycomb. h) Normalized distribution of PCL
fiber diameters located on the wall and in the nest of honeycombs. Images b to g shows the side
that was in contact with the patterned collector after the peeling of the scaffold.
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to the square of its diameter [187],the thick PCL fiber portions exhibited a 4 roughly ten times
greater than that of the thin portions. Thus, the thick fiber portions were more sensitive to
fluctuations in the electric field encountered in the vicinity of the collector, resulting in the

fibers’ deposition on the honeycomb walls of the collector only.

This highly selective deposition induced the well-defined relief of the PCL scaffolds,
which was consequently much more pronounced than that of the PLA scaffolds (Figures 38
a-c). A maximum height H of 10 pm was measured for the PLA scaffolds with a D, of 360
um, whereas a height of 40 um was measured for the PCL scaffolds of the same D,.
Furthermore, an increase in the pattern height H with the pattern diameter D, was observed
(Figure 38-c). This effect can be easily explained by the increase in the electric field with D,
[99], resulting in an enhancement in the deposition of the electrospun fibers on the
honeycomb walls. In conclusion, electrospinning on honeycomb collectors allows for an

efficient replication of the patterns, with distinct scaffold structures formed depending on the

fiber morphology.
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Figure 38: a) SEM image of a PCL honeycomb scaffold obtained with D, = 360 pm. b) SEM
image of a PLA honeycomb scaffold obtained with D, = 360 pm. c¢) Height H of the wall relief as

a function of D,
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4232 Effect of scaffold morphology on spatial organization of
MG-63 osteoblast-like cells

The adhesion and proliferation of MG-63 cells on the PLA and PCL honeycomb
patterned scaffolds was studied for up to 14 days and compared to those properties of cells on
random electrospun scaffolds. At day 3, the percentage of alamarBlue reduction was
approximately 10% for the PCL and PLA scaffolds, demonstrating the good adhesion of cells
on both types of scaffolds. Then, on the PCL scaffolds, MG-63 cells grew rapidly between
day 3 and day 7, reaching confluence around day 14 (Figure 39-a). No significant difference
(p < 0.05) was observed between the patterned and random fibrous scaffolds. The same
behavior was observed for the PLA scaffolds (see Figure 39-b), however, with a slightly
lower proliferation rate. This difference in proliferation rate could be explained by the
different properties of the two polyesters, such as their elastic modulus and their

hydrophobicity.

Dp
360 um
=160 um

80 um
=40 um
Random

Dp
360 pm
=160 um

80 um
=40 um
Random

AB reduction (%)
AB reduction (%)
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Figure 39: a) MG-63 cell adhesion and proliferation on honeycomb PCL scaffolds with various
diameters Dp and on random scaffolds. b) MG-63 cell adhesion and proliferation on honeycomb

PLA scaffolds with various diameters Dp and on random scaffolds (n=3).
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Figure 40: SEM images of osteoblast cell line MG-63 after 3 days of proliferation. a-d) PCL
scaffolds; e-h) PLA scaffolds. a) and ) Dp = 360 um; b) and f) Dp = 160 um; c) and g) Dp = 80
pum; d) and h) Dp = 40 um; more detailed pictures are shown in Figure S3 and S4 in Supp. Info.
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To gain insight into the spatial organization of the cells on the honeycomb scaffolds,

samples incubated for 3 days were prepared for SEM observation. It should be noted that the
cells’ organization on the scaffolds was studied based on the obtained morphologies of the
scaffolds only.
A comparison between PCL and PLA could not be carried out because of their different
physical properties (e.g., elastic modulus, hydrophobicity).In the case of the PCL scaffolds
(Figures 40a-d), cells preferentially adhered inside the patterns (concave surfaces) rather than
on the walls (convex surfaces). This phenomenon was particularly clear for pattern diameters
of 160 and 80 um, at which cells gathered inside the patterns, as in nests, and began forming
microtissues. In contrast, in the case of the PLA scaffolds (Figures 40e-h), the cells adhered
to the walls as well as to the inside of the patterns, crossing the patterns without being
affected by the topography (for magnified views, see Figure S3 and S4 of Supp. Info.).

These results are confirmed by fluorescence microscopy images of cells cultured on
the scaffolds for 14 days (Figure 41). For these experiments, the nuclei of the cells were
stained blue with DAPI and their cytoskeletons stained red with phalloidin. One can also
observe that the scaffolds, especially the PCL scaffolds, also absorbed some phalloidin and
appeared red in the pictures (higher-magnification images showing the cytoskeletons of cells
are shown in Figure S5 of the Supp. Info).
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d) h)

Figure 41: Fluorescence microscopy images of MG-63 cells on honeycomb nanofibrous scaffolds
after 14 days for a) PCL and Dp = 360 pum; b) PCL and Dp= 160 pm; c) PCL and Dp =80 pm; d)
PCL and Dp =40 pm; e) PLA and Dp = 360 um; f) PLA and Dp= 160 pum; g) PLA and Dp=80
pm; h) PLA and Dp =40 pum. All scale bars = 100 pm.
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After 14 days of incubation, the preferential location of the cells inside the PCL
honeycomb nests could be clearly observed for patterns with D, values ranging from 80 to
360 pm.

As indicated in these images, 98, 90 and 79% of the cell nuclei were located within
nests obtained with D, = 360, 160 and 80 pum, respectively. Figure 42 plots the ratio of the
density of cell nuclei (number of cell nuclei relative to the surface area of the nest) inside the
nest duc to the density of cell nuclei on the walls dy (number of cell nuclei relative to the
surface area of the wall) as a function of the pattern diameter D (i.e., the honeycomb nest
diameter measured for the scaffolds, which thus takes into account the shrinkage that occurred
during the peeling step). Thus, this plot accounts for the effective surface areas of the walls
and nests, which depend significantly on D. A random distribution of the cells without any
effect due to structure would result in a duc/dw ratio of 1. This ratio was observed to be close
to 1 for the smallest pattern, which had a diameter close to the cell diameter and a wall height
of only approximately 10 um. The ratio increased with the size and height of the patterns to
finally reach a value of ~6, corresponding to a cell density 6 times greater inside the
honeycomb nests than on the walls for the largest patterns.

For all PLA scaffolds, in contrast, the cells appeared to have been distributed
randomly over the surface of the scaffolds with no preferential location, regardless of pattern
size. These scaffolds were nearly flat with a roughness of only a few microns and a uniform
fiber diameter over the entire surface. The only parameter that differed between PLA
scaffolds and the random scaffolds was the extent of fiber alignment along the walls of the
patterns. Therefore, this parameter did not have a strong effect on the MG-63 cells.[167, 186]
The above-described results suggest that the structure of the scaffolds at length scales of D ~
D¢ to D > D¢ (corresponding to small cellular assemblies) affected cell localization as long as
the height of the patterns was sufficiently high. Thus, osteoblast-like cells tended to assemble

preferentially on concave surfaces as they would in hemi-osteons during bone remodeling.
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Figure 42: Ratio of the density of cell nuclei (number of cell nuclei per surface area unit) inside
the nest (dyc) to the density of cells nuclei on the walls (dy) plotted as a function of the pattern
diameter D measured for PCL scaffolds (D is slightly smaller than Dy because it incorporates the
shrinkage that occurred during the peeling step). The dashed line at dyc/dw = 1 represents the
ratio at which the cells are randomly distributed over the wall and the honeycomb nests are not

affected by the scaffold geometry.

424 Conclusions

We developed new types of electrospun honeycomb scaffolds by using honeycomb
micropatterned collectors formed by photolithographic processes. By comparing two
biopolymers, PCL and PLA, we demonstrated effective control over the morphology of the
engineered scaffolds with characteristic pattern sizes ranging from the size of individual cells
to the size of small cellular assemblies.

The topography of the honeycomb scaffolds was characterized by the height of the
walls H, which depends on the diameter of the honeycomb patterns and the morphology of the
fibers. A unimodal distribution of fiber diameters, observed for PLA, led to relatively flat
scaffolds, whereas the bimodal distribution of PCL fibers significantly increased the H value
of the scaffolds’ patterns due to the preferential deposition of larger fiber portions on the walls
of the collector patterns. Furthermore, an increase in H with the characteristic size of the
honeycomb patterns was observed. This microstructuration was explained by electrostatic
effects induced during the electrospinning step.

Finally, a preliminary study of the proliferation and spatial organization of MG-63
cells on these scaffolds was performed. It appears that the structure obtained for the PLA

scaffolds does not affect the organization of MG63 cells. However, the formation of
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osteoblast-like cell assemblies inside the honeycomb nests of PCL scaffolds was observed,

suggesting that the patterns successfully mimicked hemi-osteon structures.

425 Supporting informations

Down side : observed and tested side

Figure S1: Peeling operation to remove the membrane from the micropatterned collector
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h)
Figure S2: SEM images of PCL and PLA honeycomb scaffolds. a-d) PCL scaffolds; e-h) PLA

scaffolds. a) and e) Dp = 360 um; b) and f) Dp = 160 um; ¢) and g) Dp = 80 um; d) and h) Dp = 40

pm;
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b)

d)

Figure S3: SEM images of osteoblasts cell line MG63 after 3 days of proliferation on PCL
honeycomb scaffolds a) Dp = 360 um; b) Dp = 160 um; ¢) Dp = 80 pm; d) Dp = 40 pm;
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Figure S4: SEM images of osteoblasts cell line MG63 after 3 days of proliferation on PLA
honeycomb scaffolds a) Dp = 360 um; b) Dp = 160 um; ¢) Dp = 80 um; d) Dp = 40 pm;
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Figure S5: Fluorescence microscopy image of MG-63 cells located inside a nest of a honeycomb

PCL scaffold obtained with Dr = 360 um after 14 days of proliferation.
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5. 3D structuration

In this part, we present how we were able to construct new kind of 3D thick electrospun
scaffolds. By combining the self-assembly phenomenon of PCL (bimodal distribution of the
fibers) and the use of honeycomb micropatterned collectors, 3D honeycomb scaffolds with
controlled pore size and porosity gradient could be obtained. This work was accepted in the
journal Material Letters.

Thick Honeycomb Electrospun Scaffold with Controlled Pore Size

Accepted in Material Letters, 2014, DOI:10.1016/j.matlet.2014.11.118,

Salima Nedjari, Guy Schlatter, Anne Hébraud

Abstract:

A novel strategy to prepare thick nanofibrous scaffolds with controlled pore size and graded
porosity by electrospinning was developed. Taking advantage of the self-assembling properties of
bimodal nanofibers, it was possible to grow columns of pores with mm height. The use of a
honeycomb microstructured collector allows the control of the pore diameter from 80 to 360 pum. With
increasing sample thickness, the columns of pores began to merge creating a gradient in pore diameter
of up to several hundreds of microns. These scaffolds should be ideal for tissue engineering

applications.

5.1 Introduction

Electrospun scaffolds are known to be good candidates for tissue engineering applications
because of their ability to mimic the extra cellular matrix (ECM) of living tissues [188, 189] mainly
composed of collagen or elastin fibres, ranging from 10 to several hundreds of nanometres.
Electrospinning usually produces 2D nonwoven nanofibrous scaffolds with interconnected pores in the
range of a few microns. However, such densely packed scaffolds do not allow the migration of cells
through the structure and present a barrier to the vascularization of the tissue. An ideal scaffold should
be nanofibrous with pore sizes in the range of a few tens to a few hundreds of micrometers and
thicknesses up to a few millimeters, depending on the targeted tissue [190, 191].

Recently, different strategies have emerged to approach this goal. Thicker scaffolds have been
obtained by stacking 2D membranes [192-194], wet electrospinning [195, 196] or using spherical dish

collectors with needles [197, 198]. Moreover, important efforts have also been made to increase the
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pore size of electrospun scaffolds. Increase of the nanofibrous diameters [199], addition of porogen
agents [195, 200, 201], or cryoelectrospinning [202, 203] leads to pore sizes ranging from tens to
hundreds of microns. Bigger pores can also be burned into the scaffold by post-electrospinning
femtosecond laser processing [204]. Yet, most of these strategies require special electrospinning set up
or post processing operations.

A simpler method has been developed recently to create large pores and thick samples, based
on the self-organization of nanofibers into honeycomb-like structures due to modulated electrical
interactions [99]. The obtained cm-thick structures presented a gradient in pore sizes increasing from a
few microns to a few hundreds of microns and good mechanical properties (compression modulus of
65 kPa with a porosity of 87 %). However, pore sizes were not controlled and depended on nanofibers
self-assembly, starting from very small pore sizes that could still prevent cells migration through one
side of the scaffolds.

In this study, we have combined this approach with the use of honeycomb microstructured
collectors in order to control the size of the honeycomb pattern and construct 3D scaffold with

columns of pores of controlled sizes.

5.2 Materials and Methods

5.2.1 Fabrication of honeycomb micropatterned collector

Honeycomb micropatterns of 60 um height, internal diameter of 80, 160 or 360 pum and wall
width of 20 um (Fig. 43A) were obtained by photolithography on silicon wafers (mask aligner MJB3
SUSS Microtec) using SU-8 2050 photoresist (Microchem). A conductive layer (Al-150 nm and Au-

20 nm) was then deposited on the collector by electron beam evaporation (Plassys MEB5505).

5.2.2 Electrospinning of 3D Scaffold

15 wt.% poly(e-caprolactone) (PCL, Mw=80 kg.mol™*, CAPA 6806, Perstorp) solutions in
60/40 V/V dichloromethane/N, N-dimethylformamide (Sigma-Aldrich, predistilled) and 10 wt.%
poly(lactic acid) (PLA, Mw=180 kg.mol™®, 7000 D, NatureWorks) solution in 50/50 V/V
dichloromethane/N, N-dimethylformamide, were prepared 24h prior to electrospinning. The solutions
were electrospun during 1 hour using a homemade vertical set-up [99, 205] (Fig. 43A, electrospinning
conditions: PCL: needle/collector voltage = +15/-15kV, distance = 15 cm, 1.4 mL/h; PLA:
needle/collector voltage = +12/-5 kV, distance = 18 cm, 1.6 mL/h, temperature = 21£1°C, humidity =
44+3 %). Additionally, a 3 mm thick poly(methyl methacrylate) plate with a 25 mm diameter circular

hole was placed onto the collector during electrospinning in order to concentrate the fiber deposition.
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5.2.3 Scanning electron microscopy (SEM) and X-ray microcomputed
tomography

Samples were peeled off from the collector by immersion in ethanol for PCL or isopropanol
for PLA, dried, cut with a rasor blade in liquid nitrogen and characterized by SEM and X-ray

microcomputed tomography as described in the Supplementary Data.

