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Résumé et mots clés en francgais

Hypothése : La fonctionnalisation de blocs hydrogels neutres a I'aide de polyélectrolytes ou de
microgels chargés permet leur assemblage contr6lé en milieux agueux via des interactions

électrostatiques

Méthode : Des blocs hydrogels de taille controlée ont été photosynthétisés a l’aide d’un support
d’injection fabriqué a partir de lames de verre et de photomasques imprimés sur papier
transparent. Les formulations se basent sur une structure (hydroxyéthyl)méthacrylate -
poly(éthylene glycol diméthacrylate) (HEMA-PEGDMA) interpénétrée soit par du
polyéthyleneimine(PEl) chargé positivement soit par de I’acide hyaluronique (HA) chargé
négativement. Un autre type de blocs négatifs a été obtenu par le traitement des blocs PEl a
I’aide de microgels N-isopropylacrylamide - acdde méthacrylique (NIPAM-MAA) chargés
négativement. Les propriétés d’assemblage dirigé de deux couples de blocs (PEI-HA et PEI-MG)
ont été testées par la mise en contact aléatoire de population de blocs en milieu aqueux. L’effet
de la salinité et du pH sur les propriétés d’assemblage ont été étudiés par des tests

d’assemblage en milieux salin (NaCl) ou acide/basique.

Résultats : Le support d'injection développé a permis I’obtention de blocs hydrogels de
différentes formes et tailles. Différentes fonctionnalisations a base de polyélectrolytes et de
microgels ont été testées. Les tests d’assemblage ont résulté en I'obtention d’agrégats de blocs
hydrogels liés par des contacts adhésifs spécifiques entre blocs chargés positivement et
négativement. Les deux systemes étudiés présentent cependant des caractéristiques
d’assemblage différentes puisque les agrégats PEI-MG sont plus compacts et rigides que les

agrégats PEI-HA. En milieu acide (pH=3) et basique (pH=10,5), aucun assemblage n’a pu étre
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observé. L'augmentation de la salinité s’est accompagnée d'une perte croissante des propriétés

d’assemblage. Cet effet délétére du sel est plus marqué pourles systemes PEI-MG.

Mots-clés : blocs hydrogels, microgels, polyélectrolytes, assemblage dirigé, adhésion
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Résumé et mots clés en anglais

Hypothesis: Functionalization of neutral hydrogel blocks with polyelectrolytes and charged

microgels allow their directed assembly in aqueous mediumvia electrostatic interactions

Methods: Hydrogel blocks of controlled size were photosynthesized thank to an injection
support composed of glass slides and photomasks imprinted on transparent sheet. Formulations
are based on an HEMA-PEGDMA structure interpenetrated either with positively charged PEI or
with negatively charged HA. Another type of negative block was obtained by treating PEI blocks
with NIPAM-MAA negatively charged microgels. The assembling properties of two block couples
(PEI-HA and PEI-MG) were tested by randomly putting in contact block population in water.
Effects of salinity and pH on assembling properties were studied with assembling tests in saline

(Nadl) or acidic/basic media.

Results: The injection support developed allowed obtaining hydrogel blocks with different
shapes and sizes. Various formulations based on polyélectrolytes and microgels were tested.
The assembling tests resulted in aggregates formation of hydrogel blocks linked together by
spedfic adhesive contacts between positively and negatively charged blocks. The two systems
studied nevertheless present differences in their assembling characteristics: PEI-MG aggregates
are indeed more compact and rigid than the PEI-HA aggregates. In acidic (pH=3) and basic
(pH=10,5) media, no assembling was observed. The augmentation in salinity resulted in an
increasing loss of assembling properties. This deleterious effect was more important for PEI-MG

systems.

Key words: hydrogel block, microgels, polyelectrolytes, directed assembly, adhesion
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Chapitre 1 : Introduction

1-1: Médecine régénérative et ingénierie tissulaire

La médecine régénérative est un domaine émergent des sciences pharmaceutiques et médicales
s’intéressant a |I’élaboration de traitements basés sur la création de tissus vivants fonctionnels
dans le but de soigner ou revitaliser des tissus ou organes endommagés [1,2]. La croissance de
tels tissus réparateurs peut étre menée ex-vivo suivie d’une implantation [3] ou directement in-
vivo[4-6]. Le développement de telles solutions médicales se base ainsi sur la compréhension,
apportée par I'ingénierie tissulaire, de l'influence des facteurs biochimiques (composition du
milieu, facteurs de croissance, enzymes...) et physiques (contraintes mécaniques, porosité) sur la
différenciation et la prolifération des cellules composant un tissu sain [7-9]. Sans contrGle sur
leur croissance, les néo-tissus obtenus ne présentent pas la méme organisation structurelle
gu’un tissu sain et ne possédent pas des propriétés biologiques et mécaniques équivalentes. La
reproduction spatio-temporelle de contraintes s’approchant du microenvironnement naturel sur

des populations cellulaires est donc au coeur des traitements régénératifs [10,11].

1-2 : Echafaudages hydrogels

En réponse a ce probléme, |'utilisation de matrices biocompatibles permettant un meilleur
contrble de la croissance cellulaire s’est développée [12]. Ces matrices prennent la forme
d’échafaudages polymériques composés d’hydrogels et/ou de fibres polymériques. Le contréle
sur leur structure et leur composition permet de définir I'environnement physique et
biochimique des cellules transportées afin d’obtenir un certain contréle sur leur croissance. Les
hydrogels sont de parfaits matériaux pour la réalisation de telles matrices puisqu’ils sont
composés d'une part d’une structure polymérique aux propriétés hautement modulables tant
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au niveau physique (gonflement, rigidité, porosité..) que chimiques (fonctionnalisations,
sensibilité aux conditions environnantes...) et d’autre part d’une phase liquide «immobilisée »
permettant I'embarquement de différents composés actifs (especes chimiques, facteurs de
croissance, cellules) [13,14].

Si I"utilisation de tels dispositifs a permis le développement de solutions d’ingénierie tissulaire
2Det 3D pour de nombreux tissus (peau [15,16], cartilage [17,18], os [19]..), une emphase est
mise de nos jours sur l'incorporation d’un facteur temporel (relargages rapides ou progressifs,
simultanées ou consécutifs de composés actifs, modification des propriétés physiques avec la
croissance cellulaire) pour le développement de solutions dites 4D approchant plus |I’évolution
des conditions environnant la croissance d’un tissu sain. L’artide présenté ci-aprés est une revue
de la littérature scientifique sur les dernieres avancées dans la livraison 2D, 3D et 4D de
composés actifs en médecine régénérative et en ingénierie tissulaire. La 4D correspondant aux 3
dimensions spatiales avec un controle temporel. Il a été écrit en collaboration avec Pierre-Luc
Latreille, Shaker Alsharif et Xavier Banquy et a été publié en 2015 dans le Volume 21 Numéro 12

de la revue Current Pharmaceutical Design.
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Artide 1: 2D, 3D and 4D Active Compound Delivery in Tissue Engineering and
Regenerative Medicine
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6128, Succursale Centre Ville, Montréal, QC H3C 3J7, Canada

2 Pharmaceutical Chemistry Department, Faculty of Pharmacy, Umm Al-Qura University Al Taif Road, Makkah 24382,
Saudi Arabia

Role des auteurs
Shaker Alsharif a effectué les recherches et rédigé la partie sur I'ingénierie tissulaire 2D, Pierre -
Luc Latreille sur les échafaudages fibreux et moi-méme sur les échafaudages hydrogel. Les

recherches et la rédaction ont été effectuées sous la supervision du Pr. Banquy.

Résumé en francais

Les avancées récentes dans les domaines de l'ingénierie tissulaire et de la médecine
régénérative ont montré que le contréle du microenvironnement des cellules durant leur
croissance est un facteur dé dans le développement de systéemes thérapeutiques efficaces. Pour
atteindre un tel contréle, les chercheurs ont d’abord proposé I’utilisation d’échafaudages
polymériques capables de supporter la croissance cellulaire et, dans une certaine mesure,
favoriser I’organisation cellulaire et la structure tissulaire. De nos jours, avec la disponibilité de
nombreuses lignées de cellules souches, cette approche semble plutdt limitée puisqu’elle n’offre
pas un controle précis du microenvironnement cellulaire dans le temps et I'espace (4D). Les
chercheurs concentrent ainsi leurs efforts sur le développement de stratégies incluant un
systeme de livraison de composés actifs dans le but d’ajouter une dimension aux échafaudages
3D. Cette revue se concentrera sur des concepts et applications récents de techniques 2D et 3D

qui ont été utilisés pour contréler le chargement et le relargage de composés actifs pour
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promouvoir la différentiation et la prolifération cellulaire a l'intérieur ou a lI'extérieur d'un
échafaudage. Nous présenterons les avancées récentes dans le design d’échafaudages
polymériques 2D et les différentes techniques utilisées pour le dépot controlé de signaux
moléculaires et de cellules. Nous continuerons en présentant les avancées récentes effectuées
dans le design d’échafaudages 3D basés sur des hydrogels ou des fibres polyméres. Nous

finirons en présentant certaines des pistes de recherche encore a explorer.

Abstract

Recent advances in tissue engineering and regenerative medicine have shown that controlling
cells micro-environment during growth is a key element to the development of successful
therapeutic system. To achieve such control, researchers have first proposed the use of
polymeric scaffolds that were able to support cellular growth and, to a certain extent, favor cell
organization and tissue structure. With nowadays availability of a large pool of stem cell lines,
such approach has appeared to be rather limited since it does not offer the fine control of the
cell micro-environment in space and time (4D). Therefore, researchers are currently focusing
their efforts in developing strategies that indude active compound delivery systems in order to
add a fourth dimension to the design of 3D scaffolds. This review will focus on recent concepts
and applications of 2D and 3D techniques that have been used to control the load and release of
active compounds used to promote cell differentiation and proliferation in or out of a scaffold.
We will first present recent advances in the design of 2D polymeric scaffolds and the different
techniques that have been used to deposit molecular cues and cells in a controlled fashion. We
will continue by presenting the recent advances made in the design of 3D scaffolds based on
hydrogels as well as polymeric fibers and we will finish by presenting some of the research

avenues that are still to be explored.
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Introduction

Driven by the increasing demand of organ transplantation, tissue engineering and more recently
regenerative medicine have developed numerous strategies to grow such organs in vivo or ex
vivo. After more than two decades of intense research, it is clear that organ engineering requires
the use of a scaffold that serves as a synthetic extracellular matrix (ECM) to support and
organize cell growth [1-4]. With the increasing number of available biomaterials that possess all
the desirable properties required for tissue engineering as well as the constantly widening
spectrum of manufacturing techniques to generate complex and finely tuned structures,
researchers have been able to develop a tremendous variety of materials and scaffolds designed
for spedific tissues and applications [5-8]. Within the last few years, the use of stem cells in
regenerative medicine and tissue engineering has become predominant [9-13]. Building a
suitable micro-environment for their differentiation and proliferation is a challenging task. The
rational design of such micro environment must involve a combination of many different
expertises such as material micro-engineering, biological engineering and more recently
pharmaceutical technology. The requirement of such diverse set of expertise has been driven by
the intrinsic behavior of stem cells in their environment [14, 15]. Stem cells are present in many
different places in any mammalian organism. They are inherently sensitive to many biophysical
as well as biochemical stimuli generated from their direct surroundings [16]. Their
differentiation and proliferation is not only dictated by very spedfic molecules such as growth
factors but also by the concentration of such factors and their spatiotemporal distributionin the
surroundings [17, 18]. Itis believed that these spatiotemporal distributions (also called niche) of

key factors are paramount elements determining cell recruitment, migration, proliferation,
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protein production and finally organ architecture [19, 20]. Artificially reproducing such complex
dynamic environment is the main goal of nowadays tissue engineering research and the main
focus of this review artide.

