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Elaboration de surfaces biologiquement actives répondant a un

stimulus mécanique

Contexte :

Depuis plusieurs années, une nouvelle génération de matériaux appelés « matériaux
intelligents » et définis par leur capacité a s’adapter a leur environnement s’est intensivement
développée. Des systémes sensibles a différents stimuli tel que le pH, la lumiére, la force
ionique ou encore la température ont été rapportés. Un de ces stimuli peut aussi étre un stress
mécanique connu pour &tre impliqué dans une multitude de processus naturels. Ainsi,
I’activité des protéines ou des enzymes est fortement dépendante de leurs conformations. Des
modifications de leurs structures sont donc capables d’induire des modulations/changements
de celle-ci. Un exemple de cette propriété est la perte de fluorescence d’une GFP (Green
Fluorescent Protein) lorsque sa structure en « Beta barrel » est déformée. Ce comportement
pouvant étre expliqué par la modification de I’environnement du chromophore présent qui est

directement relié a la réponse en fluorescence de la protéine.

Présentation :

L’objectif de mon projet de thése est le développement de surfaces mécano-responsives,
c'est-a-dire de surfaces dont les propriétés sont modulées ou induites par 1’application d’un
stimulus mécanique tel que I’étirement. De telles surfaces transforment un stress mécanique
en un signal chimique. Pour ce faire nous essayons de mimer les processus existant dans la
nature, le plus souvent basés sur des changements de conformation de protéines. Nous
cherchons a atteindre ce but en greffant de fagon covalente des protéines ou des enzymes sur
un substrat étirable ou en les incorporant a une matrice polymere réticulée. Etirer le substrat
ou le réseau polymeére devrait induire un changement conformationnel des protéines et dans le
cas des enzymes induire un changement d’activité catalytique. Dans le but d’établir une
preuve de concept, nous nous sommes d’abord intéressés au greffage d’une protéine en
surface d’un matériau. Nous avons utilisé une Green Fluorescent Protein (GFP) modifi¢e
chimiquement afin de pouvoir la coupler a un matériau polymeére (projet 1) et d’étudier sa

réponse spectrale sous contrainte. Dans un second temps nous nous sommes focalisés sur




’utilisation d’enzymes a la place des protéines afin d’élaborer un matériau dont I’activité

enzymatique peut étre modulée par étirement (projet 2 A et B).

Projet 1 : Modification de la réponse spectrale d’une Green Fluorescent Protein

(GFP) sous contrainte mécanique

Une GFP spécifiquement modifiée par des groupes azides (congue et synthétisée par génie
génétique — par Chunyan Yao de I’équipe du Docteur Schiller de I'université de Freiburg) est
utilisée lors de notre étude. Ces modifications permettent 1’ancrage covalent en deux endroits
définis de la biomacromolécule au réseau polymérique pour conduire a une déformation

optimale sous étirement (figure 1).

(b)

Specific modification of the GFP Unstretched state « fluorescence on » Stretched state « loss of fluorescence »
with azide groups

Figure 1: Représentation schématique de la surface méchano-responsive. Au repos (a), les GFP
spécifiquement greffées sur le substrat présentent une fluorescence. Sous contrainte (b), la structure
tridimensionnelle des protéines est modifiée engendrant une perte de leur réponse en fluorescence.

Lors de notre étude nous avons élaboré un substrat étirable, homogéne et fonctionnalisé a base
de silicone. Nous avons greffé de maniére covalente des GFP sur sa surface en respectant des
contraintes inhérentes a la manipulation de biomolécules tels qu’une température basse, un pH
ajusté et I'utilisation de réactions chimiques préservant I’intégrité des protéines, mais aussi

celle du matériau.

Résultats :

a) Fonctionnalisation du substrat PDMS pour le greffage covalent de la GFP
De part leurs propriétés visco-¢lastiques, des substrats en silicones ou polydimethylsiloxane
(PDMS) ont été préparés et modifiés en surface lors de cette étude. Dans le but de créer
différents groupes chimiques a la surface des substrats en PDMS une activation du PDMS

basée sur un traitement UV-Ozone a ét¢ développée. Cette étape qui permet de rendre la



surface hydrophile grace a I’introduction de groupements hydroxyles et carboxyliques est
suivie d’une fonctionnalisation avec un composé homobifonctionnel de type bis-isocyanate, le
methylene diphenyl diisocyanate (MDI). Des chaines de polyéthyléne glycols (PEG)
présentant un groupe alcyne et une fonction amine a chacune de leurs extrémités, sont ensuite
greffées de fagcon covalente et irréversible sur la surface de PDMS modifiée par les
groupements MDI. Ces brosses de PEG en surface conférent un caractére non-adsorbant au
matériau et permettent le couplage des GFP par chimie « click ». La fonctionnalisation du

matériau est schématisée en figure 2.