5.3 Results and Discussions

A PCL solution was first electrospun for 10 minutes onto a flat aluminium collector. As
described by Ahirwal et al. [99], nanofibers self-assembling occurs, leading to honeycomb-like
patterns with a polydispersity in the pattern size (Fig. 43B). This phenomenon is due to a
heterogeneous dissipation of the electric charges induced by the bimodal size distribution of PCL
nanofibers diameter showing thick and thin domains [99] (Supp. Data. Fig. S1 and S2). Aggregates of
thick fibers formed in the first seconds of the deposition are in good contact with the collector while
thin fibers suspended in-between remain electrically charged, thus forming an electrostatic template of
attractive and repulsive domains to the upcoming charged fiber. The electrostatic template mainly
affects the thick portions of fibers that carry a higher linear charge density A [206] (Fig. 43E). It
results in the construction of a honeycomb-like structure with thick fibers, still slightly wet, merging to

form the walls of the patterns and thin fibers crossing them (Fig. 43C).
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Figure 43: A) Electrospinning setup using a honeycomb collector. B) SEM image of a PCL

honeycomb-like self-assembled structure on a flat collector (10 min). C) SEM image of a wall of
the honeycomb-like pattern. D) SEM images of PCL honeycomb structure on a honeycomb
microstructured collector (10 min, D=160 um). E) SEM image of a wall of the honeycomb

pattern.

To control the size and polydispersity of the self-assembled fibers patterns, a honeycomb
micropatterned collector was used (Fig. 43A) with internal diameter D of the honeycomb patterns of
160 um. The organization of the fibers and the formation of the patterns are then guided by the
collector, leading to a more regular honeycomb structure (Fig. 43D). Once again, an electrostatic
template is formed at the first deposition times, with attractive domains over the pattern walls and
repulsive domains over the pattern nests leading to preferential deposition of the thick fibers over the

walls in a self-sustained process. This phenomenon allows for the vertical growth of the patterns walls
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leading to the formation of columns of pores with diameters corresponding to the internal diameter D
of the honeycomb pattern of the collector (Fig. 44A and 44B).

However, after 200 um in thickness, pores columns start to merge by pairs, forming larger
pores columns. Variations in the nanofibers deposition are responsible for the formation of smaller
walls that disappear as soon as a new fiber is able to cross over them without touching them. This fiber
remains positively charged and becomes repulsive to the upcoming jet. The electrostatic template is
modified and the columns are growing by increment (Fig. 44C-D). Thus, after 1 hour electrospinning,
mm-thick scaffolds, with a porosity of 91+3 % measured by gravimetry, are obtained and a gradient of
pore size is observed in the thickness of the material, starting from a chosen pore diameter, controlled
by the pattern size of the microstructured collector (Fig 44E). In contrast, when the distribution of
diameters of the electrospun fibers is monodisperse, as for PLA nanofibers (Supp. Data Fig. S1 and
S3), the electrostatic template effect is lost rapidly and a dense and flat sample is obtained in the same
conditions even after 1 hour (Fig. 44F). Nanofibers with bimodal distribution of diameters, capable of
self-organization are necessary to grow thick porous samples [99]. Indeed, thick portions of fibers, still
slightly wet when landing, tend to merge in the wall, allowing a good dissipation of electric charges,
which is not possible in the case of regular PLA fibers. The role of the microstructured collector is
only to guide the fibers self-organization into a more regular structure. Thus pore size can be precisely
tuned by changing the collector pattern size respectively to 360 and 80 um (Fig.45A and 45B). In
these cases, the same mechanisms of 3D construction occur leading to mm-thick scaffolds with an

increasing gradient in pore size, starting from 80 and 360 microns.
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Figure 44: A) SEM image of a porous column with controlled pore size (D= 160 pum) in a PCL

scaffold. B) Proposed mechanism for the construction of porous columns with controlled pores
size C) Proposed mechanism for the merging of two columns. D) SEM image of the cross-section
of a PCL scaffold (1 hour, D= 160 um). E) MicroCT images showing 4 slices at different Z values
of a thick PCL honeycomb structure. F) SEM image of a thin PLA honeycomb structure
(1 hour, D= 160 um). Videos of 3D micro-CT pictures can also be viewed in the Supplementary
Data.
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Figure 45: SEM images of the cross-section of thick electrospun PCL scaffolds with regular

porous columns of controlled pore sizes of A) D=360 um B) D = 80 pum.

5.4 Conclusions

In summary, 3D nanofibrous honeycomb micropatterned scaffolds were obtained by
simultaneously using a honeycomb micropatterned collector during the electrospinning process and
the self-assembling properties of the PCL nanofibers. These scaffolds present a pore size gradient
from tens of microns to the millimeter scale with a controlled minimum size depending on the
honeycomb pattern size of the collector. Such scaffold should be adaptable for the regeneration of
various targeted tissues such as bone [191] or cardiac tissues [190]. Their porosity gradient make them

particularly interesting at interfaces between two tissues [207].
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5.5 Supporting informations

S1: A and B) SEM images of PCL nanofibers; C and D) SEM images of PLA nanofibers
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6. Conclusions of the Chapter two

In this chapter, we presented the elaboration of monocomponent micropatterned
electrospun membranes by making electrospinning on micropatterned collectors.
On the first hand, we presented the elaboration of 2D micropatterned electrospun membranes.
Different kinds of micropatterned collectors (block collector, honeycomb collector) were
fabricated thanks to lithographic processes (which were also presented). Then, two
biopolymers, PCL and PLA were used for the electrospinning process. Optimization of the
electrospinning conditions of the two biopolymers was done. Then, with the optimal
electrospinning conditions, electrospun PCL and PLA honeycomb micropatterned electrospun
membranes were elaborated. The honeycomb patterns had an internal diameter going from 40
pum to 360 um. We showed that unimodal distribution of the diameter of PLA leads to flat
honeycomb scaffold. Despite, the bimodal distribution of the diameter of PCL fibers and the
preferential deposition of thick fibers over the walls of the honeycomb increase the relief of
the scaffold. Then we studied the influence of the honeycomb structure on MG-63 osteoblasts.
We demonstrated that we were able to create osteoblasts niches inside the PCL honeycomb
nests for honeycomb diameter going from 80 um to 360 pum.
On the second hand, we showed that by using honeycomb micropatterned collector during
electrospinning process and the self-assembling properties of PCL, we were able to make
growth 3D scaffold with very interesting morphology. Indeed, these scaffolds presented a
controlled pore size, directly depending on the honeycomb internal diameter on which they
electrospun. We noticed that porous columns of the 3D scaffolds were gathering together and
made a porosity gradient in the thickness of the scaffold. This very special 3D scaffold with

controlled pore size could be very useful for different field of tissue engineering.

Now, we will interest to the elaboration of composites electrospun scaffolds by
electrospinning and electrospraying techniques. By coupling these techniques, we want to
elaborate complex 2D and 3D composite scaffolds with different architectures. The 2D
composite membrane will be elaborated for one dedicated application: the screening of
different electrospun micropatterns in order to find quickly which kind of architecture could
enhance the bone regeneration. On the other hand, we want to elaborate 3D scaffold with
controlled pore size with another strategy than the self-assembly of polymers coupled to
honeycomb micropatterned collector. These two main subjects are the main topics of the next
chapter.
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1. Introduction

Monocomponent micropatterned scaffolds are very interesting for bone applications.
Because hydroxyapatite is one of the major components of the extracellular matrix in bones
tissues, composite scaffold made of electrospun nanofibers and electrosprayed hydroxyapatite
have been developed by coupling electrospinning of biopolymers and electrospraying of
hydroxyapatite.

In a first part, bilayers composed of fibers and particles were elaborated on micropatterned
collectors. Alginate and PCL fibers in combination with hydroxyapatite particles were
produced and the effect of the nature of the fibers on the final structure of the scaffold was
studied. This novel technique allowed the electrostatic-assisted template deposition particles
at precise locations on the scaffold. Bilayer membranes of PCL and hydroxyapatite composed
of 21 different micropatterned structures were elaborated and incorporated into a PMMA
plate containing 21 wells. The all formed a biochip dedicated to the screening of
microstructured fibrous structures. As a proof of concept of the use of such biochips, the
proliferation of MG-63 osteoblasts like cells as well as their mineralization was followed as a
function of the scaffold structure.

In the second part of this chapter, a new kind of 3D composite electrospun construct
elaborated by alternately electrospinning nanofibers and electrospraying particles are
presented. This 3D construct presents cylindrical pores which could be tuned from tens to
hundreds microns. Finally, tensile tests on these 3D composite electrospun scaffolds have
been performed proving their suitability for biomedical applications. This work has been

published in the journal Polymer.
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2. Electrostatic template-assisted deposition of microparticles on
electrospun nanofibers: Application to the fabrication of biochips for
the screening of composite microstructured materials for bone

regeneration

2.1 Introduction

Today, one main objective of cell biology and biotechnology is to find the optimal in
vitro micro-environment for cells that can mimic the one existing in vivo. Indeed, cell
behaviors such as proliferation, migration and differentiation are deeply depending on their
micro-environment, which could be defined by different parameters such as the substrate
topography, surface chemistry, substrate stiffness and mechanical deformation, shear stress,
cell culture media composition, and physiochemical conditions (temperature, pH, O,, CO,)
[208]. Cell substrate or topography is particularly one of the most impacting parameter of the
cell fate, especially for stem cells or bone cells.

High throughput screening has been developed in order to test a large number of
micro-environment conditions. Thanks to microfabrication and microfluidics techniques
(photolithography, etching, and molding), new lab-on-chip have emerged, offering the
possibility to test different libraries (molecules, topography, etc) in order to find the best
cellular micro-environment. Repeatability and rapidity provided by these lab-on-chip make
them very attractive for biologists [209].

Concerning the topography, lab-on-chips could allow the screening of hundreds
different patterns to thousands different patterns. For example, the BSSA is a lab-on-chip
made by photolithographic processes and proposing 160 different patterns which is a
combination of micro-pillars of different shapes and different spacing [210]. The Topochip
housing 2176 distinct topographical units was developed by Unadkat et al. [211]. They used
mathematical algorithms to design arrays of patterns onto a single chip with distinct
combinations on each field. Due to the limitation of the lithographic processes, the size of the
topographical features was in the micron range and the height of the topographical features
was the same on the same chip [211]. However, by combining, different methods of
microfabrication techniques, more complex topographical patterns (curved structures or 3
dimensional structures for example) could be designed. For instance, Multiarchitecture

(MARC) chip has different complex hierarchical structures and topographies [212, 213].
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Today, while a large number of lab-on-chip are made from hydrogels, they have the
disadvantage to not mimic well the in vivo conditions of cells. Indeed, in vivo, cells are
naturally growing on the extracellular matrix (ECM) which is mainly made by collagen
nanofibers. Effective high throughput screening should be done on fibrous structures, in order
to be closer to cell micro-environment in vivo.

During the last few decades, electrospinning has emerged as a simple fabrication
technique to obtain fibers with sub-micron diameter. Electrospun fibers have a wide range of
applications, especially in biomedical area, where they have proved to be excellent candidates
as substrates for cell growth in vivo and in vitro. The electrospun nanofibers appear really
attractive due to their ability to structurally mimic the extracellular matrix ECM. Besides,
electrospun mats have the advantage to present large surface area to volume ratio favoring
cell adhesion which can be tailored to have different structures or pores size allowing cell
colonization and migration [188, 189, 214-216].

For high throughput testing applications, new platforms incorporating nanofibrous

electrospun membrane have emerged. Galago-Perez et al. designed a new micro-well
platform in which the well bottom is made entirely of nano-microscale polymer fibers.
Thanks to soft-lithographic processes, different size and shape of micro-wells in
polydimethylsiloxane (PDMS) platforms were designed. Their results showed that the fibrous
well bottom enhanced cell retention and allowed spatially controlled assembly of cell
hepatocyte clusters [217]. The geometrical properties of the wells can be easily modified to
obtain cell clusters with numerous sizes and shapes. However, they were only able to change
the size and shape of the wells; the fibers located inside the wells were randomly deposited
and did not present any special architecture.
Another kind of platform with multi-wells were developed by Lee et al. [218]. They
developed micropatterned scaffolds by fabricating poly(ethylene glycol) (PEG) hydrogel
micropatterned wells on electrospun poly(styrene) (PS) fiber matrices, resulting in a free-
standing bidirectional porous sheets. Hydrogels micropatterns were prepared by using
photolithography without any residual hydrogel precursor remaining in the PS fiber region.
PS fibers were inserted through the side walls of the hydrogel microstructures. Cells
selectively adhered and remained viable within the PS fiber region, thereby creating cellular
micropatterns [218].

Micropatterned electrospun structures (aligned fibers, micropatterned structures) could
greatly affect cells behaviors. For example, it was found that for PCL honeycomb

micropatterned scaffolds, osteoblasts MG-63 grew preferentially inside the nests of the
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honeycomb, creating niches of osteoblasts cells [219]. To our knowledge, testing different
structures of electrospun membranes on the same chip has been made only once by Wallin et
al. [220]. Spatially defined regions of electrospun fibers of both aligned and random
orientation were patterned on glass substrates that were irreversibly bonded to microfluidic
networks produced in PDMS. Their device was then tested with neural stem cells and the
effect of the alignment of the fibers on the neural stem cell alignment was showed. The
topology of the electrospun fiber mat changed in term of fiber morphology, fiber patterns and
orientation, and was found to closely mimic the in vivo conditions of neural stem cells [220].

In bone tissue engineering, new composite scaffolds composed of nanofibers and
hydroxyapatite, a component present in bone tissue, have emerged in order create a better
osteophilic environment for the growth and mineralization of the osteoblasts. Such kind of
composites can be elaborated by different strategies [195, 221, 222] . For example Gupta et
al. [223] showed that simultaneous electrospinning of polymers (gelatin or poly(L-lactic
acid)-co-poly(e-caprolactone) and electrospraying of HA could lead to a composite structure
that can enhance the cell proliferation and the cell mineralization [223] .

In this work, we propose a new strategy allowing the controlled deposition of
electrosprayed microparticles on electrospun fibers which will then be applied for the
elaboration of a biochip allowing the screening of composite fibrous structure for bone
regeneration. In the first part, we will introduce the concept of electrostatic-assisted template
deposition of microparticles on electrospun fibers. Then, the development of a multi-wells
plate device called a biochip incorporating different kinds of electrospun fibers and
electrosprayed particles structures for screening application with bone cells will be shown. To
mimic the ECM of bone tissues, the composite biochip membrane was a bi-layer membrane
made of electrospun PCL nanofibers and electrosprayed hydroxyapatite microparticles. The
biochip was composed of 21 different micropatterned structures such as hexagon, block, bar,
maze and random. Finally, MG-63 osteoblasts were cultured in this biochip device.
Immunochemistry and alizarin red staining were performed on these biochips to evaluate the

influence of the micropatterned structures on the mineralization process.
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2.2 Electrostatic template-assisted deposition of microparticles on electrospun
nanofibers

Before showing the concept of the electrostatic template effect, we will present the results
regarding the optimization of electrospraying of hydroxyapatite and electrospinning of

alginate, the two novel components tested for this part of the work.

2.2.1 Electrospraying of hydroxyapatite

Hydroxyapatite (HA) is a ceramic with chemical composition similar to the mineral
component of bone. Synthetic HA (Ca10(PO4)s(OH)2) has been extensively used as an implant
material for bone substitute due to its excellent ostoinductive properties [224]. HA has been
used in dental and orthopaedic surgery as bone defect fillers and as coatings on metallic
implant surfaces, to enhance bone regeneration [225]. HA could be synthesized via a wet
precipitation reaction between calcium hydroxide [Ca(OH),] and orthophosphoric acid
(H3sPO,) solutions [226].