Early studies in tissue engineering predominantly used 2D polymeric scaffolds functionalized
with adhesives molecules in order to mimic the interactions between cells and the ECM [21, 22].
In parallel, 2D devices such as patches, micro-electro-mechanical-systems or microchips were
already reported for the controlled delivery of actives compounds (AC) [23-25]. It is only recently
that these two worlds have collided and nurtured each other beneficially. To better mimic
biological tissues, the transition from 2D to 3D scaffolds has become a necessary step.
Interestingly, the tremendous large body of AC delivery systems using 3D devices such as
particles or macromolecules have not been fully explored in tissue engineering. This provides an

excellent opportunity for development and promising future discoveries.

Part I: 2D Tissue Engineering

A. Distribution control of molecular cues in 2D
It is well known that most of human body organs and tissues have a 3D structure while some
other important body tissues such as blood and lymphatic vessels have a 2D structure.
Therefore, engineering of tissues in 2D has proven to be of importance. For this purpose,
different technologies in the realm of AC release and cell delivery have emerged in the past few

years which we discuss here the most relevant ones (see figure 1).
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Figure 1-1: AC and cells deposition processesin 2D.

1. Gradient technology

Tissue engineering and regenerative medicine deal directly with ECM, which carries various
macromolecules or proteins such as growth factors and chemokines. Their physiological
functions such as wound healing and morphogenesis are majorly regulated by mole cular
concentration gradient phenomena. Many studies related to cellular processes such as in vitro
migration, signal transmission, cellular proliferation, viability had shown the significance of using
gradient materials in tissue engineering [26, 27].

Developing molecular gradients in a material can be extremely challenging espedially when it
comes to fine controlling. Ostrovidovet al.[28] have developed a microfluidic device acting as
concentration gradient generator. The device made from micro-engineered poly(ethylene
glycol) diacrylate (PEGDA) hydrogel contains concentration gradient of okadaic acid as a model
drug released by diffusion. The authors showed that the drug gradient was able to modulate the

viability of MC3T3 cells.
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Controlling the distribution of AC is not the only benefit of using gradient technology. The
mechanical properties of a cell substrate can be controlled as well. In vitro techniques based on
photolithography [29] or on polymerization of adjoining solutions with variable concentrations
[30] in order to obtain crosslinking density gradients have shown that it is possible to achieve
good control over the elastic properties of a substrate in 2D.

In a recent study, Tse et al.[31] have discussed whether undifferentiated mesenchymal stem
cells (MSCs) can experience durotaxis in the absence of any pathological stimulation under
exposure to a physiological stiffness gradient. The authors created crosslinking gradient in
polyacrylamide hydrogels using radial greyscale pattern with a photomask. In addition, type-I
collagen was added to the gradient hydrogel to allow MSCs attachment. Results evidenced that
MSCs were subjected to durotaxis on substrates with stiffness gradient values within
physiological range and initiated differentiation at the stiffest regions instead of remaining in

stationary position as had been hypothesised.

2. Patterning technology

The ability to spatially deposit and control the release of AC of variable size, induding drugs and
growth factors from patterned biomaterials is crucial to the development of bioactive surfaces
for regenerative medicine. One of the scalable methods in patterning such surfaces is
lithography. Stern et al.[32] have used patterned electropolymerized polypyrroles surfaces to
attach and release AC such as ovalbumin and interleukin-2 respectively. These proteins act as
vaccine components for binding to dendritic cells that process the antigen and present it to T-
cell surface. The patterning was obtained by deposing photoresistant masks on the conductive

substrate where electropolymerization of the dissolved monomers containing the AC took place.
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The authors showed that surface patterning offered a very high control of the spatial
distribution of the AC while their release rate was electrically controlled.

Recent advancement in nanopaterning opens the opportunity to combine colloidal lithography
and surface-initiated atom-transfer radical polymerization to finely control molecular cues
distribution such as cell adhesive proteins. Li et al[33] used hierarchical polymer brush
nanopatterns to graft fibronectin on a planar substrate. As a result, fibronectin was covalently
immobilized and showed biological activity without denaturation. Furthermore, MC3T3-E1 mice
osteoblasts had cohered to fibronectin pattems immediately and displayed uniformity along the
stripes, which suggest that these protein patterns are excellent candidates for cell patterning.
Thissenet al.[34] have recently described a method based on surface patterning to control the
growth of bovine corneal epithelial tissue on surfaces by creating protein adsorbing and non-
adsorbing sites via cell-collagen-I interactions. This manipulation was accomplished by applying
a thin layer of acetaldehyde polymer coating (adhesive site for subsequent collagen | deposition)
and poly(ethylene oxide) PEO (non-adhesive site) on the substrate.

Common lithographic patterning techniques require either UV exposure or jarring solvents,
which are not suitable for most biomolecules. A new patteming technique that does not
damage biomolecules was recently reported [35]. The process uses hydrofluoroether solvents
which solubilise fluorinated UV resistant materials used to pattern AC through imprint
lithography. Such process has been applied to protein and DNA patterning without damaging
the AC.

Alternatively, inkjet printing has been used to create spatial patterns of fibroblast growth factor-
2 (FGF-2) on fibrin films for studying preosteoblastic cells response in vitro [36]. The authors
showed that under cell culture conditions for over one week, printed patterns as well as FGF-2

remained persistent and active.
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Most of the previously described reports carry great potentials and opportunities for future
development regarding tissue engineering. However, it has not been found yet advanced studies

involving such methods upon major in vivo applicationsin regenerative medicine.

B. Cell patterning and co-culture

Spatial control of living cells distribution has attracted great attention due to its broad potential
applications in regenerative medicine. The development of microfabrication technology in the
past decade has largely enriched cell patterning methods by introdudng precise surface
engineering, in which spatial patteming of cells is confined by regulating surface chemistry.
Cells are often pattemed on a planar surface, which can be further controlled to prepare a 3D
bioactive structure or scaffold.

Inkjet printing method was reported as an advantageous technique for human fibroblast cells
patterning. Using this method Saunders et al. [37] were able to create cells patterns on agarose
gel without damaging the cells.

In order to modify surface chemistry and to improve cell patterning, Chienet al.[38] have
combined microcontact-printing method with mussel inspired surface chemistry. Controlled
imprints of polydopamine (PDA)/poly ethylene imine (PEI) were fabricated using
poly(dimethylsiloxane) (PDMS) stamps. These imprints were used to control cell adhesion using
the high binding affinity of PDA enhanced by deposition of PEl. In vitro tests conducted with co-
cultured hepatocytes and neural cells lead to spatially controlled distribution of cells. This
technique could be used to favor cells adhesion at specific sites by recover them of cell adhesion
promoting imprints.

In another study Tanaka et al.[39] discussed how to manage the PDMS stamping force and the

importance of stamp stiffness to improve cell patterning. The authors reported a method to
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improve printing precision by controlling the stamp stiffness via microscope observation of
stamp deformation due to the applied force. The proposed micro printing method gave a high
printing quality with 2.5% error of micro stamping area and was tested by patteming GFP-
HUVEC (GFP Expressing Human Umbilical Vein Endothelial Cells) and NIH/3T3 co culture on

fibronectin covered substrates (see figure 2)

Temperature responsive Fibronectine
culture dish patterning

Figure 1-2: Two-cell patterned co-culture, adapted from [39].

C. 3D constructs based on 2D assemblies

In the area of 3D microfabrication, a recent novel strategy based on 2D scaffold folding, which
enables production of 3D microstructure simply by folding 2D sheets was recently reported [40].
Origami folding and polyhedral capsule rolls are two examples using such strategy [41].

Bioartificial endocrine pancreas (BAEP) was created by encapsulating pancreatic B-cells for
diabetes treatment purposes [42]. This BAEP was found more advantageous over gel
encapsulation method in terms of mass transfer efficiency of AC due to its unique architectural
design and geometry. The BAEP fabrication was based on folded polyhedral capsules wrapped
up within an alginate sheet (see figure 3). Consequently, insulin release was confirmed

suggesting that this approach could be convenient for regenerative medicine.

Mémoire de Maitrise, Hanauer Nicolas

21



2D Lithographic Patterning  Self-assembly Array on alginate sheet

Chrommm

non-wettin, Folding hinges

Capsule array
TED with loaded cells

\

hin; Open face for : Alvinate shest
s cell loading e

Figure 1-3: BAEP fabrication, adapted from [42].

This emerging technology is extremely promising due to its potential scalability, its versatility in
terms of structures and materials that can be used. Such approach though, requires very specific
expertises and equipment which limits its exploration and use at the present time. Instead,
other approaches based on readily available materials such as hydrogels have attracted much

more attention and will be described in the next section.

Part ll: Hydrogel scaffolds

Techniques of 3D hydrogels scaffolding have been developed for two major regenerative
medicine related purposes: cell viability, proliferation and differentiation as well as AC delivery
[43]. This was commonly achieved by the incorporation of AC and/or cells inside the hydrogel
matrix via different techniques leading to various architectures that can be used for diverse

applications (see figure 4).
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Figure 1-4: Strategies for tissue growth based on AC delivery.

A. Effect of active compounds loading and release

Incorporating an AC such as a growth factor, a drug or genetic material into a polymeric scaffold
can be achieved by embedding this compound inside the scaffold using chemical or physical
bounding [44]. Control over such bindings and loading mechanics is a key parameter to achieve
simultaneous or sequential controlled release of multiple AC [45].

Incorporation of an AC into a hydrogel matrix usually results in a fast release of the AC, at least
during the initial period of the release (see figure 5). Such effect, known as initial burst effect is
problematic for tissue engineering applications where long lasting delivery is often desirable.
Tang et al.[46] have controlled the burst effect by embedding N-(2-hydroxyl) propyl-3-trimethyl

ammonium chitosan chloride (HTCC) — carboxymethyl chitosan (CM) nanoparticles into
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chitosan/poly(vinyl alcohol) hydrogel by adding them prior to gelation. Propranolol, as positively
charged model drug, diclofenac sodium, as negatively charged model drug, and nanoparticles
were added prior to gelation. The authors obtained nanoparticles with different charges by
varying the ratio between HTCC and CM. The interaction between the drug and the
nanoparticles was shown to have a direct effect on the release. The release of the positively
charged drug was found to be much slower in negatively charged hydrogel than in neutral
hydrogel and vice versa.

The controlled release of growth factors is crucial in regenerative medicine due to their roles as
biological cues for cell fates. Pakulska et al.[47] have prepared chondroitinase ABC (ChABC), a
promising therapeutic agent for spinal cord injury to a methylcellulose (MC) hydrogel by grafting
a small protein domain (Src homology 3: SH3) on the AC and a binding peptide (weak or strong)
on the hydrogel. The release rate of the AC was then tuned either by varying the SH3-
protein/SH3-peptide pair binding strength or ratio. Even if the release process was disturbed by
the thermal instability of ChABC at 37°C, the authors were able to observe a tunable release:
90% of release was obtained after 3 days for an unmodified MC hydrogel, while it decreased to
20% in 7 days with the strong ChABC-SH3 binder and to 50% and 10% in 7 days with a weaker
binder at respectively 100 and 300-fold molar excess of SH3 peptide to ChABC.

AC release can be triggered by cell activity as well. Song et al.[48] have studied the effect of
combining two AC (stromal derived factor 1: SDF-1 and angiogenic peptides: Ac-SDKP) in an
acrylated hyaluronic acid hydrogel on a chronic myocardial infarction rat model. The authors
loaded SDF-1 directly within the hydrogel and Ac-SDKP was bound to the polymer scaffold via
thiol-acrylate reaction. The release of SDF-1 and Ac-SDKP was triggered by the action of matrix
metalloproteinase (MMP) secreted by the surrounding cells or via hydrogel degradation. By

providing an injectable 3D micro-environment to attract mesenchymal stem cells followed by
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growth factor release, this approach was found to promote stable vessels growth, and
decreased fibrosis, which in turn leads to the recovery of heart function. Even if the mechanism
of regeneration by SDF-1 and Ac-SDKP is still unclear, this study showed the strong positive
synergistic effect of the two compounds.