PDMS \j \j GFP (GFP (GFP

T sy %%%%

PDMS - PDMS PEG Chaiﬂs, PDMS Click reaction PDMS

Figure 2: Représentation schématique de la fonctionnalisation de surface et du couplage de la GFP

b) Couplage des GFP par « chimie click »
La GFP modifiée fournie par notre collaboration a Freiburg, posséde deux groupements

azides placés a des positions opposées sur sa structure tridimensionnelle (figure 3).

Figure 3: Green Fluorescent Protein (GFP) spécifiquement modifiée par insertion d'un amino-acide
non naturel; la p-azido-phénylalanine contenant un groupement azide.

Le choix d’un tel groupement chimique est justifié par la possibilité d’utiliser une réaction de
couplage « click » telle qu’une cyclo-addition alcyne/azide de Huisgen. En effet, ce type de
couplage permet d’étre réalisé dans des conditions « douces », qui évitent I’altération de la

protéine. Le greffage effectif de la GFP est confirmé par des mesures de fluorescence de la



surface. En effet, en 1’absence de groupements azides sur la GFP, nous avons montrés

qu’aucune fluorescence n’est mesurée puisqu’il n’y a pas de greffages possibles.

¢) Tests d’étirement mécanique
Afin de discriminer entre la diminution de fluorescence due a la baisse de densité des
chromophores sous étirement de celle due a la déformation des protéines, les tests
d’étirements ont ¢été réalisés sur deux GFP modifiées différemment: des GFP mono-
fonctionnalisées (ne présentant qu’une seule fonction N3), pouvant se lier a la surface sans
pouvoir étre étirées lors de 1’étirement du matériau, ainsi que des GFP bi-fonctionnalisées
potentiellement sensibles a I’étirement. Ces protéines ont été greffées sur des surfaces PDMS
qui ont ensuite été¢ étirée jusqu’a 30% et leur fluorescence mesurée. La réversibilité des
systémes a été vérifiée en relaxant les surfaces a leur état initial apres étirement. Les résultats

de ces tests sont résumés dans les figures 4 et 5.
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Figure 4: Mesures de fluorescence a difféerents degrés d'étirement d’un substrat PDMS fonctionnalisé
a l'aide de GFP monofonctionnalisées (courbe noire) et de GFP bifonctionnalisées (courbe rouge).

Une diminution de fluorescence sous étirement est observée pour les deux types de GFP
utilisées. Cependant, lors d’un étirement de 30% de la longueur initiale du matériau, la
décroissance de fluorescence de la GFP modifiée en deux points est d’environ 60% par
rapport a sa fluorescence initiale tandis que celle de la mono GFP est de 20%. Dans le cas de
la GFP modifiée avec un seul groupement azide, cette diminution de fluorescence s’explique
par la diminution de la densit¢ de GFP en surface lors de 1’étirement. La décroissance
importante de la fluorescence mesurée de la GFP bi-fonctionnalisée sous étirement est

attribuée a la déformation de sa structure 3D, conduisant a une diminution de sa fluorescence.
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Figure 5 : Intensité de fluorescence normalisée en fonction du degré d’étirement du substrat pour
des GFP monofonctionnalisées a) et bifonctionnalisées b).
Il est a noter que 1’on a observé une réversibilité¢ de ce systeme lors du retour des échantillons

a leur état initial, pour au moins deux cycles d’étirement — relachements.

Elaboration de films enzymatiquement actifs méchano-sensibles

Aprées avoir démontré la possibilité de déformer des macromolécules par étirement de leur
substrat, nous nous sommes intéressés a 1’¢laboration d’un matériau possédant une activité
enzymatique modulable par ’application d’un stress mécanique. Dans cette optique, nous
nous sommes intéressés a deux stratégies de fonctionnalisation différentes reposant sur le

couplage d’une enzyme dans un réseau polymere (figure 6).
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Unstretched state: Bio-active material Stretched state: loss of enzymatic activity

Figure 6: enzymes couplées a une matrice polymere. (a) état non étiré, matériau catalytique actif et
(b) état étire, déformation de l'enzyme, perte ou diminution de l'activité catalytique

La premiére est basée sur ’incorporation d’enzymes en 1’occurrence de [-galactosidase a
I’intérieur d’une matrice polymere préconstruite. Dans la seconde, un film couche-par-couche

alternant un polymere et une enzyme (alkaline phosphatase) a été construit.