It has been found that HA could be electrosprayed from suspensions into ethanol [227-
229] or methanol [230] leading to microparticles. In others case, hydroxyapatite could be
blended with gelatin in solvents such as TFE or distilled water [222, 231] for bone tissue
regeneration.

We conducted different experiments to optimize the electrospraying of HA. Synthetic HA
(Sigma-Aldrich) was suspended into ethanol at different concentration: 4 wt % and 6 wt %.
Microparticles were obtained with both concentrations. Solution of 6 wt % of HA was
preferred to the solution of 4 wt % because the Taylor cone was more stable with the solution

of 6 wt%. SEM pictures of obtained samples are proposed on Figure 46.
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Figure 46: Different SEM images of electrospun HA microparticles obtained from a 6% wt/ HA
suspension electrosprayed with a flow rate of 0.612 ml/h, a voltage of 13/0 and a varying needle-
collector distance D: a) with D=1 cm with; b) D=5 cm; ¢) with D =7 cm; d) with D= 10 cm;
e) with D= 13.5 cm

By changing only the distance (keeping the flow rate constant and the voltage constant)
during the electrospraying of hydroxyapatite (Figure 46), the morphology of the particles was
greatly affected, going from aggregates of particles to particles. In fact, at a short distance
(1cm, 5ecm or 7cm), the density of deposited particles is higher than the density of particles
deposited at higher distance (10 or 13 cm). Moreover, at shorter distance, the deposit was still
wet after the electrospraying, proving that the ethanol did not well evaporate during the
process, thus leading to aggregated particles. Distances like 10 cm or 13 cm, leading to

isolated microparticles, were privileged for the next experiments.
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2.2.2 Electrospinning and cross-linking of Alginate nanofibers

“Alginate” is a collective term for a family of polysaccharides produced by brown algae
and bacteria. Alginic acid was first discovered, extracted, and patented by Stanford [232].
Alginates with algae’s source show different structural and chemical properties with respect
to their seasonal and growth conditions. Alginates could be described as a linear binary
copolymers with homopolymeric regions of (1-4)-linked B-D-mannuronic acid sequences (M-
blocks) arranged with homopolymeric region of a-L-guluronic acid residues (G-blocks)
interspersed by regions in which the two groups coexist in a strictly alternating sequences
(MG-blocks) [233] (Figure 47). Due to the presence of carboxylic acid COONa on its chaine,
alginate is a polyanion at neutral pH and could be cross-linked by calcium chloride solution
(CaCly).
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Figure 47: a) Chemical structure of sodium alginate [233] .

The main industrial applications of alginate as a natural polymeric material are linked to
its stabilizing, viscosifying, and gelling properties and its ability to retain water [232]. Due to
its properties of biocompatibility, biodegradability, and non-toxicity, alginates meet well all
the requirements for their use in pharmaceutical and biomedical applications. They have been
largely used in wound dressings, dental impression, and formulations for preventing gastric
reflux. In tissue engineering applications, alginate has attracted the attention due to its
hydrophilicity which could facilitate uniform cell growth during a regeneration process [234,
235].

In electrospinning, the major issue in fabrication of alginate-based nanofibers is its high
viscosity in aqueous solutions. Researchers did not succeed for the electrospinning of alginate

solution alone. To get alginate nanofibers, it must be blended with a template polymer such as
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poly(ethylene oxide) (PEO) [236-238]. Saquing et al. showed that by changing the molar
mass of the PEO from 100 kDa to 2000 kDa, the morphology of alginate fibers could be
changed from beaded to non-beaded fibers. Based on these studies, we decided to use a PEO
with a molar mass of 1000 kDa in a 50/50 blend alginate/PEO, which normally leads to non-
beaded fibers [238].

Different kinds of alginate are synthetically prepared and available on the market: alginate
with low, medium and high viscosity. As it was reported on literature, we decided to work

with two different kinds of alginate:
» Alginate low viscosity ( 4-12 mPa.s at 1% in water at 25°C)
» Alginate medium viscosity (> 2000 mPa.s at 2% in water at 25 °C)

Alginate and PEO were dissolved in water during 24 hours. Then, the solutions were mixed
together in a 50/50 wt/wt ratio. Different solutions of alginate medium viscosity/PEO (1000
kDa) were prepared and tested in order to find possible electrospinning conditions. However,
it was very difficult to find electrospinning conditions allowing production of alginate fibers
with alginate medium viscosity (Table 9). The only fibers that were obtained are presented of
Figure 48-a and Figure 48-b. As shown, only a beaded morphology was achieved and
gellification rapidly occurred at the needle due to the very high viscosity of the solution.
Therefore, it was not possible to increase the PEO amount in the solution to obtain uniform

fibers.
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. Voltage Distance | Flow rate Presence Presence of
System Alginate/PEO (kV) (cm) (mi/h) | nanofibers beads
Alginate 1.5%/PEOL.5% 13.5/0 15 0.3 Yes Lot of
eads
Alginate 1.5%/PEO1.5% 16/0 15 0.5 No No
Various
Alginate 1.5%/PEO1.5% tested 18 1 No No
voltages
Various
Alginate 1.5%/PEO1.5% tested 13 0.3 No No
voltages
Various
Alginate 1.5%/PEO1.5% tested 10 0.5 No No
voltages
Various
Alginate 1.5%/PEO1.5% tested 7 05 No No
voltages

Table 9: Different electrospinning conditions of Alginate (medium viscosity)/PEO (1000 kDa)

solution

Figure 48: SEM images of electrospun alginate nanofibers: a and b) alginate nanofibers
obtained from a solution of alginate medium viscosity; ¢ and d) alginate nanofibers obtained c

‘from a solution of alginate low viscosity.

The Table 10 presents the different conditions of electrospinning of alginate fibers
from solutions made of alginate low viscosity and PEO (1000 kDa). These solutions were
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more easily electrospun and stable processing conditions were found. Beaded electrospun
alginate fibers were first electrospun (with many droplets at the surface of the alginate mat)
but after optimization of the conditions, uniform alginate fibers could be obtained (see Table
10). Alginate fibers are presented on Figure 48-c and Figure 48-d: they present a unimodal
distribution of the fiber diameter with an average diameter of 182 nm (+/-10 nm).

. Voltage Distance Flow rate Presence of Presence of

System Alginate/PEO (kV) (cm) (mi/h) nanofibers beads
Alginate 1.5%/PEO 2% 9.5/0 15 0,6 Yes Yes
Alginate 1.5%/PEO 2% 8.5/0 15 0,5 Yes No
Alginate 1.5%/PEO 2% 8.5/0 15 0,3 Yes Yes
Alginate 1.5%/PEO 2% 7.5/0 12,5 0,4 Yes No

Yes
Alginate 1.5%/PEO 2% 7.5/0 12,5 0,4 Yes (droplets

also)
Alginate 1.5%/PEO 2% 6/0 10 0,3 Yes Yes

Table 10: Different electrospinning conditions of Alginate (low viscosity)/PEO (1000kDa)

solution

Cross-linking of alginate fibers:

Alginate electrospun fibers are soluble in water. To be able to use them as scaffolds
for biological applications, alginate electrospun nanofibers should be cross-linked. As
mentioned previously, alginate could be cross-linked by calcium chloride (CaCl,). The ions
Ca’* take the place on the ion Na* on the chain and interact with the ions CO,". Because the
ions Ca*" have double positive charges, they can interact with two CO,™ groups, thus forming

a link between two alginate chains, creating a cross-linked network.

Thus, alginate nanofibrous membranes were immersed during one night into CaCl; solutions
with different molar concentrations. The different tested CaCl, solutions are listed on the
Table 11. Then, the samples were washed three times with distilled water and observed with

the SEM. Results are presented on the Figure 49.

As seen on the images, after cross-linking in CaCl, solutions of 0.1 mol/L

concentration or less, the alginate fibers were in majority redissolved in deionized water. At a
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concentration of Cacl, of 0.5 mol/L, important swelling of the fibers occurred. Good cross-
linking of alginate nanofibers could be reached with a solution of CaCl, with a molar

concentration of 1 mol/L. In this case, fibers were nearly unchanged when immersed in water.

Concentration in CaCl, Solution Molar Concentration
(wt/wt) (mol/L)
0.3 Deionized water 0.05
0.6 Deionized water 0.1
1 Deionized water 0.2
2.5 Deionized water 0.5
5 Deionized water 1

Table 11: Different Solutions of CaCl, used for the cross-linking of alginate nanofibers

Figure 49: SEM images of electrospun alginate nanofibers cross-linked into different CaCl,

solutions: a) cross-linking in a solution of 0.05 mol/L; b) cross-linking in a solution of 0.1 mol/L;

¢) cross-linking in a solution of 0.5 mol/L; d) cross-linking in a solution of 1 mol/L

Once good electrospinning conditions of alginate and electrospraying of hydroxyapatite were

found, we tried to develop new kind of bi-layer alginate-hydroxyapatite electrospun

membrane with honeycomb micropatterned collector.
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2.2.3 Selected experimental conditions

Here, we present the conditions of electrospraying of HA and electrospinning of PCL
which were used in all the following results shown in parts 2.2.4 and 2.2.5. The vertical
homemade electrospinning setup was composed of 18G needle connected to a positive high
voltage power supply (Spellmann SL 10) and a rotative collector (rotating in the horizontal
plan with a speed of 100 rpm) connected to the ground (high voltage power supply Spellmann
SL 10) in order to homogenize the deposition of the fibers. The polymer solution was pushed

through the needle via a silicon feedline connected to a 10 mL-syringe installed on a syringe
pump.

Electrospinning of PCL

PCL polymer solutions were prepared 24 h before by dissolving poly(g-caprolactone)
(PCL) (Mw=80 kg.mol™, PDI=1.1, Perstrop, commercial name: CAPA 6806) into
dichloromethane (DCM, Sigma-Aldrich)/ N,N-dimethylformamide (DMF, ReagentPlus® >
99%, Sigma-Aldrich) (60/40 V/V) at a concentration of 15 wt.%. The PCL solution was
delivered with a flow rate of 1mL.h™. The potential at the needle was Vpeeqie= 25 kV and the

distance was 13.5 cm.

Electrospraying of hydroxyapatite

After the step of electrospinning, a layer of electrosprayed HA microparticles was
deposited. A 6 wt % hydroxyapatite (HA, Sigma-Aldrich, nanopowder < 200 nm particles
size (BET), > 97 % synthetic) solution was prepared in ethanol (Sigma-Aldrich) 48 h prior to
electrospraying. The potential at the needle was V neeqie =18 kV. The solution was delivered at
a flow rate of 0.62 mL.h,

2.2.4 Controlled deposition of hydroxyapatite particles on electrospun
fibers

Bi-layer composite membranes containing hydroxyapatite (HA) were made in a two steps
process. The first layer was elaborated by the electrospinning of a polymer (alginate or PCL)
(Figure 50-a), and the second layer was elaborated by the electrospraying of HA (Figure 50-
b).
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Step 2 : Electrospraying

Figure 50: The two step processes: a) Electrospinning onto a micropatterned collector; b)

Electrospraying onto the thin layer of nanofibers deposited onto a micropatterned collector

In this part, the micropatterned collectors are the same as the ones presented in the
previous chapter 2. As we can see on the Figure 51-a, when HA is electrosprayed over a
honeycomb collector (i.e.without the first layer of electrospun fiber). HA particles are
deposited everywhere on the honeycomb micropatterns, inside the nests of the honeycomb as
well as over the walls of the honeycombs. However, when PCL is first electrospun onto the
honeycomb collector and followed by electrospraying of HA, the particles are selectively
deposited over the walls of the honeycomb micropatterns with characteristic sizes ranging
from 40 to 360 um (Figure 51-b-c). As described in Chapter 2, when electrospinning of PCL
is made onto a honeycomb collector, thin fibers are crossing the patterns remaining suspended
in air. As PCL is not conductive, the suspended fibers cannot discharge. The areas inside the
nests become positively charged and repulsive for the electrosprayed particles, forming an
electrostatic template. Therefore the HA particles are driven toward the walls and exclusively
deposit over them. It is then possible to spatially control the deposition of HA particles
(Figure 51-f).

When the first layer of electrospun fibers was made of alginate, there was not selective
deposition of hydroxyapatite microparticles on the walls of the honeycomb patterns. This may
be explained by the fact that alginate electrospun fibers are conductive. Thus, the electric
charges can dissipate along the fibers towards the walls of the micropatterns. In this case, the
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electrostatic template effect is not insured and the whole surface remains attractive for the
particles (Figure 51-d and Figure 51-e), even if a slight selective deposition could be
observed.

Because we were able to spatially control the deposition of hydroxyapatite onto a
micropatterned honeycomb collector covered by a thin layer of PCL, we elaborated bi-layer
PCL/HA electrospun-electrosprayed membranes. Such kinds of membranes were used to
elaborate an biochip device dedicated to the screening of different micropatterns structures in

order to find the best architecture for bone regeneration.

Alginate discharged f) PCL charged suspended
suspended fibers fibers over the nests

Figure 51: a) SEM image of a hydroxyapatite electrospray deposition onto a honeycomb
micropatterned collector without electrospun fibers; b) SEM images of bi-layer
electrospun/electrospray PCL/HA membrane onto honeycomb micropatterned collector; c)
Same conditions as ¢) but at another scale showing different honeycomb pattern sizes; d) SEM
images of a bi-layer electrospun/electrospray Al/HA membrane onto a honeycomb
micropatterned collector
e) Scheme of the deposition of alginate fibers onto a honeycomb micropatterned collector
showing the electric charges dissipated along the fibers towards the honeycomb walls; f) Scheme
of the deposition of PCL fibers onto a honeycomb micropatterned collector with undischarged
fibers showing the electrostatic template.
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2.3 Biochip by electrospinning and electrospraying: application for the screening
of PCL/HA microstructured composites for bone regeneration

To fabricate the biochip device for the screening of composite fibrous structures, we
designed a micropatterned collector with 21 circular areas having their own micropatterned
structures; where each area of 5 mm in diameter corresponds to a milli-culture dish (or well)
of the biochip (see Figure 52-a). Each area of the collector is composed of honeycomb,
block, bar, maze or flat micropatterns with their own characteristic sizes D, L and H as shown
in Table 12 and Figure 52-b,52-c, 52-d and 52-e. After the electrospinning and
electrospraying steps (Figure 52-f and 52-g), the structured membrane (Figure 52-h) is
peeled from the collector and integrated in the biochip for cell culture and biological

characterization as shown in Figure 52-i.

P PDMS seal

I Microppaterned
nanofibrous composite membrane

Figure 52: The main steps for the elaboration of a biochip. a) A micropatterned collector
elaborated from photolithographic processes. b) Bary gy Structures. c) Blockg g Structures. d)
Maze structures. €) Hexzq020 Structures. f) Electrospinning on the micropatterned collector. g)
Electrospraying on the electrospun fibers. h) A microstructured composite membrane with the

21 microstructured areas. i) The membrane integrated in the biochip and its design.