These recent examples show that AC controlled loading and release in hydrogel scaffold play a
crucial role for the development of therapeutic implants. By tuning the hydrogel scaffold
properties and especially the AC-matrix bounding, multiple and sequential releases of ACs can

be envisaged.

Cell/AC distribution

o * .
Cells and AC x 0o Cumulative
embedded in " o release (%)

: * *

hydrogel matrix o 100 A 1
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AC embeddedin | * *
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Cells and AC 4
deposited in o
cavities only e
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Figure 1-5: Expected cumulative release of different cells/ACs distributions in hydrogel scaffolds.

B. Effect of cells loading and culture

Due to their internal structure that can be tuned to mimic the ECM, hydrogels were firstly used
for cell immobilization [49]. With the development of tissue engineering and progress in

hydrogel scaffolding, these materials are now able to promote cells growth, differentiation and
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organization [50, 51]. Such properties can be achieved via incorporation of cells into structured
3D hydrogel scaffolds in multiple ways depending on what the final goal or application is.

Cell embedment in the hydrogel can be achieved by directly inserting the cells during the
gelation process. Wright et al.[52] studied human comeal epithelial cells viability in a caldum
alginate-hydroxyethyl cellulose hydrogel. After mixing the cells with the hydrogel solution, cells
were found to survive the gelation process, and were viable up to 7 days in ambient and chilled
conditions, which makes this hydrogel potentially useful for cells transport and storage
purposes.

Such technique can also be used to highlight the role of the hydrogel composition on loaded
cells fate. Li et al[53] used fluorinated methacrylamide chitosan hydrogels for neural stem cell
differentiation. Neural cells were added with scaffold components prior to photopolymerization.
The authors studied the proliferation and differentiation of neural cells in fluorinated
methacrylamide chitosan hydrogels which had the ability to uptake oxygen from the
environment or from supplemental oxygen. Fluorine moieties in the hydrogel were found to
modulate oxygen uptake and release which resulted in improved cell proliferation and
differentiation.

Introducing the receptor sites in the hydrogel is an easy way to increase the amount of
introduced cells and to achieve a better control over their near environment. Halstenberg et
al.[54] created an artificial protein with matrix degradation capacity containing two cell binding
sites (RGD integrin-binding and heparin binding site), matrix degradation sites (two plasmin
degradation sites) and an acrylate moiety. The authors used this protein in conjunction with
poly(ethylene glycol) diacrylate to form a hydrogel. Human fibroblasts-fibrin clusters were
embedded via cell solution deposition on the hybrid hydrogel. These clusters were used to

assess cell attachment on 3D binding sites, proliferation for at least 7-9 days in vitro and cell
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induced matrix degradation. Using the artificial protein resulted in an improved cellular
penetration in the hydrogel due to the combination of cellular outgrowth and triggered matrix
degradation.

Incorporation of niches inside the hydrogel matrix prior to cell embedment was found to have
positive effect on cells development. Hwang et al.[55] used gelatin beads (150-300um) induded
in a cell laden alginate hydrogel, which after dissolution and washing left occlusions of
controlled size. Use of such scaffolds in tissue engineering was tested using hepatocarcinoma
cells (HepG2). The cells were positioned inside the cavities and significantly enhanced cell
proliferation was observed compared to non porous scaffold, due to better mass transfer of

nutrients, oxygen and waste removal through the hydrogel.

C. Active carriers for tissue regeneration

Cell fate in a tissue depends on two main factors: mechanical stress and cell-ECM biochemistry.
Chemical interactions between cells and AC are based on 3D-signaling which is a result of AC
spatiotemporal availability and cells motility. Active carriers for tissue regeneration combine
cells encapsulation and triggered AC release to promote timed-control cell growth.

Du et al.[56] obtained chitosan hydrogel exhibiting an interconnected network of cavities using
10 pum CaCO;zmicropartides encapsulation followed by gas foaming. After freeze-drying
treatment of the hydrogel, the authors obtained a hierarchical porous structure later treated by
layer-by-layer molecular deposition of oppositely charged chondroitin sulfate (CS) and chitosan
to mimic the ECM. The hydrogel cavities were then loaded on their surface with fibroblast
growth factor (FGF) via CS binding and then with human lung fibroblast cells. The authors
showed that the architecture of the interconnected network of cavities did not have any

significant effect on FGF cumulative release but improved FGF loading resulting in a higher
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FGF release ratio (% )
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amount of FGF reaching encapsulated cells (see figure 6). The authors showed that combining
the hierarchical porous structure of the chitosan hydrogel with the controlled loading and

release of the growth factor via CS binding of FGF had a positive effect on human lung fibroblast

growth.
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Figure 1-6: Release curve of FGF (a), FGF loaded (b) and variation of GAG concentration (c) in
different chitosan hydrogel treated by freeze drying and/or by gas foaming prior to layer-by-

layer assembling of chondroitin sulfate and chitosan. Adapted from [56].

In another study, the same authors [57] used two growth factors that could be released
successively. They incorporated two growth factors, native TGF-B and bFGF modified to
spedifically bind to collagen in a CS/collagen hydrogel. Such modification allowed the growth
factor to be loaded in the scaffold to a much higher content and to be released much slower
than TGF-B. These successive releases were used by the authors to induce differentiation of

hMSCs into chondrocytes (see figure 7).
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Figure 1-7: Representation of possible uses of fibrous scaffolds in drug encapsulation and in cell

encapsulation.

Hydrogel scaffolds have been tested invivo as well. Using direct loading of two growth factors
(VEGF: vascular endothelial growth factor and IGF-1) in an alginate hydrogel precursors mix prior
to gelation and followed by freeze drying to create a niche for myoblast encapsulation lead to a
scaffold able to promote musde regeneration. Borselliet al.[58] tested this hydrogel in the
context of a severe injury to mice skeletal muscle tissue. A synergistic effect between VEGF and
SDF-1was demonstrated on musde growth in comparison to implantation of blank alginate
scaffold or single growth factor loaded hydrogel. It was also shown that cell seeding in the
hydrogel allows even better muscle regeneration. Even if the impact of such scaffold on the
muscle size and weight was not always significant, it allowed an improved fiber growth and
higher blood vessel density leading to normal tissue perfusion levels.

It is possible also to pattem the hydrogel containing growth factors and cells before
implantationin order to better mimic in vivo tissue organization. Chen et al. [59] have combined

two genes (TGF-B1 and BMP-2) activated chitosan/gelatin scaffolds (freeze dried for
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mesenchymal stem cell loading) to create a bilayered hydrogel for articular cartilage and
subchondral bone simultaneous regeneration. Once both scaffold were loaded with
mesenchymal stem cells and have supported cells differentiation (chondrogenic and osteogenic
respectively), they were glued together via fibrin glue. The bilayered materiel was tested on a
rabbit knee defect and was found to perfectly support articular cartilage and subchondral
regenerations, leading to complete repair.

The strategies described so far involve controlled but passive release of the AC. This is, in
principle, not effident to maximize contact of the AC with the surrounding cells. To overcome
this problem Yang et al.[59] developed an active PEG scaffold able to release locally synthetic
glucocorticoid Dexamethasone (DEX) only in presence of a neighboring cell. The authors
conjugated DEX to the scaffold using a peptidic linker. The linker was degraded by production of
matrix metalloproteinase from the proliferating hMSCs. This resulted in a localized stimulation
of alkaline phosphatase (ALP) and calcdum deposition for over 21 days whereas no elevated
cellular responses were observed in co-cultured hMSCs surrounding the gel, suggesting possible
applications in bone regenerative medicine.

With their highly tunable internal structure, hydrogels are the main material used for
scaffolding. Such scaffolds have various applications for regenerative medicine going from
storage to multiple controlled releases of AC and/or cells. Even if some hydrogel scaffolding
techniques are already commercially available, the innovations discussed above present
promising future as therapeutic treatments. However hydrogel scaffolding is not the only

solution for 4D AC delivery, other materials are gaining interest, such as fibrous scaffolding.

Mémoire de Maitrise, Hanauer Nicolas

30



Part lll: Fibrous scaffolds

Fibrous scaffolds represent a popular substrate for tissue engineering. Their fibrous nature
mimics biological tissues matrices at a microscopic scale compared to plain materials such as
hydrogels. Many strategies were developed and characterized in an objective of delivering AC
and cells to animals (see figure 7). As mentioned, those concepts focused on the control of AC

release from promising fibrous scaffolds have emerged and are summarized in the next section.

A. Controlled release of AC from fibrous scaffolds

Many different strategies exist to incorporate an AC into a fibrous material [60-62]. Most of
them face a common problem of short release time which is problematic from a tissue
engineering perspective. To tackle this problem, a first approach consists in using structured
fibers. Novajra et al. [63] have recently developed a biodegradable scaffold based on hollow
fibers of biodegradable glass for the long term release of neurotropic factors. Fibers were filled
with genipin crosslinked agar/gelatin hydrogel in presence of fluorescein isothiocyanate -dextran
(FD-20). The authors did not report any correlation of the release rate and the fibers diameter
since all of them achieved 100% release of FD-20 after 24h. Also, no significant cytotoxicity of
fiber dissolution products was reported on neonatal rat olfactory bulb ensheathing cell line.

Another efficient strategy to develop structured fibers is to use mixture polymers during the
electrospinning process. Bonani et al.[64] have developed a fibrous scaffold by making use of
electrospunnanofibers of poly e-caprolactone (PCL) and poly(D,L-lactide-co-glycolide acid)
(PLGA). The authors designed different patterns of fibers of PCL and PLGA by spatially controlling
their distribution on both side of the scaffold. Therefore, PLGA (with ending carboxylic group,
PLGAac or with ester end group, PLGAes) polymers were loaded with either rhodamine B (RhB),

fluorescein or tetra-methyl-rhodamine conjugated bovine serum albumin (AlbF and AlbT) to

Mémoire de Maitrise, Hanauer Nicolas

31



perform double-sided release. PLGAac-PCL and PLGAes-PCL releasing RhB (from a uniform
gradient of PLGA-PCL polymers) both showed a majorly one-sided release with a burst effect.
PLGAes has demonstrated lower side release selectivity. Release of AlbT of PLGAac-PCL with the
same gradient showed that 24% of protein was released in 24 hours and 80% was released in 9
days on mainly one side only of the scaffold. After this period, the authors had estimated a
constant release rate of AlbT of 1% per week. Moreover, the authors were able to sequentially
release both proteins (AlbT and ALbF) by altering the materials distribution in the scaffold (see
figure 8). Highest release rate of AlbT occurred at the first day, while AlbF release was delayed
until day 5. A similar approach was used to release AlbT and AlbF each one from a differe nt side
of the scaffold.

Alternatively, Lee et al. [65] successfully immobilized bone-forming peptide-1 BFP-1 on the
surface of PLGA fibers coated with PDA and then characterized the differentiation of hMSCs into
osteocytes and bone volume increase in mice calvarial defect models. hMSCs culture has shown
for BFP-1 immobilized fibers higher cellular differentiation, caldum production and ALP activity
than controls (PLGA and PLGA-PDA coated scaffolds). Similar correlations were also observed in
vivo in the mice calvarial defect models. Immobilization of the growth factor at the surface of
the fibrous scaffold significantly increased bone regeneration in animal model by potentially
increasing cell differentiation and ALP activities, supported by in vitro results.