Projet 2 : Incorporation d’enzymes dans une matrice polymeére préconstruite

De part ses propriétés visco-¢lastiques, une matrice réticulée constituée de couches de poly-
(L-lysine) (PLL) préalablement modifiées par des groupements thiopyridyls alternant avec
des couches d’acide hyaluronique (HA) a dans un premier temps été construite sur un substrat
silicone. L’enzyme modifiée par des groupes maléimides est ensuite incorporée a la

multicouche et couplée de facon covalente a celle-ci (figure 7).

a) b) c)
S~
/'\/\/\
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Figure 7: Représentation schématique de l'élaboration de la matrice polymere: a) élaboration d’une
multicouche de PLL/HA. b) Réticulation de la matrice. c) Insertion puis couplage covalent d’enzymes
au sein de la matrice polymeére

Résultats :

a) Construction de la matrice
La matrice PLL/HA a été construite selon la technique dite de couche-par-couche consistant
en un dépot alterné d’un polycation (PLL) et d’un polyanion (HA) et conduisant a

I’¢laboration d’un film multicouche (figure 8).
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Figure 8 : Représentation schématique de la préparation d’une multicouche de polyélectrolytes. Le
substrat est alternativement immergé dans une solution de polycations (poly-L-lysine) et de polyanions
(acide hyaluronique) conduisant a [’élaboration du film.



Ce film a ensuite été réticulé en utilisant une réaction de couplage entre les groupements
amine de la PLL et les fonctions acide carboxylique du HA, formant des liaisons amides. Des

réactifs de type carbodiimide ont étés utilisés (figure 9).

?\W\/\\

o HO HO
HO

2 J

Figure 9 : Création d’une liaison amide par réaction de I’amine de la poly-L-lysine (en vert) avec un
acide carboxylique de I’acide hyaluronique (en rouge) en présence d’EDC/NHS.

b) Diffusion et couplage de la p-galactosidase
Une fois réticulée, la matrice polymére est mise en contact avec une solution de [3-
galactosidase modifiée par des groupements maléimides pour que ’enzyme diffuse dans le
film. Un agent réducteur est utilisé¢ pour déprotéger les fonctions thiopyridyl sur la PLL et
libérer des groupements thiols. Par réaction dite « click » entre les groupements maléimides

de la p-galactosidase et les thiols de la multicouche réticulée, I’enzyme se lie au film (figure

10).

NH

Figure 10: Réaction de couplage entre la béta-galactosidase fonctionnalisée par des groupements

maléimides et les groupements thiopyridines présents sur la poly-L-lysine modifiée en présence de
TCEP, un agent réducteurs.




Le film résultant présente une activité catalytique, ce qui confirme ’intégrité¢ de 1’enzyme

utilisée.

¢) Tests d’étirement
Les films sont mis en contact avec la fluoresceine di-beta-D-galactopyranoside (FDG), un
substrat spécifique de la f-galactosidase et non fluorescent. L’hydrolyse trés rapide de la

FDG produit de la fluoresceine aisément détectable et mesurable (figure 11).
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Figure 11: Transformation de la FDG en fluorescéine sous [’action de la béta-galactosidase

L’activité des films est suivie par fluorescence pour différents degrés d’étirement (figure 12).
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Figure 12: Suivi de [’activité enzymatique d’une matrice polymeére PLL/HA a différents
degrés d’étirement pour (a) une enzyme libre non réticulée au réseau et (b) une enzyme
couplée covalemment a la matrice.

Quand I’enzyme est liée au réseau, une décroissance de 1’activité enzymatique est mesurée
lors de I’étirement des films (figure 12). L'activité du film décroit avec le degré d’étirement
appliqué. Par contre, 1’utilisation d’une enzyme non modifiée, simplement enfouie dans le
film multicouche, ne conduit pas a une diminution de 1’activité enzymatique du film lorsque
celui-ci est étiré. Le changement de Dactivité de le [-galactosidase est attribuée aux

contraintes mécaniques appliquées le film.