150



CHAPTER 3: COMPOSITES 2D AND 3D ARCHITECTURED NANOFIBROUS SCAFFOLDS

Structure Name D L H L/H
(Hm) (um) | (um)
Bar,o 20 20 20 60 0,3
Bargo 20 80 20 60 0,3
Barsg g0 20 60 60 1,0
Bar .
Barg 60 80 60 60 1,0
Bar,ogo 20 80 60 1,3
Bargo go 80 80 60 1,3
Blockeo go 60 80 60 1,3
Blocki2080 120 80 60 1,3
Block :
Blockgo 40 60 40 60 0,7
Blockizo.40 120 40 60 0,7
HeXz40.20 240 20 60 0,3
HeX120.20 120 20 60 0,3
HeXeo,20 60 20 60 0,3
HeX240,60 240 60 60 1,0
Hexagon HeX120 60 120 60 60 1,0
HeXeo,60 60 60 60 1,0
HeX240.100 240 100 60 1,7
HeX120 100 120 100 60 1,7
HeXg0,100 60 100 60 1,7
Maze Maze 80 20 60 0,3
Flat Random - - 0 -

Table 12: Description of the 21 different micropatterns of the collector.

Table 12 shows in detail the characteristic sizes of the 21 micropatterns. The height H
as well as the distance L between two patterns and the size D were chosen according to the
work of Lavielle et al. explaining that structuration of electrospun nanofibers occurs
efficiently when the ratio L/H < 1.5 [90]. In our case, H was fixed to 60 um by the choice of
the photoresist and the spin-coating conditions for its deposition and L values lower than 100
um were chosen. Using such a collector, sequential electrospinning/electrospraying was
carried out in order to elaborate a bi-layer of PCL nanofibers covered by a microstructured

layer of HA microparticles.
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2.3.1 Protocols

Fabrication of the biochip collector

Micropatterns of biochip collectors were obtained applying photolithographic processes

on silicon wafers (mask aligner MJB4, SUSS Microtec). The photoresist used was the SU-8
2050 (Microchem). Electron beam evaporator Plassys MEB5505 was used to deposit a
conductive layer (Al-160 nm and Au-40 nm) on the collectors to make them conductive.
On each biochip collector, 21 wells were fabricated with 21 different structures. Each well
had a diameter of 5 mm and they were spaced from each other by 5 mm. 5 different kinds of
structures were studied: hexagon, bar, block, maze and random structure. The width L
between the patterns and the internal diameter D of the pattern varied for each structure (see
Table 12 for the definition of L and D for each structure).

Elaboration of the biochip

As shown in Figure 52-i, the biochip was a homemade device. It was composed of
different elements:
e a50x50 x20 mm PMMA plate drilled with 21 holes to form the wells, corresponding
to the 21 different electrospun structures
e a 50x50 mm PDMS seal with a height of 4 mm with 21 holes corresponding to the
ones of the PMMA plate.
e aPCL/hydroxyapatite membrane obtained with the biochip collector

e a50x50 mm PMMA plate with a height of 5 mm

Before assembling, each part was sterilized in ethanol (except the PCL/HA membrane). The
four parts were assembled together with four screws (see Figure 52-i). The assembled biochip
was then exposed to UV light during 30 minutes to insure good sterilization.

The PDMS seal was homemade. A 10/1 ( wt/wt) mixture of PDMS-Sylgard Silicone
Elastomer and Sylgard Curing Agent 184 ( Dow Corning Corp., Seneffe, Belgique) was
poured into a petri dish.

Then the mixture of PDMS-elastomer and curing agent was cured at 65°C during 1 hour until
the polymer became rigid. After cooling at room temperature, the PDMS seal was carefully
peeled from the petri dish and perforated with a punch to make 21 holes with a diameter of 5

mm.
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2.3.2 Results and discussions

With the different structures of the biochip collector, we showed that we were able to
spatially control the HA deposition on the different type of patterns: hexagons, blocks, bars,
and maze. Indeed, as presented on Figures 53 a-b and Figure 54 a-c, the “electrostatic
template effect” induced by the thin electrospun layer of PCL firstly deposited on the collector
led to a precise structuration of the HA microparticles on the collector patterns.

As shown in Figure 53 a-b, the thin fiber segments which are suspended over the
hexagon cavities of the collector could not release their electrical charges, allowing the
formation of repulsive areas inside the nests that prevent the deposition of the incoming
particles. Conversely, the fibers which are in good contact with the walls of the honeycomb
are able to discharge their electrical charges, allowing the deposition of HA particles
especially on the walls. By increasing the width of the honeycomb walls, the HA particles
deposited over all the wall surface, forming thicker HA walls (Figure 53-b).

Regarding the block pattern areas, the suspended fibers between the blocks could not
discharge while the fibers deposited on the top of the blocks, which are perfectly in contact
with collector, are able to dissipate the electric charges. In this case also, the jet of
hydroxyapatite undergoes the repulsive effect of the charged areas leading to the preferential
deposition on the top of the blocks forming small HA islands (Figure 54-a). Similarly, the
selective deposition of HA was observed over bar and maze micropatterns (Figure 54-b and
54-c).

In our device screening, we wanted to use PCL/HA electrospun-electrospray
composite membrane that could be manipulated and integrated into a biochip. Our first
strategy was to electrospin the PCL fibers for a short time in order to insure an efficient
electrostatic template effect allowing a perfect controlled microstructuration of HA
microparticles. In this case, we should have let the membrane on the collector and integrate
both the membrane and the collector in the biochip to limit any manipulation of the membrane
leading to its destruction. However, our choice was to use each collector for several times to
elaborate a large number of membranes. Then, a thick bi-layer PCL/HA, showing better
mechanical properties due to the long time deposition of PCL, would make this bi-layer easy
to manipulate for further applications. Thus, we elaborated membranes having a fibrous layer
enough thick in order to facilitate their peeling from the collector, their integration in the

biochip device and finally their manipulation during several biological characterizations. An
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optimal time of electrospinning of 13 min was thus necessary to fill this criterion while

keeping at best the electrostatic template effect (Figures 53 a’-b’, 54 a’-c’).

Figure 53: SEM of structured bi-layers obtained after PCL electrospinning and 14min of HA

electrospraying. a, b) Thin layer of nanofibers (1 min 30 of PCL electrospinning); a’,b’) Thick

layer of nanofibers (13 min of PCL electrospinning); a,a’) HexXz40 205 b,b”) HeXi20 100,
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Figure 54: SEM of structured bi-layers obtained after PCL electrospinning and 14min of HA
electrospraying. a,b,c) Thin layer of nanofibers (1 min 30 of PCL electrospinning); a’,b’,¢’)
Thick layer of nanofibers (13 min of PCL electrospinning); a,a’) Block;zg0; b,b”) Baryggo;

¢, ¢’) Maze.
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Indeed, Figures 53 a’-b” and 54 a’-c> shows that HA microstructuration and thus the
electrostatic template effect can still occur even for a thick deposited PCL membrane.
However, the structuration shows some differences compared to shorter time of PCL
deposition.

First of all, we noticed that for all the composite micropatterns, the width of the HA
patterns walls was not varying; its value Lya was ranged from 15 and 20 um for each type of
composite structure (See Table 13).

Regarding the honeycomb patterns, by changing the width of the honeycomb walls on
the collector, we managed to tune the diameter and the shape of the honeycomb composite
structure. For example, as seen on Figure 53-a’, for HeX240 20, HA microparticles had covered
almost all the wall, forming well controlled hexagonal structure. However, for Hexi2 100, the
morphology of the honeycomb patterns changed from a honeycomb shape to a circular shape
in the composite structure (Figure 53-b”). In this case, HA microparticles seem to particularly
deposit only on the edges of the honeycomb walls. Sometimes, we observed that HA
preferentially deposit at the center of the walls without recovering all the width of the wall
(Figure 55 g-g’, d-d’, e-e’). Thus, as shown in Table 13 the internal diameter of the
honeycomb composite structure increased. Its value seems to correspond to the median
internal diameter Dy, defined by D= D + (L-Lya).

For two hexagon patterns Hexizo 20, HeXg020, (Figure 55 b-b’, c-¢”), the microstructuration of
the nanofibers appears to be in competition with the self-assembling properties of the PCL
nanofibers, leading a heterogeneity on the honeycomb pattern size (Table 13).

Finally, hexagon patterns are the ones which are capable to impose their morphology the most
efficiently (Figure 55 and Figure 53-a”). Only two hexagonal patterns did not lead to well-
organized HA microparticles ( Figure 55 f-f, i-i°).

In the case of bar patterns (Figure 56), the structuration after 13 min of
electrospinning was only possible for the largest gap L corresponding to the imposed length
of the fiber portion suspended in the air and participating to the electrostatic template effect.
For the lowest L values, the slightest defect induced on the electrostatic template led to the
loss of the structuration by electrospraying. Due to the propensity of the PCL fibers to self-
assemble after a long time of electrospinning [99], the formation of bundles of fibers crossing
the bar gap was observed. These bundles induced a roughness and may also allow the electric
charges dissipation along their axes favoring thus their coverage by HA electrosprayed
microparticles. Moreover, the electric contact between the top surface of the fibers and the top
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surface of the patterns was also partially lost as shown in Figure 54-b’, leading to interrupted
HA bars patterns with a width narrower than the bar collector (Table 13).

In the case of block patterns, similar phenomena were observed and led to the
loss of the block structures at the expense of grid structures (Figure 54-¢”). Indeed,
with an increase of electrospinning time, PCL formed bundles of aligned fibers
between the different block patterns, forming an electrospun grid. Consequently, HA
preferentially deposited on the PCL bundles, leading to the formation of a
hydroxyapatite grid (Figure 57).

In conclusion, among the 21 areas, 15 of them had a well-controlled structuration
which is detailed in Table 13 and were thus used to study the effect of the structure of the

membrane on the biological properties. For the 6 other areas, the patterning was unfortunately

lost.
Controlled Controlled Width of Gap
electrospraying | electrosprayin HA between HA
Structure Name after 1Fr)nir)1/ ofg after 13pmi)r/1 0? patterns patterns
electrospinning | electrospinning (um) (um)
Baryg 20 Yes No - -
Bargg 20 Yes No - -
Bar Bar, 60 Yes Yes 18+4 110+ 30
Bargg 60 Yes Yes 18+5 123+9
Bar,ogo Yes Yes 15+3 94 + 30
Bargg g0 Yes No - -
Blockgo go Yes Yes 17 + 118 + 16
Blockig g0 Yes Yes 17 + 174 +12
Block :
Blockgo 40 Yes No - -
Blockizo.40 Yes Yes 16+2 143+ 15
HeX240,20 Yes Yes 19+3 239+ 11
HeX120,20 Yes Yes 18+ 3 121+ 32
HeXe0,20 Yes Yes 17+3 139 + 49
HexX240,60 Yes Yes 16 +3 292 + 21
Hexagon HeX120,60 Yes Yes 17+£2 152 + 15
HeXe0,60 Yes No -
HeX240.100 Yes Yes 18 + 301 +16
HeX120.100 Yes Yes 17+ 118+ 10
HeXs0.100 Yes No - -
Maze Maze Yes Yes 15+3 -
Random, Random, HA
Flat Random homogeneous homogeneous | covering all -
deposition deposition the surface

Table 13: Summary of the 21 micropatterned structures obtained after

electrospinning/electrospraying
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D=120 pm
L=100 pm

Figure 55: a, b, c, d, e, and f: SEM images of the different micropatterned hexagons of the
biochip collector; a’, b’, ¢’, d’, ¢’, and f: SEM images of the PCL/HA membrane obtained with
the corresponding micropatterned honeycomb collector; a and a’) Hexyq20; b and b’) Hex;z20;
c and ¢’) Hexgo 205 d and d’) Hexoso605 € and e”) HeXyzo 605 £ and £7) HeXgo go;

g and g”) HeXas01005 h and h’) Hexiz0,1005 1 and i”) Hexe 100,
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Figure 56: a, b, ¢, d, e, and f: SEM images of the different micropatterned bar structures; a’, b’,
c¢’,d’, e’, f: SEM images of the PCL/HA membrane obtained with the corresponding
micropatterned bar areas; a and a”) Barg; b and b”) Bargg z; € and ¢’) Barye; d and d°)

Bargoyeo; e and e’) Barzoygo; fand f’) Bargo,go.
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Figure 57: a, b, c, d, e, and f: SEM images of the different micropatterned structure (block,
maze, random) of the biochip collector; a’, b’, ¢’, d’, ¢’, and f>: SEM images of the PCL/HA

membrane obtained with the corresponding micropatterned structure collector;
a and a”) Block g080; b and b’) Blockiz0g0; ¢ and ¢’) Blockgg 40; d and d”) Block g 40;
e and e’) Maze structure; f and f’) Random well
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2.4 Screening of composite fibrous structured materials for bone regeneration:
preliminary results

In this part, we show the preliminary results concerning the use of our composite
hydroxyapatite/PCL biochip to screen in parallel the effect of the different fibrous architecture on
the proliferation and activity of osteoblast-like MG63 cells. The main role of osteoblasts is to
produce and secrete organic and inorganic bone ECM, called ostoid [239]. The organic bone matrix
is constituted of various proteins, such as collagen, osteonectin, osteocalcin, and sialoproteins such
as osteopontin and BSPII (Bone SialoProtein I1). The inorganic bone matrix is constituted of
calcium-phosphate salts. Osteoconductivity of the various scaffold architecture was investigated by
monitoring the proliferation and ECM forming activity of osteoblasts cultured in the biochip wells.

We chose different biological characterization to evaluate the production of the extracellular
matrix by the MG-63 osteoblasts-like cells and the mineralization process.After 21 days, the cells
nuclei were stained with DAPI in order to evaluate cells proliferation and localization on the
structured scaffold. Then the production of ECM by MG63 cells was estimated by
immunofluorescence assays. First, after 14 days and 21 days, the expression of BSPII, an RGD-type
protein synthetized by osteoblasts and recognized by integrin receptors, was observed. Then, after
21 days, immunofluorescence assay of osteocalcin, a protein synthesized solely by osteoblasts, was
performed. Finally, the presence of calcium rich deposits by osteoblasts was revealed by a

biochemical assay using Alizarin Red Staining after 21 days of cell culture.

24.1 Protocols for biological characterization

Cell culture and seeding

Human osteoblast cells were obtained from the cell line MG-63 coming from human
osteosarcosis. MG-63 osteoblasts were cultured in DMEM® (BioWhittaker® Lonza, France)
completed with 10% FBS (Gibco® Life Technologies™, France) , 50 U.mL™ penicillin, 50 pg.mL™
streptomycin, 2,5 pg.mL™ amphotericin B (BioWhittaker® Lonza, France), 200mM sodium
pyruvate (Gibco® Life technologies™, France), and 200mM of glutamine (PAA, France) in 75 cm?

flasks. The cells were incubated at 37°C in a humidified atmosphere of 5% CO, and fed every 3
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days. When cells reached sub-confluence, they were harvested by trypsin-EDTA treatment and
viable cells were counted by trypan blue assay. The MG-63 osteoblasts were then seeded into the
biochip 21-well plate at a density of 3000 cells per well and cultured with DMEM®. The seeded
biochip were incubated at 37°C in a humidified atmosphere of 5% CO, and fed every 3 days.