Fibrous scaffold based on polyester polymers such as PLA, PLGA or PCL are most commonly used
without any further modifications [66]. An improvement to this methodology is to build hybrid
scaffolds incorporating different components within the fibers designed to perform very specific
tasks. In that line of research, Lee et al.[67] have incorporated a self-assembled nanofiber gel of
heparin-binding peptide amphiphiles (HBPA) and heparin-sulfate (HS) into a porous collagen

scaffold. The objective was to increase bone regeneration by mimicking biological BMP-2
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signaling. The authors found that the natural affinity of BMP-2 to HBPA/HS complex made it able
to modulate its release from the nanofibers gel. Implantation of the hybrid collagen scaffold
loaded with low dose of BMP-2 significantly increased bone regeneration compared to controls
in a rat model of femoral defect. These results clearly demonstrated that the architecture of the
scaffold or its capacity to release AC are not the only crucial factors determining tissue
regeneration. Incorporation of key signaling mechanism of the ECM can certainly amplify the
regenerative capacity of growth factors as well.

Silk fibers are increasingly used as scaffolds for their biodegradability, biocompatibility and
mechanical properties and were found to be very suitable for bone tissue bioengineering [68-
70]. Li et al.[71] designed a scaffold using electrospun silk fibers, poly(ethylene oxide) and
incorporated nanopartides of hydroxyapatite (silk/PEO/nHAP). BMP-2 was incorporated in the
scaffold without any specific link and hMSCs were seeded on the surface of the scaffolds. Higher
deposition of caldum and presence of bone-specific markers of differentiated hMSCs was
observed and presence of nHAP further improved the results compared to controls. A similar
scaffold developed by Bimanet al. [72] utilized silk fibers embedded in polyacrylamide hydrogel.
The authors showed, by using different fibers/hydrogel ratios, that the release rate of a model
peptide (FITC linked insulin) increased significantly at higher concentration of fibroins in the

scaffold.

B. Encapsulation of cells into fibers
Scaffold designed for cell delivery aim to recreate microenvironments with 3D cell-cell
interaction of tissues. Promoting such 3D interaction might constitute a major leap for the
treatment of a broad spectrum of degenerative diseases. Onoeet al.[73] developed a calcium

alginate micro-fibrous hydrogel (Ca-alginate) embedding cells and ECM proteins. These fibers
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were generated from a double-coaxial microfluidic device with a flow of hydrogel and ECM with
cells. Cells were then cultured until a cell fiber had being formed and the Ca-alginate was
removed to obtain a cell-ECM fiber. Using a weaving and reeling technique, the authors were
able to produce a scaffold with multiple cell fibers. This technology was then tested in diabetic
mice model in the attempt to treat mellitus diabetes. The authors injected pepsin-solubilized
type | collagen as ECM and fibers made of rat dissociated pancreatic cells and mouse pancreatic
beta cells into the subrenal capsular space. After implantation, a significant decrease in blood
glucose concentration was found while upon removal, blood glucose levels were readjusted to
their initial concentrations, demonstrating efficacy for diabetes treatment. Potentially, this
technique is very promising for fibrous scaffolding in regenerative medicine because of its
versatility of application along with its customizability of ECM patterning, cell type or cell line.
Similarly, Wan et al.[74] fabricated an interesting multi-component hydrogel fibers made from
water soluble chitin (WSC) and sodium alginate in a matrix of WSC, galactose and collagen to
spatially co-culture differentiated human hepatocytes and endothelial cells. The resulting 3D
fibrous scaffold was utilized for encapsulation and culture of differentiated cells and then
implanted in mice where 70% of the original liver was removed. Human albumin in mice serum
was detected at 2 and 4 weeks after implantation. The addition of structured endothelial cells to
human hepatocytes on fibers increased albumin secretion in vivo.

Electrospun fibers recently received increased attention as a potential AC and cell encapsulating
and delivering scaffold [75-78]. The capacity to guide cell adhesion and simulating native ECM
makes this material attractive for various cellular applications. Mirahmadi et al.[79] prepared
different hybrid scaffolds of chitosan/glycerophosphate (CS/GP) hydrogels by incorporating
electrospun silk fibroins. No cytotoxicity was reported on seeded chondrocytes. Silk fibers

incorporated in the scaffold increased glycosaminoglycan production after 21 days. This
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production was further increased by homogenous dispersions of silk fibers. Scaffolds comprising
homogenously dispersed fibers in the hydrogels produced lower collagen Il amount compared
to a multi layered construct. The authors concluded that the multi-layer construct was the most
suitable for collagen and proteoglycan deposit and therefore the most viable option for cartilage
tissue engineering.

Using a comparable method, Xiao et al.[80] incorporated different concentration of silk fibroins
into a gelatin methacrylate (Gel-MA) hydrogel scaffold. NIH-3T3 cells were seeded on the
surface of the scaffold. The authors showed that cell spreading was similar for all fiber
concentrations tested, including blank Gel-MA hydrogels. Cell number was consequently higher
among the lowest fiber concentrations and blank Gel-MA hydrogels. Interestingly, similar results
for metabolic activities after 5 days were reported. Scaffolds presenting the lower fibroin
concentration (5 mg.mL") in Gel-Ma hydrogels were displaying the best properties for

regenerative medicine application.

C. Promoting regeneration with cells and growth factor delivery in fibrous scaffold
As mentioned previously fiber electrospinning is a process suitable for creating fibers of various
materials. The convenience of growth factorsloading as well as simultaneous cells incorporation
lead Du et al[81] in making use of CS/PCL electrospun nano fibers. By controlling the
distribution of CS in the scaffold, either highly concentrated at the surface or homogeneously
distributed, the authors were able to tune the distribution and release of VEGF from the
scaffold. The release of VEGF was measured and the burst effect from the gradient scaffold was
found approximately 42.5% reduced in comparison to uniformly loaded scaffold (see figure 9).
After approximately 72 hours, nearly 80% of the total loading was released scaffolds for both.

Cytotoxicity assay on human umbilical vein endothelial cells (HUVECs) cultured on fibers was
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performed testing 4 preparations: both uniformed and gradient scaffolds with or without
immobilized VEGFt. Gradient scaffold with VEGF presented significant increased cell growth
compared to the three other scaffolds after 24h, 48h and 72h incubation time, but not after 4h
and 12h (see figure 9). Co-culture of HUVECs and vascular smooth musde cells (vSMCs) on the
CS/PCL-VEGF gradient scaffold demonstrated that HUVEC were proliferating on the surface of
the scaffold to form a monolayer, while vSMCs were growing at the bottom surface, forming a
vascular-like structure.

Alternatively, Lee et al.[82] combined photolithography and electrospun fibers of PCL/gelatin in
a poly(ethylene glycol) (PEG) micropatterned hydrogel. According to the authors, the technique
has the potential to release multiple growth factors in a controlled fashion to help stem cells to
differentiate. The authors first synthesized PCL-gelatin fibers and then PEG hydrogel was
micropatterned on the fibers by photopolymerisation in presence of bone morphogenetic
protein-2 (BMP-2) in solution. The resulting composite gel was swollen into basic fibroblast
growth factor (bFGF) solution in order to load bFGF on the surface of the exposed fibers. Both
loaded growth factors (BMP-2 and bFGF) were released in PBS. The release of bFGF deposited
on the fibers was faster with a significant burst during the first days, while BMP-2 entrapped in
the hydrogel scaffold exhibited a slower burst extended over 5 days. Both factors showed a slow
release rate for 30 days after burst release. The authors demonstrated that hMSCs proliferated
only on PCL/gelatin fibers and not on PEG micropatterns. BMP-2 and combination of BMP-
2/bFGF significantly increased hMSCs differentiation compared to bFGF and control, suggesting
that bFGF had no effect on both parameters. Faster differentiation into osteocytes was also
correlated to stronger mineralisation.

Alternating layer of fibers may also be an interesting avenue to achieve a structured material

capable of releasing AC and delivering stem cells. Manning et al.[83] created a scaffold
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altemating 11 layers of electrospun PLGA nanofiber and heparin/fibrin-based delivery system
(HBDS). The release profile of platelet-derived growth factor (PDGF) was measured for fibrin and
HDBS with and without fibers. PDGF was released faster from fibrin and slower for HDBS and
fiber addition was found to have a versatile effect, decreasing the release rate with fibrin and
increasing it for HDBS. In vivo cell viability tests using adipose stem cells were performed on
adult mongrel dogs and shown successful cell delivery and viability after 9 days.

Lee et al.[84] have demonstrated that hydroxyapatite mineralized polycaprolactone-gelatin
fibers (PCL-gelatin), combined with a fibronectin fusion protein and osteocalcin (OCN), were
able to stimulate hMSC functions. A release study of FN-OCN on non-mineralized fibers have
shown that release was completed after 3 days, while for mineralized fibers only, 10-15% was
released in 10 days, showing a more sustainable release. In vitro models, using hMSCs,
comparing fibers with and without FN-OCN protein showed that cells were adhering and
spreading faster in presence of FN-OCN protein. Further in vivo testingin a rat calvarium model
showed that mineralized PCL-gelatin fibers with FN-OCN were increasing bone volume and
density compared to PCL-gelatin without FN-OCN protein. Moreover, the addition of hMSCs and

OCN in the scaffold further increased bone volume, but not density.

Conclusion

As we just described, fine control of AC release from a scaffold can be achieved in many
different ways. The most commonly used strategies to date involve either the physical
conjugation of AC to the scaffold, the encapsulation of the AC into a drug delivery system
embedded into the scaffold or the direct incorporation of the AC into the scaffold. These
approaches have shown to be able to modulate, to a certain extent, the release profile of the AC

from a few hours to several weeks. Correlation between internal structure and AC release is the
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key parameter to use such scaffolds for tissue engineering and regenerative medicine
applications. Mimicking internal architecture and AC regulation of native tissue allows
controlling cells fate and organization which dictate neo-tissue properties. As we have seen, 2D
gradient and patteming technologies have been developed for many years but their transition
to 3D and 4D AC release is not yet achieved. Even if 3D printing, currently an important field of
experimentations, and folding technique, a more recent explored phenomenon, show
interesting properties for scaffold design, their capacity for AC embedment still needs to be
improved. Due to their tunable intemal structure, hydrogels and fibers have been majorly used
for regenerative medicine scaffold systems development. These systems complexity is
increasing, resulting in a better control over AC release, but it could also be a drawback over
their transition to clinical use. Future development of such systems will have to put emphasis on
cells environment via controlled organization and multiple triggered AC release. Nevertheless,
besides the large body of work that have been reported, it is quite surprising to notice that only
a few systematical studies have tried to quantitatively correlate AC release profile to cell
differentiation and proliferation. In fact, the few existing studies, as we showed in this review,
are performed in vitro and do not focus on such correlations yet. It is also interesting to notice
that besides the extremely rich population of drug delivery systems that have been designed
and tested in vivo, only a handful have been incorporated into an engineered scaffold. Such
observation confirms that the control of AC release, in space and time (4D) can still be improved

and explored in order to improve existing regenerative therapies.
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1-3 : Echafaudages structurés injectables

L'utilisation d’échafaudages hydrogels a permis d’effectuer de nombreux progres dans les
techniques de médecine régénérative in vitro. Malheureusement, les solutions thérapeutiques
in vivo proposées de nos jours se basent encore prindpalement, soit sur la croissance de tissu in
vitro suivie d’'une implantation, soit sur I'implantation directe d'un systeme d’échafaudage. La
nécessité d’une chirurgie invasive est contraignante voire impossible dans certains cas et peut
entrainer des complications. Lles techniques de fabrication d'hydrogels structurés
bi/tridimensionnelles encore laborieuses et la volonté de développer une technique de
vectorisation non invasive limitent une utilisation in vivo optimale [20].