Projet 3 : Elaboration d’un film multicouche polymére-enzyme

La seconde stratégie développée consiste en I’¢élaboration d’un film multicouche a base
d’alginate, un polyanion, modifié par des groupements catéchol et d’alkaline phosphatase qui
servira de polycation et d’enzyme modele. Le film ainsi construit et réticulé doit former une

matrice de type enzyme/polymere (figure 13).

Q @ e~8&—~¢
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Figure 13: Représentation schématique de ['élaboration de la matrice polymere. a) élaboration d’une
multicouche de aginate-catéchol / alkaline phosphatase. b) Réticulation de la matrice.

Résultats :

a) Construction du film multicouche
Comme précédemment le film est élaboré selon la technique dite de couche-par-couche
consistant en un dépdt alterné d’un polyanion (HA) (figure 14) et d’un polycation, ici

I’enzyme chargée négativement.

OH

Figure 14: Alginate modifié par des fonctions catéchol (en rouge)




Le film est ensuite réticulé a 1’aide d’un oxydant, le periodate de sodium. Les groupements
catéchols présents sur I’alginate sont alors oxydées en quinones, ce qui permet aux fonctions
amines (nucléophiles) présents sur I’enzyme de s’additionner en 1,4 sur le cycle aromatique

pour former une liaison covalente (figure 15).

OH ox O RNH, RHN OH
R —
OH 0 OH

Figure 15: Réaction d’addition 1,4 de Mickael entre les fonctions quinones de l'alginate modifié et les
amines presentes sur l'alkaline phosphatase.

b) Tests d’étirement
Les films sont ensuite mis en contact avec de la para-nitrophenylphosphate (PNP), un substrat

spécifique de 1’alkaline phosphatase devenant jaune apres hydrolyse enzymatique (figure 16).

O\\F\rl,o O‘\IJ\rl/O
>
Alkaline phosphatase

— pH > 7 -
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Para-nitrophenylphosphate Para-nitrophenolate

Figure 16: Transformation du para-nitrophenylphosphate (incolore) en para-nitrophénolate (coloré)
sous [’action de I’alkaline phosphatase.

L’activité des films est ainsi suivie par UV pour différents degrés d’étirement. Un controle a
I’aide d’un film polymeére/enzyme non réticulé est réalisé. La réversibilité des systémes a été

vérifiée en relaxant les surfaces a leur état initial aprés étirement.
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Figure 17: Suivi de ['activité enzymatique d’une matrice polymere / enzyme pour différents degrés

d’étirement (SR = Stretching ratio).

Aucune différence d’activité des films au repos et a 1’état étiré n’a été détectée lors des tests.
Ces résultats peuvent s’expliquer par la robustesse structurale de 1’alkaline phosphatase. Des
tests de vieillissement ont permis de montrer une meilleure stabilit¢ dans le temps de
I’alkaline phosphatase présente dans les films polymeéres par rapport a I’enzyme naturelle en
solution. De plus des tests de lyophilisation des films ont été effectués et montre un maintient

de I’activité enzymatique apres réhydratation de ceux-ci (figure 18).
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Figure 18: Suivi de [’activité enzymatique d 'une matrice polymere / enzyme dans un état initial (t = 0,

courbe noire) et apres lyophilisation et réhydratation (t = 21 jours, courbe rouge).



Conclusion :

Lors de ces travaux de thése nous nous sommes focalisés sur la conception de matériaux dit
intelligents, et plus précisément de films polymeres, fonctionnalisés a [’aide de
biomacromolécules, sensibles a une contrainte mécanique. Nous avons ainsi, dans un premier
temps, démontré la possibilit¢ d’élaborer des films homogeénes possédant une activité
biologique. Cette propriété a été obtenue par I’insertion et le couplage covalent d’enzymes ou
de protéines au sein de substrats étirables en conditions dites douces afin de préserver leur
intégrité. Ainsi, différents types de couplages chimiques en milieu biologique ont été
développé et mis en ceuvre dans ces travaux. Le caractére mécano-répondant des différents
films a ensuite été développé. En effet, il a été€ possible de moduler ’activité biologique ou
enzymatique de différents matériaux en le soumettant a une contrainte mécanique, dans ce cas
un étirement longitudinal. Il a de plus été démontré que ces changements de propriétés étaient
réversibles lors de la relaxation du matériau, et présents méme aprés plusieurs cycles
d’étirement. Durant ces travaux nous avons donc mis en avant une relation directe entre
I’application d’une force sur un systtme et son changement de propriété a 1’échelle
moléculaire, et plus précisément sur une modification de la structure tridimensionnelle des
biomacromolécules le composant.