Immunocytochemistry staining and observation

Biochip seeded with MG-63 osteoblasts were cultivated for 21 days in Dulbecco’s modified
eagle medium (D-MEM®, PAA, Austria) supplemented with 10% fetal bovine serum (FBS), 50
U/mL penicillin, 50pug/mL streptomycin, 5ug/mL Fungizone and 1% sodium pyruvate. Then, they
were fixed with 4% paraformaldehyde for 1 h at 37°C, permeabilized and saturated with a solution
of 0.1% Triton X-100 and 1% BSA diluted in PBS for 1 h. After washing with PBS, the biochips
were then incubated for 30 min with Alexa Fluor 546—conjugated phalloidin (1/200, Molecular
Probes) for F-actin labelling and 5 min with 200 nM DAPI (Sigma) for nuclear staining. Bone
growth induction and extracellular matrix synthesis were measured by assaying expression of
osteocalcin and BSPII, using polyclonal goat anti-oscteocalcin (1/200; Santa Cruz Biotechnology)
and monoclonal mouse anti-BSPIl (1/200; Santa Cruz Biotechnology) overnight at 4 °C.After
washing with PBS three times for 10 min, the seeded biochip were incubated with secondary anti-
goat or anti-mouse antibodies conjugated to Alexa Fluor 488 (1/200, Invitrogen). The biochips were
observed under an epifluorescence microscope (LEICA DM 4000 B). Image treatment was carried
out with Image J software.The gain exposition was 3 for the DAPI, osteocalcin or BSPII. The time
exposition for DAPI was 350 milliseconds and the time exposition for osteocalcin was 920
milliseconds. The time exposition for BSPII expression was 500 milliseconds. BSPII expression
was measured after 14 and 21 days of cell culture in two different biochips devices while

osteocalcin expression was observed after 21 days of cell culture in one biochip device.
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In vitro examination of mineralization using Alizarin Red S staining after 21 days of cell

culture

Alizarin Red S powder was dissolved in distilled water in a concentration of 2 g for 100 mL. The
pH of the Alizarin Red S solution was adjusted between 4.1 and 4.3. After washing the scaffolds
with PBS twice, the cells were fixed by adding 75% ethanol in each well of the biochips. The
biochips were incubated in the Alizarin Red solution for 20 min and then thoroughly rinsed with
distilled water. The biochips were then observed under an optical microscope. Image treatment was
carried out with Image J software. Three biochips were incubated with the Alizarin Red solution:

two biochips seeded with MG-63 cells and one biochip without cells (the control).

For each well, the mean grey value was measured (between 0 and 255). We define the Alizarin Red

Intensity: Alizarin Red Intensity = 255-mean grey value.

2.4.2 Results and discussion

Observation of MG63 osteoblasts on the various micropatterned structures

The proliferation and localization of MG63 osteoblasts on the micropatterned scaffold was observed
by staining the cells nuclei with DAPI after 21 days of culture (Figure 58).
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Figure 58 : Observation of MG-63 osteoblasts adhesion within the micropattern composite electrospun

wells of the biochip after 21 days (nucleus stained with DAPI in blue) : a) HeX120100; b) HeX12060; C)
HeXeo,20; d) HEX240,100; €) Random; f) Maze; g) Baraggo; h) Baraggo; 1) Blockiz 40; J) BlocKsoso; K) Barso zo;

1) HeXa20,20 ; M) HeXa40.20; N) Block 120,803 0) HeXaz40 60
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A large amount of cells is present in all wells, covering each time the whole micropatterned
structure. However, a stronger blue intensity can be observed over the wall of the structures. In
particular for hexagonal patterns, this result seems to be in contradiction with our previous study
[219] (Chapter 2, §4.2), in which a preferential location of MG-63 cells inside the nests of the
honeycomb was observed. This difference could be explained by the presence of hydroxyapatite
particles located onto the structure walls in our composite PCL/HA biochip. MG-63 cells seem to

have a higher affinity for hydroxyapatite then PCL fibers which are hydrophobic.

Expression of bone ECM proteins by immunofluorescence assays

After 14 days and 21 days of cell culture, BSPII expression was observed for the different
composite fibrous structures. The fluorescence intensity was similar at 14 and 21 days and for all
microstructures of the biochip. Figure 59 shows the fluorescence image obtained for the random
well and a hexagon well, showing a significant expression of BSPII by the MG-63 cells.

This result also demonstrates that the home-made biochip device allows cell proliferation and extra-

cellular matrix synthesis in vitro.

Figure 59: Observation of BSPII expression after 14 days of MG-63 osteoblast cell culture: a) on the

membrane without structure; b) on a honeycomb pattern (Hex;zo o)

In contrast with BSPII, important differences are observed in the expression of osteocalcin by the

cells as a function of the scaffold microstructures (Figure 60).
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Figure 60 : Observation of osteocalcin (OCN in green) expression of MG-63 osteoblasts after 21 days

of culture : a) HeXlzovloo; b) HeXlzo’eo; C) HeX60’20; d) HeX240'100; e)Random; f) Maze; g) Bargoyso;

h) Barggo; i) BlocKizo 40; J) BloCKso g0; K) Bargezo; 1) HeXiz0.20; M) HeXazao20; N) BloCKi20,80; 0) HEX240 60-
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In Figure 60, the fluorescence images are presented by decreasing fluorescence intensity. It is then
obvious that some hexagonal patterns (HeXiz100; HEX12060, HEXg020 ANA HeXa40100) Showed higher

fluorescence intensity than other types of patterns.

A comparison between the structured and the random scaffolds was performed by calculating the
ratio of the intensity of OCN expression within the micropatterned well (I-OCN Structure) over the
intensity of OCN expression within the random well (I-OCN Rd). Because general tendencies have
been observed as a function of the pattern family, average values were given for each family
(Figure 61).

[-OCN Structure/ I-OCN Rd

Hexagon Bar Block

Figure 61: Relative intensity of OCN expression of MG-63 osteoblasts onto hexagon, bar, and block
patterns (I-OCN Structure) in regard to the intensity of OCN expression within the random well (I-
OCN Rd) after 21 days of culture.

A slight improvement of osteocalcin expression by cells cultured on hexagon structured scaffolds as
compared to the random scaffold was oberved. However, for bars and blocks a lower osteocalcin
production seems to be obtained. More immunoassays experiments should be done to confirm these

tendencies.
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Mineralization of the scaffold by MG63-cells

In order to evaluate the mineralization of the scaffolds by the MG-63 osteoblast-like cells, Alizarin
Red coloration of the membrane after 21 days of cell culture was performed. In this assay, calcium
salts are stained in red and a stronger red intensity indicates the presence of higher amount of
calcium salts. Because our membrane already contains a certain amount of hydroxyapatite, a
negative control test has been carried out by Alizarin Red coloration of a biochip membrane

containing hydroxyapatite without cells (data not shown).
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Hexgo 20 Hex120 20 Hexa40 20 Bargg g0 Bargo 20
Hex120 100 Hexo40 100 Hexgo 60 Hex120 60 Hexosp 60

b)

Figure 62: a) Photograph of a biochip membrane after Alizarin Red coloration after 21 days of in vitro
culture; b); Stereomicroscope image of an hexagon well ( Hexz4060); €) Stereomicroscope image of a
bar well (Bar,gg); d) Stereomicroscope image of a bar well (Bargg o)
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Figure 62 shows the membrane after removing from the microchip and coloration by Alizarin red.
Differences in Alizarin Red intensity are observed depending on the micropattern structures ranging

from dark red (Hexz060: Figure 62-b) to light pink (Bargy: Figure 62-¢) .

Depending on the micropattern structure onto which the cells were in contact, in vitro
mineralization has been more or less fast or has not even occurred at all (Barg: Figure 62-¢).
Finally, determination of the Alizarin Red intensity, defined as Alizarin Red intensity=255-mean
gray value, was performed using image J.

In order to compare the different type of structures with the random scaffold, we present in Figure
63 the ratio of the mean Alizarin Red intensity of the structure family over the Alizarin Red
intensity of the random scaffold.
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Figure 63: Relative Alizarin Red Intensity of micropatterned wells after the Alizarin Red
coloration (A-R Intensity structure) in regard to the Alizarin Red intensity of random well (A-

R Intensity Random).

As for the osteocalcin expression, the mineralization on hexagonal structures seem to be the more
important, it is particularly true for HeXss 100, HEX120100, HEX24060 and Hexyzogo, Which were the
structures with the higher osteocalcin expression. It seems that the honeycomb patterns with an
average diameter of 300 pum (HeX,40,10, HeX24060) and the circular patterns with a diameter of 150 um

(Hexi20100) are structures that allow an improvement of the mineralization process compared to the
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random structure. Bars and blocks, on the contrary, do not seem to improve mineralization of the

scaffold by the cells.

2.5 Conclusions

In the first part of this chapter, we explained the spatially controlled deposition of
microparticles on a thin electrospun micropatterned membrane, which played the role of an
“electrostatic template” for the particles. Then, we demonstrated the elaboration of a new kind of
biochip dedicated to the screening of fibrous composite structure for bone regeneration applications.
Electrospun-electrosprayed PCL/HA membrane was elaborated by successive electrospinning PCL
and electrospraying hydroxyapatite on a micropatterned collector containing 21 micropatterns such
as hexagon, bar, block, and maze. We showed the effect of the thickness of the PCL electrospun
layer on the HA structuration. For short time of electrospinning (i.e. very thin layer of fibers), the
HA particles precisely covered all the top surface of the walls of the patterns. For longer time of
electrospinning, the mechanism of HA structuration was more complex in the case of pattern walls
much larger than 20 um. However, a thick electrospun layer was necessary to achieve good
mechanical properties allowing the manipulation of the membrane. Finally, this membrane was
integrated into a small PMMA plate for the fabrication of a biochip dedicated to the screening of
composite electrospun-electrosprayed structures.

MG-63 osteoblasts-like cells were then successfully cultured into the different wells of the
biochip and immunochemistry as well as biochemistry assays were performed in order to evaluate
the production of specific proteins and calcium salts of the bone ECM by the MG-63 cells. The
biochip device was then successfully tested with MG-63 cells. General trends could be observed
from these experiments suggesting that hexagonal patterns are more adapted to the culture of
osteoblasts than blocs or bars. These results show that our biochip could be a good device to screen
in parallel different scaffold structures for various tissue engineering applications. However,
repetitions of the biological experiments have to be performed to confirm the preliminary results
obtained in the case of osteoblasts. Adjustment of the design of the microchip in order to use a

microplate delivery system and a microplate reader would render the multiplication of assays easier.
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In the second part of this chapter, we present another strategy using electrospinning of nanofibers
and electrospraying of microparticles on micropatterned collector in order to elaborate new kind of

3D scaffolds with controlled pore size. This work is published in the journal Polymer.
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3. 3D composite electrospun scaffold with controlled pore size
Well-Organized 3D Nanofibrous Composite Constructs using Cooperative

Effects between Electrospinning and Electrospraying

Polymer, 2014, Vol. 55, pp. 5781-5787

Corinne R. Wittmer, Anne Hébraud, Salima Nedjari, Guy Schlatter

Abstract:

A new strategy to generate nanofibrous composite constructs with a controlled internal 3D
microstructure is proposed. The process exploits the cooperative effect of electric field and charges
occurring when electrospinning and electrospraying are carried out alternately on a micropatterned
collector. Experiments and numerical simulations show that the nanofibers form a perfect
electrostatic template capable of controlling the deposition of the microparticles, which in turn help
the electric charge release and the building of the construct. As an example, we show that 3D
nanofibrous constructs having cylindrical pores that internal diameter could be precisely tuned from
tens to hundreds of microns can be obtained. Furthermore, tensile measurements showed good
mechanical properties allowing the facile manipulation and handling of these 3D composite
constructs. Furthermore, this process has the advantage to enable the design of composite materials
made of particles and fibers of different nature and properties that can be chosen depending on the

intended application.

3.1 Introduction

Significant efforts have been invested in the developments of methods able to generate 3D
nanofibrous structures. Compared to their 2D counterparts, 3D structures with a significant
thickness are showing substantial improvements in areas of applications requiring a third dimension
such as tissue engineering [240], filtration [241], or solar cells [242], Among the techniques used to
produce nanofibrous assemblies, electrospinning is regarded as a powerful and versatile approach.
In addition to its capability to produce 2D nanofibrous structures with nanofibers of extremely long
length and high specific surface area, electrospinning is becoming a prevailing technique in the
fabrication of 3D constructs due to recent developments and modifications of the electrospinning

process such as multilayering electrospinning [243], low-temperature electrospinning [244], post-
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processing after electrospinning [245], template assisted collection [246] , liquid assisted collection
[247], porogen added electrospinning [195], or self-assembly [99, 248]. Although these techniques
are able to produce 3D constructs in a reproducible way, they do not allow for the control of the
fibrous assembly inside the 3D construct mainly because of the whipping movements undergone by
the electrospun jet [11].

To avoid this issue, near-field electrospinning (NFE) was developed by bringing the collector at
only few mm away from the emitter, in the straight jet region, before the onset of the bending
instability. NFE allows either to write with the electrospun jet by imposing a controlled
displacement of the collector at very high speed [249, 250] either to build tubular microstructures
using sharp collectors [251]. Although a sub-micron diameter fiber can be easily produced, the poor
production rate and the charge repulsion between the landing jet and the already deposited layer do
not allow the fabrication of thick constructs (i.e. constructs with a thickness of tens to hundreds of
microns) by NFE. Electrostatic field-assisted 3D printing has thus been proposed to build well
organized 3D constructs. This technique, similar to NFE, is carried out with a polymer melt instead
of a polymer solution. It has the advantages to insure a better control of the jet deposition and to
allow the building of thick constructs because:

e (i) the jet is almost not subjected to the whipping movements

e (ii) the jet velocity is much lower than for NFE

e (iii) the charge repulsion effect is negligible [252].

Electrostatic field-assisted 3D printing allows the deposition of a jet with a diameter 10 times
smaller than with standard 3D printing but nevertheless 10 times bigger than with solution
electrospinning. Thus, although many advances have been achieved, the control of the deposition of
a sub-micron diameter electrospun fiber allowing the building of 3D constructs still requires further
improvements and refinements. It is particularly critical in tissue engineering where there is a need
for bigger and better controlled pore size and architecture to improve cell migration and nutrient
transport through 3D nanofibrous scaffolds.