Le développement de techniques simples de fabrication d'hydrogels structurés injectables
permettrait d'ouvrir une nouvelle dimension dans la conception de matériaux dits intelligents et

le développement de techniques régénératives non-invasives [21-22].

1-4 : Formation d’agrégats a partir de blocs hydrogels

Différentes techniques ont déja été expérimentées pour induire un assemblage dirigé de blocs
hydrogels dans le but de construire un échafaudage [23,24]. La formation d’agrégats peut ainsi
étre obtenue par une augmentation croissante de la concentration en blocs dans une solution,
mais ces techniques posent des probléemes d’organisation des blocs et d’intégrité mécanique
[25]. L'utilisation de réseaux microfluidiques peut mener a I’organisation et |’agrégation de blocs
mais semble difficile a adapter pour des échafaudages plus grands permettant la croissance de
tissus larges [26-28]. La photoréticulation de blocs suspendus a l'interface eau-huile peut
permettre le contréle sur la taille d’un agrégat mais pas sur sa structure [29]. L'utilisation de

modeles a base de régions hydrophiles et hydrophobes [30] ou l'utilisation d’imprimante 3D [31]
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semble étre des voies envisageables pour I'organisation spatiale d’agrégats. Cependant ces
techniques ainsi que celles présentées précédemment semblent difficilement applicables dans le
but d’obtenir des solutions thérapeutiques injectables et noninvasives.

Les hydrogels étant des matériaux fadlement fonctionnalisés, la voie privilégiée pour
développer de telles solutions thérapeutiques semblent celles basées sur des interactions
adhésives entre blocs. Ainsi, des blocs hydrogels peuvent étre synthétisés et fonctionnalisés de
telle maniére a promouvoir des interactions adhésives avec les blocs environnants. Différents
types de fonctionnalisations et de mécanismes ont déja été expérimentés : addition de Michael
entre groupes réactifs a la surface des blocs [32], interactions moléculaires a [’aide
d’interactions ligand-récepteur [33,34], chaines ADN complémentaires incorporé aux blocs
hydrogels [35], nudéation et croissance de fibres de collagéne aux interfaces [36]. Il a de plus
été démontré que la fonctionnalisation a I'aide de polyméres ou de nanoparticules entrainait

I’apparition de propriétés adhésives entre surfaces hydrogels [37-40].

Chapitre 2 : Objectifs et méthodologie

2-1 : Objectifs

Nous pensons qu’il est possible de développer une solution thérapeutique de médecine
régénérative en développant une matrice hydrogel structurée injectable se basant sur les
propriétés adhésives que nous pouvons induire par fonctionnalisation électrostatique de blocs

hydrogels.

Ce projet de recherche développe un procédé de fabrication simple de matrices d’hydrogel micro-
structurées et injectables. Le procédé proposé utilise des blocs préfabriqués d’hydrogel

fonctionnalisés électrostatiquement qui formeront, via un procédé d’assemblage dirigé, une
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matrice complexe dont la structure pourra étre prédéfinie par la géométrie et Ia

fonctionnalisation des blocs quila composent.
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Figure 2-1: Principe de la croissance contrélée de néo-tissus a I’aide d’un échafaudage hydrogel
formé par I’assemblage dirigé de blocs hydrogels injectables fonctionnalisés
électrostatiquement

Notre projet se découpe en trois objectifs princdpaux :

- Le développement d’une technique de fabrication de blocs hydrogels de forme et taille

controlées

- La fonctionnalisation électrostatique des blocs a l'aide de polyélectrolytes et de

microgels chargés

- L'étude des interactions adhésives et des propriétés d’auto-assemblage dans différents

milieux aqueux (salinité, pH)
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2-2: Méthodologie

2-2-1: Fabrication de blocs hydrogels

Notre objectif premier étantle développement d’une technique de synthése simple et répétable
de blocs hydrogels de forme et taille controlée, divers procédés ont été envisagés et testés.
Nous avons tout d’abord envisagé I'utilisation de moules. Ces moules auraient pu directement
représenter la forme des blocs voulus ou bien la forme d’un pain d’hydrogel qu’il nous aurait
suffi de découper al’aide d’'une lame (Figure 2-2). Des négatifs de moules en téflon ont ainsi été
obtenus a l'aide d’'une machine de fraisage contrélée par ordinateur. Ces négatifs étaient
ensuite utilisés en versant une solution de précurseurs puis placés sous une lampe UV pour
obtenir des moules en polydiméthylsiloxane (PDMS). Les moules en PDMS étaient ensuite
remplis de la solution de précurseur hydrogel et recouverts d’'une lame de verre avant d’étre
placés sous la lampe UV pour photopolymérisation. Cette voie de synthese a cependant été
abandonnée. D'une part des problemes de fuite de solution étaient régulierement constatés et,
d’autre part, les blocs hydrogels obtenus présentaient des défauts de surface a I'endroit du

contact avec le moule.

/
l
4

Ligne de coupe /s

Figure 2-2: Princdipe de I'utilisation de moules A) Pour obtenir des blocs B) Pour obtenir un pain
d’hydrogel pouvant étre découpé
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Nous avons donc décidé de changer de voie de synthése et de nous intéresser a I'utilisation de
photomasques. Pour cela nous avons construits différents support d'injection composés de deux
lames de verres positionnées I’'une au-dessus de I’autre a I'aide d'espaceurs de taille connue. Il
est ainsi possible d’injecter notre liquide entre les lames de verres sans écoulements par
capillarité. Le dispositif est complété par I'impression de photomasques aux dimensions des
blocs voulus sur du papier transparent. Le photomasque est déposé sur le support d’'injection et

maintenu en place a l'aide d’une autre lame de verre déposée dessus (Figure 2-3).

Masque

7/ Monomeéres

Lame de verre

Figure 2-3: Principe de I'utilisation de photomasques pour la synthése de blocs de forme et
taille controlées

Cette technique nous a permis d’obtenir des blocs de formes différentes (Figure 2-4) avec des
dimensions de 2x2mm et des épaisseurs variant entre 0.15mm et 3mm, méme si des problémes

de repliement ont été observés pour les épaisseurs les plus fines.
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Figure 2-4 :Différentes formes de blocs obtenues a I’aide du support d’'injection et des
photomasques

2-2-2 : Fonctionnalisation des blocs hydrogels

La formulation dhydrogel dont nous nous sommes servis est un mélange
(hydroxyéthyl)méthacrylate-poly(éthyléne glycol diméthacrylate) déja utilisé en sdences
biopharmaceutiques [41]. Ces hydrogels présentent des propriétés de gonflement trés faibles,
ce qui nous permet de nous assurer de conserver la forme des blocs, tout en présentant des
pourcentages en eau assez élevés (de I'ordre de 40-50%). lls sont obtenus par dissolution des
précurseurs dans I'eau avec, comme photoinitiateur, de I'lrgacure 2959. La solution est ensuite
injectée dans le support que nous avons développé puis le tout est placé sous lampe UV.
Comme nous avons décidé d’étudier I'assemblage dirigé des blocs a I'aide d’interactions
électrostatiques, nous avons utilisés des polyélectrolytes chargés positivement et négativement
ainsi que des microgels chargés négativement pour fonctionnaliser nos hydrogels. Pour
I’obtention de blocs positifs, aprés avoir effectué des tests peu concluant en utilisant du
poly(allylamine), nous nous sommes fixés sur |’utilisation de PEI branché. Le PEIl est ajouté a la
solution de précurseur qui estlégerement chauffé pour permettre sa dissolution. La
photopolymérisation est ensuite effectuée de la méme maniére que pour les blocs neutres.

De maniére similaire, des blocs chargés négativement ont été obtenus par ajout d’un polyanion,

I’acide hyaluronique, déja largement utilisé en sciences biopharmaceutiques. Enfin, un second
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type de blocs négatifs a été développé al’aide de microgels chargés négativement. Nous avons
ainsi traité des blocs PEI positifs avec des microgels NIPAM-MAA chargés négativement. De tels
microgels avec différents % de MAA avait été développés et étudiés précédemment par mon
collegue Pierre-Luc Latreille lors de son master qui s’était intéressé a leur potentiel en tant que

cargo pour le relargage controlé de composés actifs.

2-2-3 : Tests d’assemblage

Les tests d’assemblage consistent a la mise en contact aléatoire de mélange de blocs positifs et
négatifs. Pour cela, nous avons décidé dutiliser des petits cristallisoirs remplis comme
contenant, permettant une bonne suspension des blocs, et un agitateur orbitalaire pour la mise
en mouvement des blocs. Nous nous sommes fixés sur des blocs d’une taille de 2x2x1 mm?®.
Aprés plusieurs tests avec différentes tailles de population, nous avons défini notre test
standard avec une population de 2x5 cubes. Les tests ont été effectués dans des cristallisoirs

remplis de 10mL de solution aqueuse.

Chapitre 3: Résultats

L'ensemble des résultats d’assemblage dirigé obtenus pour les deux systémes dans différents
milieux aqueux a été compilé dans l'article présenté ci-dessous. Ce dernier a été soumis pour

publication dans le joumal Langmuir (en cours de révision a date du 1% Mars 2017)
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Artide 2: Assembly of hydrogel blocks mediated by polyelectrolytes or microgels: effect
of salinity, pH and microgel surface charge

Nicolas Hanauer, Pierre Luc Latreille, Xavier Banquy

Canada Research Chair in Bio-inspired Materials and Interfaces, Faculty of Pharmacy, Université de Montréal C.P.
6128, Succursale Centre Ville, Montréal, QC H3C 3J7, Canada

Role des auteurs

La formulation et la préparation des microgels NIPAM-MAA ont été effectuées par Pierre-Luc
Latreille, qui avait déja étudié leur potentiel comme systeme de livraison contrélée. J'ai réalisé
le reste des expériences présentées et effectué la rédaction. L'ensemble des expériences ont été

conduite sous la supervision du Pr Banquy.

Résumé en frangais

Dans cet article, nous étudions I'assemblage dirigé de blocs hydrogels a I'aide d’interactions
électrostatiques. Nous avons comparé deux mécanismes d’assemblage différents, 'un basé sur
des particules microgel et I'autre basé sur des interactions directes entre blocs de charge
opposée. Le systeme consiste en des blocs d’hydrogel composé d'un réseau interpénétré
d’(hydroxyethyl)méthacrylate-poly(éthyleneglycol)diméthacrylate (HEMA-PEGDMA) et soit de
polyéthyleneimine (PEl) chargé positivement soit d’acide hyaluroniqgue (HA) chargé
négativement. Les blocs chargés positivement ont été prétraités avec des particules microgel
chargés (MG) composé de N-isopropylacrylamide-acide méthacrylique. Les deux systémes
(PEI/HA et PEI/MG) ont présenté des propriétés d’assemblage dirigé, signifiant que les blocs
positifs ont été systématiquement trouvés en contact avec des blocs négatifs. Dans l'eau, les
agrégats obtenus par assemblage dirigé étaient plus larges et fragiles pour PEI/HA et plus
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compacts et résistants pour PEI/MG. L'effet du sel et du pH a été étudié pour les deux systémes.
L'inhibition de I’agrégation des blocs a été observé au-dessus d’une concentration en sel critique
(Csqe) significativement plus élevé pour le systeme PEI/HA (80mM) que pour le systeme PEI/MG
(5-20mM). Nous avons aussi observé que (Cg,,) augmentait avec le % de MAA dans les
microgels et avec la concentration de la suspension de microgel (Cys)utilisé pour traiter la
surface des blocs hydrogels. Aucun assemblage dirigé n’a été observé pour les deux systemes en
conditions acide et basiques (pH=3 et 10.5). Nos résultats mettent en lumiére les différences
subtiles dans les mécanismes d’adhésion entre blocs et montre la voie pour le design innovant

de nouveaux matériaux mous complexes.