La suite du projet s’inscrit dans I’extension de ce concept et son adaptation a différents

systémes enzymes/polymeéres ou a des systémes complexes tels que multi-enzymes.
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General introduction

Since many years, a new generation of materials called « smart materials » and defined
by their capacity to adapt to their environment is intensively developed. Systems sensitive to
different stimuli such as pH, light, ionic strength or solvent polarity have been reported. One
of these stimuli can also be a mechanical force which is involved in many reactions in nature

such as cells adhesion and proliferation, tissues growing or even plants developments.

The aim of my thesis was dedicated to the design and the elaboration of mechano-
responsive materials and more precisely, materials that transform a stretching constraint into a
chemical signal. For this purpose we try to mimick physical processes used by nature, namely
mechanically induced protein conformational changes. We planned to achieve this goal by
covalent grafting of proteins or enzymes onto stretchable substrates or incorporating them into
cross-linked polymer networks. Stretching the substrate or the network should induce protein
conformational changes leading to modifications of their properties. In order to make a proof
of concept, we first intended to "visualize™ conformational changes of proteins that respond
physically to mechanical constraints such as stretching. Thus, we started by grafting green
fluorescent proteins (GFP) chemically modified onto a surface (chapter 3). Furthermore, we
focused on the use of enzymes instead of proteins to develop materials whose catalytic
activity can be modulated by stretching (chapters 4 and 5).

The 1% chapter of my thesis introduces the concept of mechano-transduction and its
implementation in mechano-sensitive materials field. A general description of the state of art
is presented with the contribution of our team and of external groups using different

approaches to elaborate various mechano-responsive materials.

The 2" chapter reports in details the reagents and methods used during my work. In order to
make an easier comprehension of the different projects presented, experimental chapters are
treated individually. A specific part is dedicated to the presentation and explanation of the

physico-chemical techniques of characterization.
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The 3™ chapter presents the elaboration of a mechano-sensitive surface functionalized with
green fluorescent proteins (GFP). After explaining the different modification steps of the
substrate leading to the binding of specifically modified GFP by click chemistry as a
monolayer, fluorescence response of the material was monitored under stretching. This work
highlights the possibility to transfer macromolecular forces induced by stretching into changes

in the three dimensional structure of a protein.

In the 4™ chapter, beta-galactosidase was used in order to elaborate a catalytic active material.
To increase the number of immobilized enzymes inside the material, and thus increasing its
response to the stretching, a new strategy based on the elaboration of a polymeric matrix
loaded with the enzymes was developed. This chapter was performed within the collaboration

of César Rios a PhD student of our group.

The 5™ chapter is dedicated to the development of a new type of material based on a
crosslinked multilayer film buildup made of alternated depositions of enzymes and activated
polymers modified with catechol moieties. The enzymes representing in this case an integral
part of the material structure, this new architecture is elaborated to increase the sensitivity of

the material to stretching. The study of the film elaboration and stretching experiments are

presented.
%g%g%%% Chapter 3: Elaboration of a mechano-sensitive surface made of proteins
Substrate
% Chapter 4: Mechano-responsive enzymatically active polymeric matrix
Substrate
% Chapter 5: Enzymatically active PEM structure development
Substrate

Schematic representation of the three projects developed in this thesis work.
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1.1. Introduction