In this paper, we propose a new strategy to generate 3D nanofibrous constructs with controlled
internal fiber organization and pore size. We have recently shown that it was possible to produce
3D thick fibrous materials by taking advantage of the honeycomb-like self-assembly of either
electrospun bimodal nanofibers [99] either uniform electrospun fibers and electrosprayed
microparticles combined together [90]. In both cases, the obtained 3D construct showed high

porosity with a gradient in pore sizes in the thickness of the sample. However the localization of the
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nanofibers, as well as the size of the pores could not be tuned by these two approaches. To reach
this goal, we have decided to associate the combination of electrospinning and electrospraying with
the use of honeycomb patterned collectors [57, 184]. Indeed, patterned collectors already showed
their ability to guide the deposition of electrospun nanofibers on a 2D surface [90]. We will show
here that it is possible to extend this ability to control the deposition in 3D (i.e. laterally and even in
the thickness of the construct) when both electrospinning and electrospraying are used. Our method
thus allows the control of the self-assembly mechanism to produce 3D composite materials with
controlled pores shape, location and size, in the range of a few tens to a few hundreds of microns.
This method has moreover the advantage to enable the design of composite materials made of
particles and fibers of different nature and properties that can be chosen depending on the intended

application.

3.2 Experimental Section

321 Materials

Poly(D,L-lactide) (PLA) (MW 180kDa, NatureWorks), poly(ethylene oxide) (PEO) (Mw
20kDa, SERVA celectrophoresis GmbH) and poly(e-caprolactone) (PCL)(MW 14kDa,
Sigma-Aldrich) were used as received. Solutions of 10% PLA in dichloromethane-
dimethylformamide (50:50 V/V), 40 wt/wt % PEO in distilled water and 40 wt/wt % PCL in
dichloromethane-dimethylformamide (50:50 V/V) were prepared 24 hours prior to
electrospinning / electrospraying.

3.2.2 Fabrication of the collectors

Honeycomb micropatterns were obtained applying photolithographic processes on silicon
wafers of 3 inches diameter (mask aligner MJB4, SUSS Microtec). The photoresist used was
the SU-8 2050 (Michrochem). After the step of photolithography, an electron beam
evaporator Plassys MEB5505 was used to deposit a conductive layer (Al-120 nm and Au-30
nm) on the patterns to make them conductive. The patterned surface was divided in four
zones A, B, C, D of 25mmx25mm wide. Each zone was patterned with one characteristic
honeycomb internal diameter D (360 um for A, 160 um for B, 80 um for C and 40 um for
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D). The width and the height of honeycomb walls were respectively 20 um and 60 pm. The
geometry of the honeycomb is shown in Figure 64. The wafer was finally cut in order to

obtain 4 collectors of 25mmx=25mm wide containing one honeycomb size.

3.2.3 Electrospinning / electrospraying

A patterned collector of 25x25 mm wide was fixed on a rotating mandrel to collect the
fibers and particles. A rotation speed of 60 rpm of the mandrel was applied, allowing
alternating exposures of the collector in front of the electrospraying and electrospinning
capillaries.

For electrospinning, the PLA solution was delivered with a constant flow rate of 1.6 ml.h™
using a syringe pump (Fischer scientific). The distance between the 18 gauge needle and the
micropatterned collector was 18 cm. A positive potential Vpaneedle = 12kV was applied on
the needle and a negative potential Veoiector = -5kV was applied on the collector using power
supplies (Spellman SL10).

The PEO solution for electrospraying was delivered with a flow rate of 0.2 ml.h-1. The
distance between the needle and the micropatterned collector was 15 cm. Experiment were
performed with Vpeoneedie = 18KV and Veoiecior = -5KV. For the electrospraying of PCL, the
solution was delivered at a flow rate of 1.4 ml.h™. The needle was at 18 cm from the
collector under a positive applied potential Vpcrneede = 15KV using a power supply
(Spellman SL10). In order to verify the reproducibility of the proposed methodology, ten
samples at least were produced for each honeycomb diameter D.

3.24 SEM analysis

The scaffold morphology was observed by scanning electron microscopy (SEM,
TECSAN Vega 3 LMU). Thin samples of Figure 65 were not sputter coated. 3D electrospun
samples were sputter coated with gold prior to observation (Q150RS, Quorum technologies).
Samples showing an image of a transversal cut were peeled off from the collector, dipped in
liquid nitrogen for 10 minutes and cut with a blade before sputter coating.

At least 100 measurements were done using Image J to characterize the diameter of the PLA
fibers, the PEO or PCL patrticles.
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At least 6 measurements were done using Image J to estimate the height reached by the

columnar structures of the 3D constructs.

3.25 Mechanical characterization

The tensile stress-strain behavior of the scaffolds was obtained with a MCR301 rheometer
from Anton-Paar. The rheometer was equipped with the Universal Extensional Fixture (UXF). The
UXF system incorporates two drums allowing the fixation of a rectangular film sample. The
rotating wind-up drum and the eccentrically positioned drum allowed uniaxial extensional
measurements (see Figure 67). Simple PLA electrospun scaffolds as well as structured composite
constructs of thickness # = 60 + 25 pm obtained from electrospinning/electrospraying of PLA/PEO
with a patterned collector having a honeycomb internal characteristic size D = 160 pm were
characterized. The scaffolds were carefully cut with a razor blade in order to obtain rectangular
specimens 7 mm wide and 35 mm long. The width of each sample was precisely measured after
they have been cut. The thickness of the cross-section of each sample was measured under the
SEM. The weight of the samples was also measured in order to obtain their porosity and apparent
density. The effective sample tested length corresponding to the distance between the axis of the
two drums was 18 mm. Five samples per membrane type were characterized at T =23 £+ 0.5 °C and
at constant angular rotation of the rotating wind-up drum of 107 rad/s which corresponded to an

engineering strain rate of 3.33x107 s
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3.3 Results and discussion

To demonstrate the ability of the process to produce 3D organized constructs,
electrospinning of PLA nanofibers and electrospraying of PEO particles were performed
simultaneously using two capillaries situated on opposite sides of a rotating mandrel.
Collectors with honeycomb patterns of diameters 160 um were fixed on the rotating mandrel
allowing alternating exposures in front of the electrospraying and electrospinning capillaries
(Fig. 64-a). Under these processing conditions, PLA nanofibers with diameters of 520 + 80
nm and PEO microparticles with diameters of 1.9 = 0.4 pum were collected in a well-
controlled fashion on the honeycomb collector and generated 3D nanofibrous composite
structures (Fig. 64b-c).

On the surface of those structures, the replication of the honeycomb patterns of the collector
can be observed. In the thickness of the construct, a 3D architecture is clearly appearing
through columnar structures of pore diameters of 160 um (Fig. 64-c). The walls of these
columns, composed of nanofibers and microparticles, are building up exactly on top of the
honeycomb patterns confirming that the collector efficiently directs the internal
microstructuration of the composite nanofibrous materials. This structuration is stable for
about 100 um in height. Beyond this height the porous structure gradually disappears, as can
be observed in thicker samples (Fig. 64-b) for which the thickness is greater than 220 pum.
Moreover, it must be mentioned that when electrospinning was carried out alone (i.e. for the
same production time but without electrospraying), a thickness of only 45 um was obtained
and no internal pores and structures were formed (Fig. 64-d). Thus, both electrospinning and

electrospraying seem to be necessary for the construction of microstructured 3D samples.
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Figure 64: (a) Schematic of the process. The diameter D of the honeycombs was 40 um, 80 pum,
160 um or 360 um. The width and the height of honeycomb walls were respectively 20 um and
60 um. (b) 3D columnar structures obtained for D = 160 pum after 1 hour of production. (c) 3D
columnar structure obtained after 15 minutes of production. (d) Fibrous structure obtained
with the same operating conditions and time of production than for (b) but without

electrospraying. No internal 3D microstructure can be achieved in this case.

To understand the build-up process, the construction of this structure has been observed
after only 3 minutes of exposure in front of the electrospinning and electrospraying devices.
In this condition, most of the fibers were aligned along the walls of the honeycomb patterns
in dense bundles and only a few of them were suspended across those patterns (Fig. 65-a).
No particles could be observed inside the patterns. A closer look to the top of the pattern
walls shows that the bundles are formed of fibers and particle clusters (Fig. 65-b and Fig.

66-a). The bundles made of microparticles and nanofibers on top of the walls were higher
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than the thin structure made of few fibers crossing the patterns, already showing the
premises of a 3D structure on top of the honeycomb patterns. To prove the necessity to have
both electrospinning and electrospraying to achieve this result, control experiments with
electrospinning or electrospraying alone were performed. After 3 minutes, when the
electrospinning of the fibers was performed alone, a small number of suspended fibers
crossing the patterns could still be found. However, on the walls of the patterns, no fibrous
bundles could be observed. In their place, there was only a flat mat of fibers (Fig. 65-c and
Fig.65-¢e).

When the electrospraying of particles was performed alone, microparticles could be
observed on the walls as well as inside of the patterns (Fig. 65-f). The density of the
particles was slightly higher on the walls than on the center of the pattern but no particle
aggregation able to initiate a 3D structure could be found. Those experiments show that
interactions between electrospraying and electrospinning are necessary to build 3D
structures. The mechanism seems to result from the very first deposited layer of electrospun
nanofibers and its subsequent capability to induce the selective deposition of the
electrosprayed particles onto the walls. Indeed, the few fiber segments which are suspended
over the honeycomb cavities of the collector cannot release efficiently their electric charges
forming thus repulsive areas that prevent the deposition of the incoming particles whereas
the fiber segments which are in contact with the wall of the honeycomb patterns can
dissipate their charges allowing the deposition of the particles.

To get more insight into the structuration mechanism, we modeled the electric field resulting
from the suspended fibers and the processing conditions. Considering that a nanofiber
carries a linear charge density A, N fiber segments suspended over a honeycomb cavity of
characteristic diameter D and area A can be modeled by a repulsive surface having a surface

charge density:
1)

with being the average length of the fiber segments. Thus, o scales as:

(@)
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Knowing that 4 results from the flux of electric charges and can be expressed as 4 =1/ v with |
being the electric current during electrospinning and v the velocity of the landing nanofiber which
could be easily estimated from the mass balance:

©)
Where Qs is the flow rate of the polymer solution, C,, the weight polymer fraction in the solution,
Prol the polymer density and the fiber diameter. Thus, the linear charge density is:

(4)

Finally, from (2) and (4), the surface charge density over N suspended nanofibers is estimated by:

(6)
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Figure 65: (a) SEM picture obtained after 3 minutes of electrospinning and
electrospraying on a honeycomb collector with D = 160 pm. (b) Detail of (a) at an
intersection of 3 honeycombs showing a bundle of fibers containing aggregated
particles. (c) Nanofibers deposited on a honeycomb collector after 3 minutes of
electrospinning alone. The 3 green dotted lines represent the planes of symmetry. (d)
3D domain for the computation and imposed boundary conditions. For the calculations

we choose 2 =500 pm. Furthermore, knowing that the distance from needle to

collector is H = 18 cm and that V,..aie - Veotrector = 17 kV, the imposed potential at z =/

was V; = (Vyeedte = Veottectoryh! H = 47.2V. (e) Half of a honeycomb pattern showing the
result of 3 minutes of electrospinning only. (f) Half of a honeycomb pattern showing
the result of 3 minutes of electrospraying only. (g) Simulation of the vertical component
of the electric field 5 um above a charged fibrous layer deposited on the top of a
honeycomb pattern of D = 160 um. (h) Simulation of the vertical component of the
electric field 5 um above a honeycomb pattern of D = 160 um and without the presence

of fibers. The same scale of colors is used for (g) and (h).
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o and its corresponding electric field can thus be estimated using typical experimental
values (I = 10 nA, v = 174 m/s and & = 8.854 x 10™? F/m, the permittivity of free space)
[253].

In the case where D = 160 um and N = 10, one obtains o ~ 5.5 10° C/m? which leads to a
repulsive electric field of roughly o/ & ~ 0.6 MV/m. In order to get more insight, numerical
simulations (see Fig. 65c-d for the boundary conditions) of the vertical component E of the
electric field in the vicinity (i.e. z =5 um) of the collector’s top surface were performed by
the finite elements method using Comsol® software for the two conditions of interest: with
(Fig. 65-g) and without (Fig. 65-h) the presence of the thin layer of fibers.

When the thin fibrous layer is deposited on the honeycomb patterns (Fig. 65-g), E varies
from -1.3 MV/m over the attractive honeycomb walls to +0.55 MV/m over the repulsive
area corresponding to the suspended fibers. When no fibers are deposited (Fig. 65-h) the
gradient of E is only due to the topographic effect of the collector and no repulsive effect is
obviously observed.

Moreover, although the walls are more attractive (E ~ -0.17 MV/m) than the bottoms (E ~ -
0.07 MV/m) of the honeycomb, the gradient of E is low and does not allow a selective
deposition of particles when electrospraying alone as it was experimentally observed. Thus,
the selective deposition of electrosprayed particles over the honeycomb walls is clearly due
to an electrostatic template effect occurring as soon as few electrospun charged fibers are
deposited across the patterned collector. Furthermore, the electric contact is insured through
the fibrous bundles forming the honeycomb walls due to the presence of the particles that
bridge the fibers (see Fig. 66). This allows the conservation of the electrostatic template
effect during the production. This process results finally in the building of a 3D composite
material with controlled microstructure over a thickness of ~ 100 um.

Finally, after longer times of production, the control of the 3D structure is lost, probably
because the electric contact between the conductive patterns of the collector and the dense

walls formed by the particles and the fibers can no longer be efficiently insured (Fig 64-b).
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Figure 66: SEM pictures showing the bundles of fibers and aggregated microparticles located
over a honeycomb wall with D = 160 pm. (a) PLA fibers and PEO microparticles. (b) PLA

fibers and PCL microparticles.

As expected, the 3D structured composite constructs (Figure 64-b) had higher porosity
than the PLA scaffolds (Figure 64-d) obtained by simple electrospinning. Indeed,
gravimetric measurement gave a porosity of ~ 92 % for the simple PLA scaffolds whereas a
porosity of ~ 95 % was achieved in the case of the 3D composite constructs obtained with
the pattern characteristic diameter D = 160 um. The higher porosity observed for the 3D
constructs corresponds to a decrease of ~ 35 % of the apparent density as compared to
simple PLA scaffolds.