Abstract

In this study, we studied the directed assembly of hydrogel blocks mediated by electrostatic
interactions. We compared two different assembly mechanisms, one mediated by microgel
particles and one mediated by direct interaction between oppositely charged blocks. The system
consisted in  hydrogel blocks made of an interpenetrated network of
(hydroxyethyl)methacrylate-poly(ethyleneglycol)dimethacrylate (HEMA-PEGDMA) and either
positively charged polyethyleneimine (PEI) or negatively charged hyaluronic acid (HA). Positively
charged hydrogel blocks were pretreated with negatively charged microgel particles (MG) made
of N-isopropylacrylamide-methacrylic add. Both systems (PEI/HA and PEI/MG) demonstrated
directed assembly, meaning that positive blocks were systematically found in contact with
oppositely charged blocks. Directed assembly in water resulted in large and fragile PEI/HA
aggregates compared to more compact and resistant PEI/MG aggregates. Effects of salt and pH
were also assessed for both systems. Inhibition of blocks aggregation was found to appear
above a critical salt concentration (Cg,;) which was significantly higher for PEI/HA (80 mM)
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compared to PEI/MG (5-20mM). Cg,;; Was also found to increase with the % of MAA in the
microgels and with the concentration of the microgel suspension (Cp;) used to treat the
hydrogel block surfaces. No directed assembly was observed in acidic and basic media (pH =3
and 10.5) for both systems. Our results shine light on the subtle differences underlying the
adhesion mechanisms between hydrogel blocks and suggest new routes toward the design of

innovative complex soft materials.

Keywords: hydrogel block, microgels, polyelectrolytes, directed assembly, adhesion

Introduction

Hydrogels, composed of a polymeric matrix and an “immobilized” liquid phase, are ideal
materials for bioengineering'. On one hand, their polymeric structures are highly versatile and
tunable in terms of physical (swelling, stiffness, porosity..) and chemical modifications
(functionalizations, sensitivity to environmental cues...). On the other hand, the trapped liquid
phase can be used to load and preserve various active compounds (chemical species, growth
factors, cells....) in the polymeric network. Since hydrogel matrices are highly tunable, they offer
the possibility to design matrices with finely tuned structural environment which in turn can
direct the fate of the species they carry >. These unique properties have initially been used to
develop cargos for drug delivery systems> *. For example, cell-seeded hydrogel scaffolds with
various internal cues are now the prime techniques used for regeneration of various tissues
(skin >, cartilage %, bones’..)

In addition, to gain a finer control over the microenvironment inside these hydrogel matrices,

assembly techniques are being used’. In situ polymerization seems the easiest path to follow,
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since many different polymeric interactions can lead to hydrogel formation: chemical

2 14 16

crosslinking'™ %, electrostatic interactions'> **, complementary binding™ Injection of
reagents, with or without active compounds, can result in hydrogel synthesis triggered by
stimuli (temperature, pH..) or by mixing. Such techniques are limited by physiological
conditions, toxicity of the injected components and, moreover, by the poor control over
hydrogel structure and active compounds loading conditions. Similarly, poor control over
structure and loadings restrict the use of hydrogel scaffolds for regenerative medicine.

Another approach to obtain in situ hydrogel matrices with controlled architecture is using the

17,18

directed assembly of prefabricated hydrogel blocks™ ™. This bottom-up approach could possibly
offer a better control over the three dimensional distribution of embedded active compounds.
This approach might unlock new possibilities of combining a large spectrum of mechanical and
biochemical cues within a defined hydrogel scaffold. This would simply require selecting
formulations and functionalizations needed in separate blocks to design the desired scaffold. It
might also be a powerful approach to program a predefined structure to mimic the bio-
functional organization of a tissue.

Different experimental techniques have been proposed for the directed assembly of hydrogel
blocks. Blocks aggregation via concentration increase can lead to the formation of aggregates
but the lack of control over blocks organization and mechanical integrity is a concern®.
Microfluidic devices can produce selective aggregation of a few blocks but seems more difficult

20, 21, 22 oy . . . .
© “% %, Stabilization of blocks in water-in-oil

to adapt for larger, tissues-sized, aggregates
droplets followed by secondary photo crosslinking allows control over size of the aggregate but
not over its final structure®®. Using templates with hydrophobic and hydrophilic regions is a

method to guide blocks organization on a patterned surface but is challenging to translate into

3D structures™. Tissue printing is a promising solution towards 3D organization of cell-laden
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hydrogels but it is still more suitable for layered materials than for injectable blocks®®. Other
fabrication techniques have also been proposed viaincorporation of magnetic cues .

Nevertheless, as hydrogels are easily tunable, the most widely used approach is based on block-
block interactions, especially to promote directed assembly. Hydrogel blocks can be designed to
interact and adhere specifically with neighboring blocks. A wide spectrum of adhesive
mechanisms have been tested: Michael type addition between reactive groups at blocks

% 2 complementary DNA chains

surfaces®’, molecular recognition via host-guest interactions
incorporated in the hydrogel block®®, nucleation and growth of collagen fibers at interfaces **.
These techniques make use of a wide variety of adhesion mechanisms, resulting in promising
hydrogel assemblies. Furthermore, it has been proved that surface modification with polymers
brushes or nanopartides can also efficently promote adhesion between soft surfaces**>***3°,

In this report, we have studied the assembly of hydrogel blocks mediated by electrostatic
interactions. We studied two different interaction mechanisms, one where hydrogel blocks
assembly is mediated by direct contact between oppositely charged blocks and a second
mechanism where assembly between identical blocks is mediated by oppositely charged
microgel particles (MG). The hydrogel blocks were fabricated by UV photolithography in
presence of different polyelectrolytes (PElI or HA). Since electrostatic forces were expected to

drive the blocks assembly, we studied the effect of pH, ionic strength and microgel composition

to elucidate differences between the two interaction mechanisms.

Materials and methods:

Materials

2-hydroxyethyl methacrylate (HEMA, 97%), poly(ethylene glycol)dimethacrylate (PEGDMA, Mn =

550g/mol), N,N’-methylenebis(acrylamide) (BisA, 99%), N-Isopropylacrylamide (NIPAM, >99%),
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sodium dodecyl sulfate (SDS, >98.5%), methacrylic add (MAA, 99%) hydrochloric acid (HCI, 37%)
and aluminum oxide (activate, basic, Brockmann I) were purchased from Sigma-Aldrich Canada,
Ltd. (Oakville, Canada). Irgacure 2959 was a kind gift from BASF (Mississauga, Canada).
Polyethyleneimine (PEIl, branched, Mw = 10 000g/mol, 99% purity) was from Alfa Aesar (Ward
Hill, USA). Sodium hyaluronate (HA, Mw = 60 000 g/mol) was purchased from LifeCore
Biomedical (Chaska, USA). Sodium chloride (NaCl) and ammonium persulfate (APS) were from

Fisher Chemical (Ottawa, Canada). Unless stated, materials were used without prior purification.

Hydrogel blocks preparation

Blank hydrogel blocks were obtained via photopolymerization of HEMA using PEGDMA as a
cross-linker. After their purification on a basic aluminum oxide column, a mixture of HEMA-
PEGDMA (99.8:0.2 mol%) was dissolved in water (65 wt%) for 10min under magnetic stirring.
Irgacure 2959 was then added as photoinitiator (5 wt% total). The mixture was then placed
under highintensity UV lamp (UVP Mercury Spot Low, 100MW Longwave) for 30min.

Hydrogel solutions were injected in a mold composed of two glass slides separated by a glass
spacer. The loaded mold was then covered with a photomask and another glass slide. The
photomasks consisted of a printable transparent slide imprinted with the desired arrangement
of squares. With this technique, we were able to shape hydrogel blocks of size larger than 1mm
and thickness ranging between 0.15mm to 3mm depending on the thickness of the spacer used.
After polymerization, the injection mold was opened, the unreacted mixture was washed away
with water under pressure and the blocks were gently separated from the glass plates with a
spatula. Blocks were then kept in water (~25 blocks/10mL) under high magnetic stirring to

ensure complete swelling and removal of unreacted monomers.
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Positively charged hydrogel blocks were obtained by adding polycationic PEI (25 wt%) prior to
the photopolymerization step. PEl was added to the HEMA-PEGDMA mixture and then dissolved
in water at around 40°C, allowing for the complete dissolution of PEI. PEI blocks were colored in
red by adding a few droplets of a Rhodamine 6G solution (0.5mg/mL) in the monomer mixture
before polymerization. Similarly, in order to obtain negatively charged blocks, an anionic
polyelectrolyte was added to the reagents mixture prior to photopolymerization. A HA solution
(3mg/mL) was prepared one day prior to photopolymerization in a water and HCl mixture (6.6
vol%). This HA solution was used to mix the monomer solution of HEMA and PEG-DMA at a final
concentration of 35 wt%. HA blocks were colored in blue using a food coloring dye before
polymerization.

An alternative procedure used to produce negatively charged blocks was to treat positively
charged blocks with a solution of negatively charged NIPAM-MAA microgels. Blocks were
immersed in a MG solution at Cg=4mg/mL (25 blocks/10mL, 24 hours) under magnetic stirring

and then rinsed in water for 1 hour to eliminate non adsorbed microgels.

Microgels preparation

NIPAM-MAA microgels used in this study were synthesized by predpitation polymerization.
Briefly, monomers (NIPAM with MAA at 0, 5, 10 or 20 mol%), BisA as cross-linker (5mol% total
monomers) and SDS (867umol/L) as surfactant were dissolved in degassed water. The mixture
was then placed at 65°C under mechanical stirring (200 rpm) and argon atmosphere for
equilibration. APS (2.9 mmol/L) was then injected in the reaction vessel. Polymerization was let
to proceed during 4h30 at a temperature of 75°C and constant stirring of 300 rpm. The resulting
particle solution was then dialyzed (Spectra/Por Tube-A-Lyzer Dynamic Dialysis Device, 100 kDa

MWCO) against milliQ water (~60mL of partide suspension for 20L of water, overnight). Four
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batches of microgels were synthesized containing 0 to 20 % of MAA.Cy;in the final suspension
was determined by lyophilizing a volume of1.5 mL of suspension. Size, polydispersity and
potential of the MG partides (100-800pg/mL) in water and with various salt concentrations at
22°C were characterized via dynamic and phase analysis light scatterings (DLS and PALS) using a
Brookhaven NanoBrook Omni (90° detection angle, illumination wavelength 640nm). The
microgels surface potential was found to be negative independently of the MAA content. Since
the polymerization of NIPAM was initiated by ammonium persulfate which is negatively charged
in solution, the polymer chain ends bearing the initiator moiety are expected to provide

negative charges at the surface of the microgel even at 0% of MAA.

Directed assembly tests

Tests were performed in small crystallizers filled with 10mLof distilled water. Mixtures of
positively and negatively charged 2x2x1mm? blocks were suspended together under constant
mixing conditions with an orbital shaker (150-200 RPM, 3min) until completion of the assembly
process. Upon completion of the assembly process, aggregates were imaged and counted. All
the assembly tests were carried out in quintuplet to insure proper statistical robustness. Cycles
of assembly and disassembly were performed during each test to evaluate surface integrity and
directed assembly robustness under mechanical stresses. Once an aggregation test is
performed, the cubes are gently separated using a spatula before starting another experiment.
When the adhesion between the cubes was weak, gentle manipulation without inserting the
spatula in between the cubes was sufficient to separate them. The reformed block suspension
was immediately retested on the orbital shaker. Each test was repeated at least three times and

results show average values only.
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Effect of Cg,y; and pH were also studied. Salinity of the media was controlled using NaCl. In such
cases, blocks were left 10min or 24h to equilibrate in the NaCl solutions (25 blocks/10mL) before
testing their assembly in freshly prepared saline medium.