Mechanotransduction processes are mechanismes in which a mechanical force is
transformed into a signal. We are interested in this thesis in developing materials that respond
chemically to a mechanical stress. The topic of mechanotransductionis a rapidly growing field
of study which covers biology, chemistry and material science. From a chemical point of view
there are clearly two possible approaches to tackle this subject: One approach is to investigate
the effect of a mechanical force on the behavior of covalent bonds and its possible
applications in material science. This approach is the most widely used. It was initiated in
particular by the groups of Moore and Sotos!! who showed that a mechanical force can
initiate chemical modifications in molecules, usually resulting in a color change in material
regions of high strain.Poly(methyl acrylate) elastomeric matrices copolymerized with methyl
methacrylate to form poly(methyl methacrylate) incorporating spiropyrans represent one well-
known example of such materials. Recently, using a gem-dichlorocyclopropanated indene
incorporated into a cross-linked poly(methylacrylate) material, the group of Moore reported a
new material which under compression releases protons (mechanogenerated acid)*. Many
more chemo-mechano-responsive materials have been developed which are, similarly, all
based on an intra-molecular reaction usually resulting in a color change of the material. A
second approach is to mimic the mechanotransduction processes used by nature to transform a
mechanical signal into a chemical one. Such processes are in particular used by cells which
sense the mechanical properties of their environment with widespread consequence on their
fate. There at least two mechanisms used by cells to transform a mechanical force into a
chemical signal : one is based on membrane channels whose properties change when the
membrane is under the influence of a mechanical stress and the other is based on
conformational changes of proteins that are submitted to a mechanical forcel®!. One of the first
examples of this type of protein that has been extensively studied is that of fibronectin, an
adhesion protein present in the extracellular matrix*. It is the approach used by nature that
we try to mimic to create chemo-mechano-responsive materials. It is these kinds of processes
that our group is trying to mimic for the development of chemo-mechano-transduction
materials. In this introduction I will first review the results obtained by our group in this
domain in order to present my contribution in this perspective. Because my goal will be to

develop systems that are mechanoresponsive by stretched induced conformational changes of
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proteins deposited on or incorporated in materials, as it is the case for fibronectin, I will then

review the results published so far in this field.

1.2. Towards chemo-mechano-responsive materials:

contributions from our group
1.2.1. Polyelectrolyte multilayers

The group in which I perform my Ph.D. is active since 2000 in the development of
polyelectrolyte multilayers. Polyelectrolyte multilayers are films obtained by the alternate
deposition of polyanions and polycations on almost any kind of substrate, whatever its

[5-61 in 1991, the concept is extremely

chemical nature and its form. First introduced by Decher
simple: When a surface is charged, let's assume negatively charged, and when this surface is
brought in contact with a solution of polycations, electrostatic interactions will induce the
adsorption of the polycations onto the substrate. It comes out that at the end of the adsorption
process the surface is not neutral but appears to be positively charged. This is called the
charge overcompensation effect and originates from the polymeric nature of the
polyelectrolytes. This then allows this film to be brought in contact with a polyanion solution
and here again, once the polyanions have interacted with the adsorbed polycations the surface

has become negative. This allows this process to be continued and a film to be grown step by

step, alternating polyanions and polycations (figure 1.1).




Chapter 1|

A . (\—\)
’w B L
1

o
o
w

55000
?

ST

=)

g
T

& G

¢ ¢

L

3=

0!

D ¢

e
0 {+i§

i
| [}
Bl : : i T O (0 -
o0, 0 5 ! P ETS!D
%E 1. Polyanion 3. Polycation | " 00 el
B —_— L — i OE, <
o Uy, WD (3
S\9) 2. Wash E 4. Wash |E 0 0
TE i~ U 0 | 0, \L‘T&i =
0',0,% | @
o LA
IE L. O 150 2l s [P, %
M o

i —
&
&
(=)
=
00@
| =)
="
&

)
?ﬁ

-
— | NHg* CI- ‘

Figure 1.1 : (A) Schematic of the film deposition by dipping process. Steps 1 and 3 represent the adsorption of a
polyanion and polycation, respectively, and steps 2 and 4 are washing steps. The four steps are the basic buildup
sequence for the simplest film architecture, (A/B)n. (B) Simplified molecular picture of the first two adsorption
steps.(C) Chemical structures of two typical polyions, the sodium salt of poly(styrene sulfonate) (PSS) and
poly(allylamine hydrochloride) (PAH)!!
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The first films that were investigated followed all this buildup process leading to films
which were structured and whose thickness increased linearly with the number of deposition
layers. This type of films are called linearly growing films. PSS/PAH (PSS: Poly(styrene
sulfonate); PAH: poly(allylamine)) and PSS/PDADMA (PDADMA: poly(diallyldimethyl
ammonium)) represent two prominent examples of this type of multilayer. The structured
nature of these films results from the fact that the polyelectrolytes from layer n interact only
with the polyelectrolytes of its neighboring layers as shown by Decher et al. by using neutron

reflectivity experiments.