To get more insight into the effect of the 3D honeycomb fibrous structure on the
mechanical properties, tensile measurements were carried out on structured constructs as
well as on simple PLA scaffolds (Figure 67). Representative stress-strain behaviors are
shown in Figure 67-d and the mechanical properties are summarized in Table 14. The
Young moduli found for the two types of fibrous mats are in agreement with those obtained
by Simonet et al. [244] who studied highly porous scaffolds obtained by low temperature
electrospinning. The high porosity of the 3D composite constructs led to a substantial
decrease of the Young modulus by a factor 8.5 as compared to simple PLA scaffolds.
However, as opposed to Simonet et al. [244], all tested mats showed an elastoplastic
behavior with significant post-yield hardening and transverse contraction as shown in
Figures 67b-d. In the case of the simple PLA scaffolds, the hardening appeared

immediately after the elastic deformation and occurred up to the breaking of the sample. As
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demonstrated by Silberstein et al. [254], such typical behavior arise from consolidation and

alignment of the fibers that occur due to the bending of fibers that are transverse with respect

to the tensile axis. Furthermore, the post-yield hardening may also be due to the transverse

contraction that in turn increases the contact area between the fibers. For all tested 3D

composite constructs, the post-yield hardening was however restricted into a certain range of

strains. Indeed, as shown in Figure 67-d, after €;, a strain softening behavior appeared. This

behavior may be due to the fact that the bending of the transverse fibers is rapidly limited

since most of the fibers possess a small radius of curvature corresponding to the honeycomb

radius (i.e. ~ 80 pum). Furthermore, the bundles of fibers and particles (Figure 66-a) may

also limit the bending of the transverse fibers. In conclusion, the 3D composite constructs

showed good mechanical properties that enable a facile manipulation and handling.
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Figure 67: Mechanical tests. (a) A 3D structured PLA/PEO nanofibers / microparticles
construct obtained with honeycomb patterns of D = 160 pum and fixed on the drums of the
rheometer. The honeycomb structure of the scaffold clearly appears on the picture. (b) The 3D
composite construct just before its breaking. (¢) A simple PLA scaffold just before its breaking.
(d) Typical stress-strain behaviors of a PLA sample obtained by simple electrospinning

(dashed line) and of a 3D structured PLA/PEO sample obtained by

electrospinning/electrospraying on patterned collector with D = 160 pum (solid line).
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Young Elastic yield Strain at Stress at
modulus strain break break
E (MPa) €e (%) &p (%) op (MPa)
Simple PLA scaffolds 175 4+1 50+3 22+0.2
3D composite
constructs obtained with 2+0.7 6+2 61 +13 1.1+£0.1
D =160 pm

Table 14: Mechanical properties of 3D structured PLA/PEO nanofibers / microparticles

constructs obtained with honeycomb patterns of D = 160 um and of simple PLA scaffolds.

To investigate the possibility to control the pore size, collectors with honeycomb
micropatterns of diameters of 40, 80 and 360 um were used. For all those pattern diameters,
it was possible to obtain columns and their morphologies are shown on Figure 68.
Columnar structures with height up to around 25 pm, 50 pm and 180 um were observed
with patterns of respectively 40, 80 and 360 um of diameter. The height of the column was
found to increase with the diameter of the honeycomb pattern. So, most likely, the size of
the pattern impacted to height up to which the micropatterned collector can guide the 3D
microarchitecture of the composite material. A possible explanation could be a lower density
of particles inside the fibrous walls for smaller patterns. Indeed, the total surface of the
collector walls is larger in this case. Thus, the electric contact in the wall of the columnar

structure is lost faster for smaller patterns.
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Figure 68: SEM pictures of various 3D constructs with electrospun PLA nanofibers and

electrosprayed PEO microparticles showing their cross-section and the surface which
was in contact with the collector. (a) D =40 um, (b and ¢) D = 80 um and (d) D = 160 pm.
(e and f) D = 360 um.
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In order to demonstrate that our technique can be applied with other kinds of
microparticles, PCL was electrosprayed as a substitute to PEO. Contrarily to PEO,
PCL is not soluble in water. Therefore, obtaining 3D structures with PCL instead of
PEO microparticles change drastically the properties of the final composite. As shown
in Figure 6, it was possible to generate columnar structure with PCL microparticles and
PLA nanofibers. Under our processing conditions, PLA nanofibers with diameters of
500 £ 70 nm and PCL microparticles with diameters of 7.8 + 1.8 um were produced
and columnar structure with a height of around 260 pum were obtained using
honeycomb patterns of 360 pum of diameter. The height of those columns was
significantly taller than the ones obtained with PEO particles while keeping the control
of the internal structure.

This result shows that the electrostatic template is maintained for larger thickness in
the case of PCL particles which means that electric charge dissipation through the
bundles of fibers and particles located at the vertical of the collector pattern walls is
efficiently insured (see Figures 3 and 6a). Two factors can explain this efficient charge
release through the bundles: the quality and the number of contacts between the fibers
and PCL particles. Regarding the contact quality, Figure 3b shows fibers embedded in
PCL particles which is probably due to the low rate of evaporation of the DMF present
in the solvent mixture. On the other hand, the big size of PCL particles could explain a
large number of electric contacts. Indeed, compared to a small PEO particle, a big PCL
particle alone allows electric interconnections with a larger number of fibers (see
Figure 3b).

Finally, having different materials in the fibers and in the particles is highly
interesting in terms of additional options for many applications. In particular, inorganic
particles may also be envisaged. As an example, among the wide range of potential
applications, constructs with pores in the range of few tens to few hundreds of microns
and made of biopolymer fibers and hydroxyapatite microparticles could mimic the
extracellular matrix of bone. Moreover, particles may also include drugs for their
controlled release in the body. Another application may concern the modulation of the
inflammatory response that occurred after the implantation of a biomaterial. Indeed, it
was shown that tissue engineered biomaterials often induce an inflammatory by the
macrophages that are recruited on the site of implantation [255]. This so-called foreign

body reaction (FBR) could however be modulated by the optimization of the pore size
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that can direct the macrophages toward an M2 state which is known to facilitate proper
tissue regeneration [256]. Thus, our technique would allow the elaboration of
nanofibrous scaffolds with adjusted pore size leading to the best inflammatory

reaction.

Figure 69: SEM pictures of 3D constructs with electrospun PLA nanofibers and electrosprayed

PCL microparticles showing their cross-section and the surface which was in contact with the
collector. (a) D = 160 um, (b) D = 360 pm.

3.4 Conclusion

The proposed method allows the production of new 3D nanofibrous composite materials
as a platform for many applications. Composed of submicron fibers and microparticles highly
organized in 3D, it allows the formation of pores of diameter ranging between a few tens and
a few hundreds of microns that can be tuned in accordance with the intended application.
Tensile tests demonstrated the good mechanical properties of these materials allowing their
simple manipulation and handling. The fibers and the particles can also be chosen
independently to cover each partially but complementarily all the requirements of the material
to be created. This method is applicable to numerous materials and pattern sizes and shapes,
multiplying this way its potential areas of applications. It should be easily transferable to
many kinds of polymers as long as the resulting fibers are not conductive enough to discharge
when suspended across the pattern walls.

Furthermore, compared to electrostatic field-assisted 3D printing, the proposed strategy
allows the building of 3D microstructured constructs with fiber diameter one order smaller

and with polymer that could not be processed at the molten state. It is expected that this novel
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simultaneous electrospinning and electrospraying method on patterned collectors has a great

potential for the fabrication of 3D scaffolds for biomedical or other industrial applications.

4. Conclusions of the chapter three

In this chapter, we proved that by using differently the electrospinning of nanofibers and
the electrospraying of microparticles, we were able to develop new kinds of composites for
various applications in tissue engineering.

First, we elaborated a tool for the screening of different micropatterned electrospun
composite structures for the bone regeneration. We successfully designed a new kind of
micropatterned collector called a biochip collector with 21 different architectures. We
managed to elaborate a 2D biochip composite membrane on this biochip collector by
successively electrospinning PCL nanofibres and electrospraying hydroxyapatite. The multi-
micropatterned membrane containing 21 different architectures in 21 different circles was
then integrated into a small PMMA plate, pierced by 21 wells. In each well, one of the 21
different microarchitecture of the membrane could be found and was separated from the other
wells. This small culture plate integrating a composite electrospun membrane was the first
device allowing the screening of different micropatterned electrospun composite structure.
This device was called a biochip. On the biochip, MG-63 cells were seeded during 21 days.
We proved that the biochip was an effective device for the screening of different
micropatterned electrospun structures. Indeed, thanks to alizarin red and immunochemistry,
we proved that hexagonal rounded micropatterned structures with an internal diameter of 300
pum or circular micropatterned structures with internal diameter of approximatively 150 pm
were the best electrospun structures for improving the bone regeneration process
(mineralization) in vitro.

In the second part of this chapter, we proved that by using simultaneously electrospinning
of nanofibers and electrospraying of particles on honeycomb micropatterned collector, we
were able to construct 3D composite membranes with controlled pore size. We also showed
that we were able to tune the size of the circular pores from tens to hundreds microns. The
versatility in the process allowed the elaboration of different kinds of 3D constructs that can
be used for various applications. The tensile tests proved that these kinds of scaffold are
suitable for different kinds of manipulations.

Finally, the general conclusions and perspectives of this work will be presented on the

next part.
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General conclusion and perspectives
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Conclusions and Perspectives

The aim of this thesis was to elaborate and to study new kind of micropatterned
scaffolds (2D and 3D) obtained by electrospinning process. The developed structured

scaffolds were then be used for bone regeneration applications.

After a detailed presentation of all techniques available in electrospinning to structure
the nanofibers, we chose to use micropatterned collector fabricated by photolithographic
processes in order to obtain microstructured electrospun scaffolds for bone regeneration.

We first developed monocomponent poly(e-caprolactone) (PCL) and or poly(lactic
acid)( PLA) honeycomb micropatterned scaffolds with a characteristic pattern size ranging
from 40 to 360 um. Two different kinds of structures were obtained: in the case of PLA, the
unimodal distribution of the fiber diameters led to flat scaffolds whereas the bimodal
distribution of fiber diameters (showing thick and thin fiber portions), observed in the case of
PCL, increased the relief of the scaffold patterns due to the higher surface charge density of
thicker PCL fiber portions leading to their preferential deposition on the walls of the collector
patterns. Then, we studied the impact of the honeycomb architecture on osteoblasts spatial
organization. We showed that MG-63 osteoblasts cells are sensitive to the topography of the
scaffolds. Cells gathered inside the PCL honeycomb fibrous nests, creating osteoblasts niches
inside the fibrous nests. Then, a novel strategy was proposed in order to develop mm-thick 3D
electrospun scaffold with controlled internal structure. We demonstrated that electrospinning
on honeycomb micropatterned collectors of PCL bimodal fibers showing self-assembling
properties, mm-thick 3D honeycomb electrospun scaffold with controlled pore size and
porosity gradient can be developed. In the first deposited layers of few hundreds of microns
thick, it was possible to control the pore size from 80 pm to 360 pum. Then, columns of pores
began to merge together, creating a porosity gradient in the thickness of the scaffold.

In the second part of the work, we focused on the development of 2D and 3D
micropatterned composite membranes made of electrospun nanofibers and electrosprayed
microparticles. First, we developed bi-layer composite and microstructured electrospun
membranes elaborated from electrospun of PCL fibers followed by the deposition of
electrosprayed hydroxyapatite particles on micropatterned collectors. The home-made
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micropatterned collector presented 21 different kinds of micropatterns (hexagons, blocks,
maze, bars, and random). Selective controlled deposition of hydroxyapatite particles was
demonstrated thanks to the PCL nanofibrous layer that acted as an electrostatic template due
to the residual electric charges covering the fiber portions suspended over the collector
patterns. This composite bi-layer structured membrane was then used for the elaboration of
biochips for the screening of fibrous composite materials for bone regeneration applications.
We demonstrated that we were able to screen the different electrospun structures.
Mineralization and bone regeneration process in vitro was improved with hexagonal
electrospun composite microstructures rather than the other type of structures. Finally, 3D
composite electrospun scaffolds were fabricated by the alternate electrospraying and
electrospinning on honeycomb micropatterned collector. The electrostatic template role of the
nanofibers controlling the deposition of microparticles was demonstrated by experiments and
numerical simulations. 3D nanofibrous scaffolds showed controlled cylindrical pores in the
thickness of the scaffold. The internal diameter was varying form tens to hundreds of microns.
Tensile measurements carried out on such scaffolds demonstrated the good mechanical
properties allowing the facile manipulation and handling of these 3D composite scaffolds for
tissue regeneration applications. Finally, due to the large range of materials that could be used
for the microparticles and the nanofibers, this strategy paves the way for the elaboration of

different kinds of composite 3D fibrous constructs for a wide range of applications.

Honeycomb fibrous structures appeared as an interesting structure to develop new kind of
2D and 3D electrospun scaffolds for bone regeneration process and screening applications. In
a future work, it could be very interesting to study the effect of the 2D PCL honeycomb
electrospun scaffolds on the spatial organization of hematopoietic cells. Hematopoietic cells
are cells existing in the bone marrow. They are used to remain in the cavities of the spongious
bones and they need to gather in the cavities, creating niches inside the spongious bone. This
phenomenon called “homing” could be enhanced by the specific structure of the honeycomb
PCL scaffold. Furthermore, the biochip could be considered as the first model of a screening
device incorporating a composite structured electrospun membrane. Culturing mesenchymal
stem cells on such biochips may give interesting results since differentiation of stem cells is
affected by the topography of the substrate on which they are cultured. Regarding the 3D
honeycomb scaffolds with controlled pore size, it could be interesting to develop 3D

composite scaffold of PCL fibers / hydroxyapatite particles for bone tissue regeneration.
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While during this thesis, no in vivo study has been made, it would very interesting to evaluate

the cell infiltration and the in vivo bone regeneration processes.

Furthermore, electrospun/electrosprayed multi-layers could be envisaged and elaborated
thanks to different strategies. A  first strategy would be to alternately
electrospun/electrosprayed different kinds of layers of the composites structures and thus
forming a multi-layer composite. Another strategy could be to use a more complex set up
with four needles for example, allowing a double electrospinning and double electrospraying.
More complex materials could also be considered for screening applications; indeed, while
we showed that we were able to fabricate scaffolds with porosity gradient, we never succeed
to elaborate membranes with composition gradient (with controlled variation of the amount of
microparticles in the membrane). Such membrane could be very interesting for screening
applications because we would be able to screen in the same time different micropatterned
structures with different composition of the membrane and thus testing more complex micro-
environments with the cells. Regarding the structuration process, we presented in detail the
electrostatic template effect of a thin layer of electrospun nanofibers on the controlled
microparticles deposition. However, spatially controlled deposition of microparticles with
some polymers like polysaccharides remains a challenge. One can imagine another strategy to
deposit locally the microparticles with a polysaccharide playing the role of the electrostatic
template. For example, an idea could be to electrospun core-shell polyanion/polycation
polysaccharides on the micropatterned collector. Another strategy could be to study new
kinds of solvent systems leading to the decrease of its conductivity.

While we developed all this strategies to structure the electrospun fibers for tissue engineering
applications, all the techniques presented in this work for the elaboration of complex
nanofibrous materials could be applied with other polymers and particles for other research
areas such energy or sensing for example, proving once again that
electrospinning/electrospraying processes are very versatile techniques, ensuring them a

bright future in the field of materials.
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Conclusions et Perspectives

L'objectif de cette thése était d'élaborer et d'étudier un nouveau type de scaffolds
micro-structurés (2D et 3D) obtenus par le procédé d’électrospinning ou électrofilage. Les
scaffolds structurés développés ont été ensuite utilisés pour des applications en régenération

0sseuse.

Aprés une présentation détaillée de toutes les techniques disponibles en
électrospinning pour structurer les nanofibres, nous avons choisi d'utiliser des collecteurs
micro-structurés par des procédés de photolithographie pour obtenir des scaffolds nanofibreux
micro-structurés pour la régénération osseuse.