Assembly tests under acidic or basic conditions were achieved using similar protocol with HCl
and NaOH solutions (pH =3 and 10.5, 24h equilibrium). Imaging of the blocks and aggregates
was performed on a Zeiss Stereo Discovery V8 stereomicroscope under high illumination. During

observation, the samples were immersed in water in a small crystallizer.

Results

For both types of systems, i.e. oppositely charged blocks (PEI/HA) or blocks pretreated with
microgels (PEI/MG) we were able to observe directed assembly, meaning that we obtained,
after agitation of the block ensemble, aggregates that could resist to gentle spatula
manipulation (see Fig. 1). Even if we observed the assembly of blocks for both systems,
macroscopic observations of the aggregates seemed to demonstrate that two types of adhesion
mechanisms are involved. PEI/HA aggregates were indeed larger in size and deformable but also
more fragile than the more compact PEI/MG aggregates. These differences in aggregate
structure were even more important with aggregates of 10 blocks (See Figure 1). Aggregates
between HA and PEl were formed of adhesive contacts between identically charged surfaces
were also observed. Tests with blocks of the same type (HA/HA, PEI/PEIl and PEI/MG-PEI/MG)
did not lead to the obtention of significant directed assembly properties. Moreover, control
tests using HA, PEI and PEI-MG blocks with neutral HEMA-PEGDMA hydrogel blocks did not lead

to any aggregate formation.
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Figure 3-1: Stereomicroscopies (A, B, C, E, F, G) and camera pictures (D, H) of PEI/HA and
PEI/MG aggregates of different sizes (scale bar: Imm)

A more quantitative analysis of the directed assembly tests is presented in Figures 2 and 3. In
these figures, we show the cumulative % of aggregated blocks versus the number of blocks per
aggregate (aggregation number) and the average aggregation number as a function of the
iteration.

Both systems were tested under different conditions to investigate their properties and
differences. The first test aimed to study the effect of population sizefor the PEI/HA system, i.e.
the effect of blocks concentration on aggregates size maintaining the ratio between block
partners equal to 1. We have chosen to study three PEI/HA blocks populations: 3:3, 5:5 and
10:10 for 5 iterations of assembly-disassembly. In Figure 2A-C, we represent the cumulative
percentage of aggregated cubes as a function of the aggregation number. The data should be
read as follow: the cumulative percentage represents the fraction of blocks in aggregates of a
given aggregation number (number of blocks per aggregate) or less. In this representation, a
cumulative percentage of 100% for an aggregation number of 4 means that 100% of the cubes
are part of aggregates of 4 blocks or less. A group of unaggregated blocks will be represented by
a straight horizontal line located at 100% starting at an aggregation number equal to 1 (see

Figure 3A). A group of 10 blocks forming one single aggregate of 10 blocks will be represented
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by a straight horizontal line starting at 0% below an aggregation number equal to 10 and going
to 100% above 10. We observed that an increase of the block population size led to larger
aggregates at the first iteration (the cumulative percentage reaches 100% at a high aggregation
number). For example, the 10:10 population exhibited large aggregates only (> 17 blocks) after
the first aggregation test while the 3:3 and 5:5 populations lead to a mixture of mid-sized
aggregates (4 to 6 blocks per aggregates). For the three tested populations, the average
aggregates size was significantly reduced after the first assembly-disassembly iteration and

continued to gradually decrease until 5 iterations were performed (Fig. 2D-F).

A B

Vo= £ £
2 2 2
BE zs0 [ £50 | 5
= = =1
» Iteration 1 g g g
* |teration 2| O i J
4 |teration 3 0/ . . 0.l . . . . ¥
¥ Iteration 4 0 2 4 & 0 2 4 6 8 10 0 4 8 12 16
+ Iteration 5 Aggregation number Aggregation number Aggregation numk
D E
Population size 3:3 Population size 5:5 Population size 10:1(
E 6‘ T T T T T e 10 T T T T T ] 2‘3 T T T T
2 A 2t
€ E €
w w w
2 c 2 c ==
23 $25 g 210
1] T [i] =T 1]
“g g g
oh oh o
2, gL N ] g [T
0 2 4 6 0 2 4 6 0 2 4 €
lteration lteration lteration

Figure 3-2: A) to C): Cumulative % of blocks aggregation as a function of the aggregation number
(number of blocks per aggregates. D) to F): Average aggregation number as a function of the
experimentiteration. Lines are guidesfor the eye.
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The PEI/MG system demonstrated strong directed assembly properties, especially for smaller
block populations, (5:5 and lower). Therefore, we fixed the block population size to 5:5 for the
remaining experiments.

In the PEI/MG system, PEl blocks pretreated with MG and mixed with untre ated PEI blocks. We
tested 4 types of microgels with increasing MAA content (See Table 1) and studied the directed
assembly of the hydrogel blocks after pretreatment with these microgels(Cy; = 4mg/mL, 25
blocks/ 10mL, 24 hours). We used a block population size of 5:5 and performed 3 assembly-
disassembly iterations for each test (see Figure 3).

While pretreatment with MAA0% microgels did not lead to any aggregation (Fig. 3A), Fig. 3B-D
shows that pretreatments with the three other types of microgels (MAA5%, 10% and 20%) lead
to the formation of large aggregates at the first iteration (8, 9, 10 blocks per aggregate).
Increasing the number of assembly/disassembly cycle slightly decreased the aggregates size but

did not inhibited theirformation as previously observed with PEI/HA blocks (Fig. 3E).

MAA% d (nm) C-potential (mV)
0% 211.6+1.4 -14,3+0,9
5% 303.1+2.8 -23,811,1
10% 375.013.8 -27,210,8
20% 557.1+4.4 -29,311,3

Table 1: Particle size and Z-potential of the NIPAM-MAA microgels
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Figure 3-3: Effect of the MAA contentin microgels on the directed assembly of PEI containing
hydrogel blocks. A) to D) Cumulative % of blocks aggregation as a function of the aggregation
number (number of blocks per aggregates). E) Average aggregation number as a function of the
experimentiteration. Curves are guides for the eye.

In Figure 3, the pretreatments of the PEI blocks with the MG were conducted at Cy;= 4mg/mL
which we supposed was above the concentration necessary to reach saturation of the block
surfaces. To confirm this hypothesis, we tested different values of Cy; for all the MG (MAA5%,

10% and 20%) ranging from 0.008mg/mL to 8mg/mL (Figure 4). In Figure 4A, the total

Mémoire de Maitrise, Hanauer Nicolas

63



aggregation% (the total number of aggregated blocks independently of the aggregate size) is
represented versus the calculated MAA concentration of the microgel suspension during
pretreatment (Cp44). We observed that aggregation of the hydrogel blocks did not occur below
a critical concentration,Cy;4 4, Which increased with the MAA content in the microgels, from
2.9ug/mL for MAAS5% to 11.7pg/mL for MAA20%. Interestingly, these values of Cy,,
corresponded to a critical microgel concentration, Cy; = 0.04 mg/mL for all the MG. One
possible explanation of such behavior is that the microgel size increases significantly with MAA%
without any significant changes in zeta potential. Therefore most of the MAA is expected to be
located inside the microgel particle and not at its surface. Consequently, the charge surface
density is expected to decrease with the MAA% in the microgel which could explain why Cyaa*
increases with MAA%.

In Figure 4B-D, we represent the results of the assembly tests in terms of cumulative
aggregation %, which depends on the size of the aggregates. In these panels, the indicated
concentration of microgels corresponds to the microgel concentration in the pretreatment
suspension. We noticed that the system pretreated with the MAA20% microgels at 0.08mg/mL
presented significantly smaller aggregates compared to all the other systems at the sameC ;.
Figure 4E displays the average aggregation number obtained with the MAA5% microgels
pretreatment as a function of the experiment iteration for each microgel concentration used.
Results show a quasi-constant (or slightly decreasing) average aggregation number for Cyg>
0,08mg/mL and complete loss of of blocks aggregation when Cyg< 0.08 mg/mL. Results were
identical for MAA10% and 20% microgel pretreatments (data not shown). Observation of a
similar aggregate distribution and average aggregation number at Cy; superior to 0.08mg/ml,
independently of the MAA content in the microgels, tends to confirm that the microgel

saturation concentration was reached at these concentrations.
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It is worth noting that for all the Cy,; tested, we did not observe any directed assembly of the

blocks during the pretreatment test, which means that the observed assembly could only be

obtained between treated and non-treated blocks only.
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Figure 3-4: Effect of the microgel concentration on the directed assembly of PEI blocks. (A)
Blocks aggregation % as a function of MAA contentin the microgels during the pretreatment. B-
D) Cumulative % of aggregated blocks as a function of the average aggregation number
(represented values are averages of three assembly iterations). E) Average blocks aggregation
number in presence of NIPAM-MAA5% microgels only. Error bars represent the standard
deviation of 5 separate experiments. Lines are guides for the eye.
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To explore the role played by electrostatic forces in the assembly of the hydrogel blocks, we
performed a series of tests at increasing salt concentrations (Cg,;; = 0-150mM NaCl, see Figure
5A). Above a critical salt concentration,Cs,,, the aggregation of the hydrogel blocks was
strongly hampered, independently of the system. PEI/HA blocks were found to resist
significantly more to the increase in salinity ( Cs,; = 80 mM), even after prolonged incubation in
saline solution (24h) compared to PEI/MG systems. The value of g, was found to depend on
the MG composition, and increased with MAA content, from Cg,,= 5mM for MAA5% to
Csqe = 20mM for MAA20%. The value of Cg,;, was also found to depend on the C ¢ (See Figure
5B). While pretreatments with Cy;; = 8 and 4mg/mL presented similar behavior (Cs,;, =20mM), a
decrease in Cg,;, was observed at Cy = 0.4mg/mL ( Cg,;.= 10mM) until almost complete loss of
directed assembly was observed at Cy; = 0.08mg/mL( g,y = 2.5mM).
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Figure 3-5: Effect of salt concentration on the directed assembly of A) PEI/HA and PEI/MG
systems B) PEI/MG system in presence of microgels NIPAM-MAA20% at different
concentrations. Lines are guides for the eye.

Since the two systems under study are composed of pH-sensitive materials, the effect of pH on

the directed assembly of the hydrogel blocks was also studied. We compared our previous
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results obtained in pure water (pH = 6) with tests performed in acidic (pH = 3) and basic (pH =
10.5) conditions (see Figure6). Results show a complete loss of assembly at a pH above or below

pH =6 after 24h of equilibrium.

100

[ MAA 5%
I MAA 10%
I MAA 20% |
[ HA-PEI

L N
0 3 6 10.5 14
pH

Figure 3-6: Effect of pH on the directed assembly of PEI/HA and PEI/MG systems

Discussion

Simple macroscopic observations of the blocks aggregates pointed out differences in interaction
strength between PEI/HA and PEI/MG systems. Larger and more flexible PEI/HA aggregates
were indeed systematically observed compared to more compact and rigid PEI/MG aggregates.

For the PEI/HA system, we observed that the blocks concentration (population size) played an
important role in determining the aggregates size, which means that every random contact
between positive and negative blocks did not necessarily lead to an adhesive contact.
Nevertheless, only adhesive contacts between positive and negative blocks were observed,
demonstrating that directed assembly, in opposition to self-assembly, was effectively
happening. The total loss of assembly capacity of the PEI/HA blocks after a few iterations

strongly suggest that the hydrogel blocks surfaces are very sensitive to mechanical manipulation
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and therefore prone to damage. Surface damage can occur in the form of surface roughening or
material transfer between surfaces (which leads to surface charge compensation), both causes
leading to adhesion loss and consequently to a decrease of the aggregation number. Those
initials observations suggested that in the case of the PEI/HA system, adhesive contacts are
mostly promoted by steric entanglements and electrostatic interactions between
polyelectrolytes chains present at the hydrogel blocks surfaces (See Figure 7A).

We observed that the effect of Cg,j; on the blocks aggregation is not gradual, meaning that the
aggregates size did not continuously decrease with salt concentration. Instead, an abrupt
transition from an aggregated to a disaggregated state was observed around Cg,, . Surprisingly,
Csqrwas found to be much higher for HA/PEI system suggesting that other than purely
electrostatic forces might be at work in this system. In fact, the poor reprodudbility of the
assembly process for HA-PEI blocks and the high Cg,, value indicate that electrostatic and
macromolecular entanglements are involved in the adhesion mechanism.

Since HA and PEl are polyelectrolytes, their ionization degree is directly determined by the pH of
the medium. HA possess carboxylic acid groups with a pKa around 3-4°°. While HA chains are
only partially negatively charged at pH=3 (24% ionization, pH = pKa), at pH = 6 and 10 HA is fully
neutralized (pH >pKa). On the other hand, branched PEl possess primary, secondary and tertiary
amines and therefore three respective pKa (4.5, 6.7 and 11.6 *’). Using the structure of the
branched PEl used in this study (primary:secondary:tertiary amines ratio of 4:3:4), the total
amount of ionized amine groups (in form of NH*, NH," and NH;") available on the polyelectrolyte
chains at a given pH can be estimated. At pH = 3, 98.9% of amine groups are positively charged,
60.2% at pH =6 (secondary and tertiary amines) and only 33.7% at pH = 10.5 (tertiary amines
only). To insure adhesive electrostatic interactions between blocks surfaces, negative and

positive surfaces must be highly ionized. This explained why assembly was only observed at pH
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=6. At pH = 6, blocks exposed enough charged groups (99.7% for HA and 60.2% for PEIl), which
was not the case at pH =3 (24% HA ionization) and 10. (33.7% PEIl ionization). Moreover,
ionization can also have an effect on polyelectrolyte chains conformation. At high ionization
degree, polymer chains from one block surface are expected to expand which favors overlapping
and entanglement upon contact with another surface. Therefore, our study shows that assembly
of hydrogel blocks can occur at partial ionization of the polyelectrolytes (60% for PEI) but can be
inhibited if ionization is too small (the minimum beinglocated between 30 and 60%).

As for the PEI/MG systems, MGs were found to act as efficient adhesion promoters between
positively charged blocks. By electrostatically interacting with the PEl chains and potentially the
network of HEMA-PEGDMA forming the blocks, MGs can form a negatively charged layer at the
block surfaces which promotes electrostatic bridging with bare PEI chains (See Figure 7B).

Since the MGs are significantly more crosslinked than the hydrogel blocks, interpenetration
between polyelectrolytes chains and MGs is expected to be disfavored. Therefore, microgel
adsorption and blocks adhesion are both driven by MAA groups at the surface of the microgel.
This explanation is also confirmed by the fact that no directed assembly with MGs of pure
NIPAM (which were found to be slightly charged) was observed.

The fact that we have not observed any self-aggregation between PEI blocks during the microgel
pretreatments of the blocks, even at low MG concentration, demonstrates that adhesion is only
possible between treated and non-treated blocks. This can be explained either by the presence
of a repulsive electrostatic force between microgel layers on the blocks surfaces or either by an
increase in roughness of the blocks surfaces ™.

One major difference compared to the PEI/HA system is the surprisingly good directed assembly

reproducibility after several iterations (See Figure 3), indicating that the blocks surfaces were
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not damaged under mechanical manipulation, and that PEI/MG interactions are perfectly
reversible.

The effect of the ionic strength seems to be modulated by the composition of the microgels.
Cs,r Was found to increase strongly with MAA% in the microgels from 5mM for MAA5% to
20mM for MAA20%. This confirms the crucial role of MAA on the interactions at block surfaces.
The disrupting effect of NaCl is explained by the hindering of the interactions between MAA at
microgel surfaces and PEI chains and the microgel size variation (See Figure 5A). Higher MAA%
and larger microgels could also explain the increased Cs,;, as more chloride anions are needed
to completely screen PEI-microgels interactions. Stability tests also confirmed that microgels are
stable at very high Cg,; (data not shown). The salt critical coagulation concentrations of the
microgels are indeed significantly higher than the Cg,; used in our tests meaning that the
microgels remain stable and, at least in part, electrostatically charged and thus prone to
interactions with PEI chains. Loss of directed assembly could also be due to PEIl polyelectrolytes
chains reorganization and folding, decreasing possible interactions with microgels.

The influence of pH on the directed assembly of PEI/MG is quite similar to PEI/HA system. Linear
MAA chains with a degree of polymerization superior t020, present a pKa of 6.5*°. Considering
this information, microgels should exhibit no ionization of the MAA at pH=3 and complete
ionization at pH=10.5 (>99.9%). Therefore, in acidic or basic conditions, MAA and PEI are not
ionized enough to obtain electrostatic interactions. At pH=6, MAA presents 24.0% of ionization
which seems sufficient to promote interactions with the charged amines of the PEl. However,
the fate of the microgels after PEI/MG block equilibrations at pH=3 and 10.5 solutions remains
unknown. It is indeed unclear if microgels stay adsorbed or entrapped in the HEMA-PEDGMA

and PEl networks or if they were released upon loss of ionization.
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B PEl block Microgel PEl block

Figure 3-7: Models of supposed interactions at hydrogel blocks surfaces during adhesive
contacts, A: stericentanglement guided by electrostatic cues between HA and PEI
polyelectrolytes chains, B: bridging between PEI chains and NIPAM-MAA microgels without any
entanglementsinvolved.

In summary, the assembly of PEI/HA blocks were found to be driven by electrostatic interactions
and steric entanglements. As a consequence, this system was prone to surface damage by
mechanical manipulation. The PEI/MG system is based on the reversible electrostatic
interactions between ionized MAA groups in the MGs and PEl polyelectrolytes chains. This
systems was not damaged under mechanical manipulation but was highly sensitive to ionic
strength. These observations highlight the role of the interface microstructure in the adhesion
mechanism (see Figure 7). Hydrogel-hydrogel interfaces in presence of microgels are expected
to be rougher compared to direct hydrogel-hydrogel contacts allowing for ions to quickly
penetrate the interface and to destabilize it even if the adhesive strength between blocks is

stronger.

Conclusion

This study presents the directed assembly of charged hydrogel blocks mediated by microgel
particles or by direct contact. In both systems studied, direct contact between PEI/HA blocks or
between MGs and PEl blocks, random contacts between blocks resulted in the formation of

aggregates. PEI/HA directed assembly in water resulted in large, flexible and vulnerable to
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mechanical manipulation aggregates while PEI/MG aggregates were more compact and
resistant. Such difference was attributed to a difference in adhesion strength between blocks.
The PEI/MG system presented the highest sensitivity to ionic strength, highlighting the role of
the interface microstructure and porosity in the adhesion phenomena.

These results provide new insights into the adhesion mechanism between soft materials in
presence of a third body such as microgels, proteins or solid nanopartides and should guide the

development of future materials with controlled tunable properties.
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Chapitre 4:Conclusion

Notre objectif était la mise en place d’un systeme de fabrication simple et réutilisable de blocs
hydrogels de taille et forme controlées possédant des fonctionnalisations permettant des
interactions électrostatiques adhésives résultant en des propriétés d’auto-assemblage. Nous
avons ainsi développé un procédé de fabrication se basant sur la photolithographie. L utilisation
de polycations (PEl), de polyanions (HA) et de particules microgels chargées négativement
(NIPAM-MAA), nous a permis d’obtenir des blocs chargés positivement et négativement. La mise
en contact aléatoire de mélanges de blocs nous a permis de créer des assemblages dirigés pour
les deux systemes étudiés (PEI/HA et PEI/MG). Les deux systémes présentent cependant des
propriétés d’adhésion différentes laissant suggérer des mécanismes adhésifs distincts : les
assemblages PEI/HA sont en effet plus flexibles et fragiles que les assemblages PEI/MG plus
compacts et résistants. Ces derniers ont montré de plus des propriétés adhésives modulables
avec la taille et le pourcentage en MAA des particules microgels utilisés. Une autre différence
des comportements adhésifs s’est manifestée dans les milieux salins puisque les systémes
PEI/MG possédent des concentrations limites salines permettant I’agrégation beaucoup plus
faible que le systtme PEI/HA. Enfin, les deux systémes n’ont démontré aucune propriété
d’assemblage dirigé en milieu acide ou basique. Nous pensons d’une part que le systéme PEI/HA
se base sur un mélange d'interactions stériques et électrostatiques entre polyélectrolytesde
charges opposées et d’autre part que le systéme PEI/MG se base sur des interactions purement

électrostatiques focalisés sur les microgels.
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Chapitre 5 : Perspectives et travaux futurs

Les travaux présentés dans ce mémoire ouvrent la voie a de nombreuses perspectives et

différents axes de recherche sont envisageables et complémentaires.

L'utilisation d’autres fonctionnalisations, impliquant un plus grand choix d’interactions
adhésives possibles, serait intéressante car elle pourrait entrainer un meilleur contréle sur
I’auto-assemblage des échafaudages pouvant résulter en des structures plus complexes. Outre
I’utilisation d’autres polyélectrolytes et microgels, le mélange avec d'autres types de
fonctionnalisations adhésives (interactions ligand-récepteur, branches complémentaires d’ADN,
groupes chimiques réactifs) est envisageable. Cet effort de complexification pourra aussi
prendre la forme d’utilisation de formes de blocs différentes et le développement de
fonctionnalisation sur des surfaces spécfiques par utilisation de techniques comme la

microfluidique.

Une meilleure compréhension des mécanismes adhésifs permettrait une meilleure utilisation de
ceux-ci. Il serait ainsi intéressant d’aller observer les propriétés de nos surfaces (rugosité,
porosité, propriétés électrostatiques) et les interactions adhésives développées au niveau
moléculaire. Pour cela, I’expertise et I'’équipement du Pr. Banquy et du Laboratoire de
caractérisation des matériaux de nos confréres de la faculté de chimie seront un atout majeur. Il
serait ainsi possible d’examiner les fonctionnalisations de nos surfaces et les interactions
adhésives résultantes avec I’ utilisation de I'appareil a force de surface (SFA) de notre laboratoire

ainsi que les techniques de microscopies a force atomique, a force électrique et Kelvin Probe.
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Un effort devra étre porté sur I’amélioration des techniques de synthese des blocs hydrogels. Le
développement de solutions thérapeutiques se basant sur I'auto-assemblage d’échafaudages
hydrogel nécessiteraen effet I'obtention de blocs de taille permettant I'injection. L' utilisation de
masques de meilleures qualités et plus précis ainsi qu’'une meilleure gestion de I’application ala

lumiére UV permettra d’obtenir des blocs microscopiques.

Enfin il sera crucial d’investiguer le potentiel des échafaudages auto-assemblés pour le support
et la croissance de cultures cellulaires. Il est premiérement envisagé dans notre étudie d’utiliser
des chondrocytes ala base du développement des tissus cartilagineux. Dans un premier temps,
des études pourront étre menées pour caractériser la croissance cellulaire a I'intérieur des blocs
mais aussi a l'interface entre blocs, ou les propriétés physico-chimiques peuvent varier par
rapport au coeur de notre matériau hydrogel. Dans un deuxieme temps, il faudra développer des
preuves de concept sur le possible controle de la croissance tissulaire a I'aide des possibilités

d’assemblage dirigé et de relargage de facteurs de croissance depuis certains blocs.
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