Nous avons d'abord développé des scaffolds monocomposant en poly (e-caprolactone)
(PCL) ou en poly (acide lactique) (PLA) en forme de nid d'abeilles avec une taille de motif
caractéristique allant de 40 a 360 um. Deux différentes types de structures ont été obtenus:
dans le cas du PLA, la distribution unimodale du diametre de fibres a conduit a 1’obtention de
scaffolds plats, tandis que la distribution bimodale du diametre des fibres observée dans le cas
du PCL (montrant des parties de fibres épaisses et fines), a permis d’augmenter le relief des
scaffolds. En effet, dans le cas du PCL, la densité surfacique de charges des fibres épaisses
étant supérieure a la densité surfacique de charges des fibres fines, il y a un dép6t préférentiel
des fibres épaisses sur les murs des collecteurs en nid d’abeilles, permettant ainsi
I’augmentation du relief du scaffold. Ensuite, nous avons etudie I'impact de l'architecture en
nid dabeilles sur I’organisation spatiale des ostéoblastes. Nous avons montré que les
ostéoblastes MG-63 sont sensibles a la topographie des scaffolds. Dans le cas des scaffolds en
PCL, les cellules se sont rassemblées au cceur des nids d’abeilles, formant ainsi des niches
d’ostéoblastes au sein des nids nanofibreux.

Ensuite, une nouvelle stratégie a été proposée afin de développer de nouveaux
scaffolds 3D présentant une épaisseur millimétrique ainsi qu’une structure interne controlée.
Nous avons démontré qu’en réalisant 1’¢lectrospinning de fibres bimodales de PCL (qui
présentent des propriétés d’auto-assemblage) sur des collecteurs micro-structurés en nid
d’abeilles, de nouveaux scaffolds nanofibreux 3D d’épaisseur millimétrique ont pu é&tre
élaborés. Ils ont la particularité de présenter des pores de taille contr6lée ainsi qu’un gradient

de porosité dans 1’épaisseur du scaffold.
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En effet, dans les premiéres couches déposées de quelques centaines de microns
d'épaisseur, il est possible de controler la taille de pore de 80 um a 360 pum. Puis, des
colonnes de pores ont commencé a fusionner ensemble, créant un gradient de porosité dans

I'épaisseur du scaffold.

Dans la deuxiéme partie du travail, nous nous sommes concentrés sur le
développement de membranes composites micro-structurées 2D et 3D réalisées a partir de
nanofibres électrospinnées et de microparticules électrosprayées. Dans un premier temps,
nous avons développé une membrane composite bicouche micro-structurée élaborée a partir
de nanofibres de PCL et de particules d’hydroxyapatite déposées sur des collecteurs micro-
architecturés. Le collecteur micro-architecturé présentait 21 types de structures différentes
(hexagones, blocs, labyrinthe, barres, et non structuré). Le dépdt sélectif contr6lé des
particules d'hydroxyapatite a été démontré grace a la présence d’une fine couche de
nanofibres de PCL préalablement électrospinnée sur le collecteur. En effet, cette fine couche
de PCL joua le role de « template » électrostatique pour le dépbt de particules en raison des
charges électriques résiduelles présentes sur les nanofibres suspendues au-dessus des motifs
du collecteur. Cette membrane bicouche structurée composite a ensuite été utilisée pour
I'‘élaboration de biopuces pour réaliser le screening d’architectures nanofibreuses pour des
applications en régéneration osseuse. Nous avons démontré que ces biopuces appelés biochip
permettaient de réaliser le screening de micro-architectures nanofibreuses composites afin
d’identifier la structure la plus pertinente pour la régénération osseuse. La minéralisation ainsi
que le processus de régénération osseuse in vitro ont été améliorés avec les structures

composites nanofibreuses hexagonales plutdt que les autres types de structures.

Enfin, des scaffolds composite 3D ont été fabriqués en utilisant alternativement le
procédé d’électrospinning et d’électrospraying sur des collecteurs micro-structurés en nids
d’abeilles. Le role de « template » électrostatique de la fine couche de fibres déposée sur le
collecteur contrélant le dépdt des particules a été démontré par différentes expériences et par
des simulations numériques. Les scaffolds 3D nanofibreux présentaient des pores cylindriques
de tailles controlées dans 1’épaisseur du scaffold. Le diamétre intérieur variait de quelques
dizaines a centaines de microns. Des tests en traction ont démontré que ces scaffolds
présentaient de bonnes propriétés mécaniques, permettant ainsi une manipulation aisée et leur
utilisation dans le domaine de la régénération osseuse. Enfin, en raison de la large gamme de

matériaux qui peuvent étre utilisés pour les microparticules et les nanofibres, cette stratégie
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ouvre la voie a I'élaboration de différents types de composites 3D fibreux qui pourraient étre
utilisé pour une large gamme d'applications.

Les structures en nids d’abeilles sont apparues comme des structures intéressantes
pour développer des nouveaux scaffolds 2D et 3D nanofibreux pour des applications en
régénération osseuse et dans le domaine du screening. Dans un travail futur, il serait trés
intéressant d’étudier I’effet des scaffolds 2D nanofibreux en PCL en nids d’abeilles sur
I’organisation spatiale des cellules hématopoiétiques. Les cellules hématopoiétiques sont des
cellules présentent dans la moelle osseuse. Elles ont I’habitude de se trouver dans les cavités
des os spongieux : elles ont besoin de se regrouper ensemble a 1’intérieur de ces cavités créant
ainsi des niches a l'intérieur des os spongieux. Ce phénomeéne qui est appelé le «homing »

pourrait étre encouragé par la structure spécifique des scaffolds PCL en nid d’abeilles.

De plus, le biochip peut étre considéré comme la premier model d’un dispositif dédié au
screening et incorporant une membrane composite micro-structurée réalisée par
électrospinning. Il serait intéressant de cultiver des cellules mésenchymateuses sur ce type de
biochip étant donné que le processus de différenciation des cellules mésenchymateuses est

grandement affecté par la topographie du substrat sur lequel elles sont cultivées.

En ce qui concerne les scaffolds en nid d'abeilles 3D avec une taille de pores controlée, il
pourrait étre intéressant de développer des scaffolds composite 3D a partir de nanofibres de
PCL et de particules d'hydroxyapatite pour la régénération du tissu osseux. Bien que durant
cette these, aucune étude in vivo n’a été faite, il serait trés intéressant d'évaluer Il'infiltration de

cellules in vivo et les processus régénération osseuse au sein de ces scaffolds 3D.

D’autre part, des multi-couches électrospinnés/ électrosprayés pourraient étre envisagés et
développés grace a différentes stratégies. Une premiére stratégie consisterait a
alternativement électrospinner / électrosprayer différents types de couches sur un collecteur
formant ainsi un composite multicouche. Une autre stratégie pourrait consister a utiliser un
montage d’électrospinning plus complexe avec quatre aiguilles par exemple, permettant un
double électrospinning et un double électrospraying. Des matériaux plus complexes
pourraient également étre envisagés pour les applications en screening. En effet, alors que
nous avons montré que nous étions capables de fabriquer des scaffolds présentant un gradient

de porosité, nous n’avons pas réussi jusqu’a présent a élaborer des membranes avec un
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gradient de composition (avec une variation contrélée de la quantité de microparticules dans
la membrane par exemple). Une telle membrane pourrait étre trés intéressante pour les
applications dans le domaine du screening car nous serions alors capables de tester en méme
temps différentes architectures nanofibreuses présentant différentes compositions. Nous

testerions ainsi avec les cellules des micro-environnements plus complexes.

En ce qui concerne le processus de structuration, nous avons présenté en détail I'effet de
«template » électrostatique de la fine couche de nanofibres déposée sur le collecteur sur le
dép6t contr6lé des microparticules. Cependant, le dépdt contrdlé des microparticules avec
certains polymeres comme les polysaccharides reste encore un défi. On pourrait imaginer une
autre stratégie pour déposer localement les microparticules avec un polysaccharide jouant le
role de « template ». Par exemple, une idée serait d’électrofiler en structure cceur —peau des
polysacharrides polyanion / polycation sur un collecteur micro-structuré. Une autre stratégie
pourrait consister a étudier de nouveaux types de systemes de solvants afin de diminuer la

conductivité de la solution.

Bien que nous ayons développés toutes ces stratégies de structuration des nanofibres pour des
applications en ingénierie tissulaire, toutes les techniques présentées dans cet ouvrage pour
I'élaboration de matériaux complexes nanofibreux pourraient étre appliquées a d'autres
polymeres et particules pour d'autres domaines de recherche tels que I'énergie ou les capteurs
par exemple, prouvant une fois de plus que les procédés d’ électrospinning/ électrospraying
sont des techniques treés polyvalentes, leur assurant ainsi un brillant avenir dans le domaine

des matériaux.
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S Salima NEDJARI
> 4

Microstructuration of nanofibrous
membranes by electrospinning:
Application to tissue engineering

Résumé : L’objectif de cette thése était de développer de nouveaux biomatériaux nanofibreux architecturés (2D ou 3D) grace a la
méthode d’électrospinning puis d’étudier I’influence de ces structures nanofibreuses sur le comportement des cellules osseuses.
L’¢électrospinning est une technique qui permet d’obtenir des nanofibres en projetant sous 1’action d’un champ électrique intense une solution
de polymére sur un collecteur. Les nanofibres sont alors généralement disposées aléatoirement sous forme de mats (ou scaffolds). Ces
scaffolds trouvent des applications en ingénierie tissulaire grace a leur structure mimant la matrice extracellulaire des tissus vivants. Toutefois,
il a été montré que lorsque le collecteur est micro-structuré, il est alors possible de contrdler 1I’organisation des fibres lors de leur dépot grace a
la perturbation locale du champ électrique au voisinage de la surface du collecteur. Ces collecteurs architecturés jouent ainsi le role de
« templates » électrostatiques. Dans un premier temps, nous avons développé des scaffolds 2D nanofibreux monocomposants en forme de nids
d’abeilles grace a I'utilisation d’un collecteur micro-structuré en nids d’abeilles lors du procédé d’¢lectrospinning. Ces scaffolds ont été
développés a partir de deux biopolyesters le poly(e-caprolactone) (PCL) ou le poly(lactic acid) (PLA). Nous avons prouvé que la morphologie
des nanofibres de PCL (distribution bimodale du diametre des fibres) conduisait a un scaffold présentant un relief beaucoup plus marqué alors
qu’avec les fibres de PLA, qui présentent une distribution monomodale du diamétre des fibres, les scaffolds obtenus sont beaucoup plus plats.
Nous avons montré qu’il est possible de contrdler 1’organisation spatiale de cellules osseuses de type MG-63, des ostéoblastes, en jouant sur le
relief et I’architecture du scaffold. Puis, nous avons démontré qu’en couplant la micro-structuration des nanofibres de PCL (par 1'utilisation
d’un collecteur en nid d’abeilles lors du procédé d’électrospinning) avec les propriétés d’auto-assemblage du PCL, nous pouvions élaborer de
nouveaux scaffolds nanofibreux 3D ayant la particularité de présenter des pores de tailles controlées ainsi qu’un gradient de porosité dans
I’épaisseur du scaffold. Puis nous nous sommes intéressés a 1’élaboration de membranes composites micro-structurées 2D et 3D. En couplant
le procédé d’électrospinning avec le procédé d’électrospraying sur des collecteur micro-structurés, nous avons démontré que nous pouvions
déposer de maniére controlée les particules spécialement sur les murs des nids d’abeilles grace notamment a la présence d’une trés fine couche
de fibres électrospinnées au préalable sur le collecteur. Cette fine couche de nanofibres joue le role de « template électrostatique » pour le
dépdt des particules. Nous avons ensuite appliqué cette technique pour développer des membranes composites nanofibreuses bicouches a base
de nanofibres de PCL et de microparticules d’hydroxyapatite (HA). Ces membranes composées de 21 microarchitectures différentes (barres,
plots, hexagones, labyrinthe) ont ensuite été intégrées dans des mini plaques de culture cellulaire, formant ainsi un nouveau type de biopuce,
appelés biochips, qui permettent pour le screening des microarchitectures nanofibreuses. Enfin, en combinant simultanément 1’électrospinning
de nanofibres et 1’¢lectrospraying de particules sur des collecteur micro-structurés en nid d’abeilles, des scaffolds composites 3D présentant
des pores cylindriques de tailles contrdlées ont été élaborés.

Abstract: The aim of this thesis was to develop new architectured nanofibrous biomaterials (2D or 3D) using the electrospinning method
and to study the influence of these nanofibrous structures on bone cells behaviors. Electrospinning is a technique allowing the production of
nanofibers by projecting, under the action of a strong electric field, a polymer solution on a collector. The nanofibers are generally randomly
deposited and form mats or scaffolds. These scaffolds are interesting for tissue engineering applications because of their structure mimicking
the extracellular matrix of living tissues. However, it has been shown that when the collector is microstructured, it is possible to control the
organization of the fibers during their deposition through the local perturbation of the electric field at the vicinity of the surface of the
collector. These micropatterned collectors act as "electrostatic templates". First, 2D honeycomb nanofibrous scaffolds were elaborated using
micropatterned honeycomb collectors during the electrospinning process. These scaffolds were made either with poly(e-caprolactone) (PCL)
or poly(lactic acid) (PLA). We showed that the morphology of the PCL nanofibers (bimodal distribution of the fiber diameter) led to a scaffold
with a strong relief. Despite, with PLA fibers which presented a monomodal distribution of the fiber diameter, the obtained scaffolds were
much flatter. It was possible to control the spatial organization of bone-like cells MG-63 (osteoblasts), playing on the relief and the
architecture of the scaffold. Subsequently, 3D materials were elaborated using micropatterned collectors in order to open new paths for the
development of filling materials for bone regeneration. Microstructuration of PCL nanofibers (by the use of micropatterned honeycomb
collector during the electrospinning process) coupled with the self-assembling properties of the PCL lead to the development of new 3D
nanofibrous scaffolds, with controlled pore size and porosity gradient in the thickness of the scaffold. Afterwards, micropatterned composite
2D and 3D membranes were elaborated. By coupling the process of electrospinning with the process of electrospraying on micropatterned
collector, we demonstrated that we can deposit the particles in a controlled way, especially on the walls of honeycomb patterns thanks to the
presence of a thin fiber layer first deposited on the collector. This thin nanofiber layer plays the role of an "electrostatic template” for the
particles deposition. Thereafter, this technique was applied to develop bilayers composite nanofibrous membranes containing PCL nanofibers
and hydroxyapatite (HA) microparticles. These membranes consisted of 21 different microarchitectures (bars, blocks, hexagons, maze) were
then incorporated into a small cell culture plate, thereby forming a new type of biochip for the screening of nanofibrous architectures. Indeed,
these biochips allowed the screening of nanofibrous microarchitectures to identify the most relevant for bone regeneration. It turned out that
the HA hexagonal structures (with an average diameter of 300 microns) and circular HA structures (with an average diameter of 150 microns)
are the structures that enhance the most the mineralization process of bone cells.