Whereas the fact that the alternate deposition of polyanions and polycations should
lead to film deposits whose thickness increases linearly with the number of deposition steps
became a dogma by the scientific community, in 1999 the group of Hubbelreported that the
alternate deposition of alginate and polylysineleads to a deposit whose thickness seems to
increase exponentially with the number of deposition steps, reaching of the order of 2 um for

(7]

15 bilayers'”. Soon later Picart et al. reported a second polyanion/polycation system,

hyaluronic acid/polylysine whose thickness increases exponentially with the number of

deposition steps. They also explained the buildup mechanism behind this growth process!™

6 P
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?1 When the polyanion/polycation complexes that form on the surface are highly hydrated, as
it appears to be the case with polysaccharides, during each deposition step the polyelectrolytes
from the solution can diffuse into the multilayer instead of just interacting with the outer layer
of the multilayer. During the next deposition step, this polyelectrolyte that has diffused into
the film is soaked out of the film by the polyeletrolyte of opposite charge present in solution.
As it diffused out, it is captured by the polyelectrolytes of opposite charge at the film/solution
interface and these polyanion/polycation complexes that form remain bound on the multilayer
and form the new additional layer of the film. This mechanism leads to an exponential growth
of the film. What is of interest for these films is that they behave as gels and even highly
viscous liquids and that the polyelectrolytes constituting the multilayer are usually highly
mobile in the film. It also comes out that when incorporating proteins into such multilayers
during their buildup they are also mobile as shown by Fluorescence recovery after
photobleaching experiments. These films can also incorporate large amount of proteins. All
these properties of exponentially growing multilayers were used for the development of

chemo-mechanoresponsive films.

1.2.2.Mechanotransductive films based on linearly growing polyelectrolyte multilayers:

towards cryptic site films

The initial idea to design mechano-responsive materials was to use linearly growing
polyelectrolyte multilayers into which are embedded ligands and by stretching to exhibit these
ligands and render them accessible to receptors as it is the case for cryptic site proteins. The

general idea of the concept is depicted in figure 1.2.

a. b.
~ ~
A, ’(:
N
T S — T, (S, (e
Substrate ; ‘" Substrate ' : 2"»

Figure 1.2: (a) At rest, ligands are embedded inside the polymeric matrix, no interaction occurs. (b) Under
stretching constraint, the ligands are exhibited and can interact with specific receptors.

The first work performed by the group along this line was to develop surfaces that

respond to a stretching by changing their hydrophobicity!'”. This was achieved by using
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architectures based on two linearly growing multilayers: (PAH/PAA) and (PAH/Naf) (PAA:
poly(acrylic acid); Naf : Nafion). Nafion which corresponds to Teflon modified by sulfonate
groups is a hydrophobic polyanion. It can be deposited on substrates in alternation with PAH
from water/ethanol mixtures. When dried, the contact angle of a (PAH/Naf), film terminating
by Nafion is 110° with respect to water. On the other hand, (PAH/PAA), multilayers present a
contact angle of 45°. It was shown (see figure 1.3) that when depositing a (PEI-(Naf/PAH)4-
Naf-(PAH/PAA), (PEI: poly(ethylene imine))onto a silicone sheet that was first treated by
polymer plasma, the contact angle of the substrate switched from 50° in the non-stretched
state to 105° when stretched by 120° (2.2 times its initial elongation length). The reversibility

of the system is observed during stretching/unstretching cycles.

140 z | | | T

120

100
80
60
409
20 — -

0 | | 1 1 1
l 1 2 3 4 5 6

3

|

contact angle (deg.)

number of stretching cycles

Figure 1.3: evolution of the contact angle with water during elongation/retraction cycles as a function of the
number of cycles. The material was stretched up to 2.2 times its initial length. The curve with large amplitude
changes corresponds to a PEI-(Naf/PAH),-Naf-(PAH/PAA), multilayer and the curve with small amplitudes
corresponds to a (PEI-(Naf/PAH),-Naf-(PAH/PAA),-(PAH/Naf), multilayer. (image taken from Refl*")

The silicone sheet was previously treated by polymer plasma in order to render it
negatively charged and allow for a good anchoring of the multilayer. On the other hand when
this film was supplemented by a (PAH/PAA)2-(PAH/Naf), multilayer, that ending with
Nafion layers, almost no contact angle change took place upon stretching. These results were
interpreted by a change of the structure of the (PEI-(Naf/PAH)s-Naf-(PAH/PAA), multilayer
due to stretching with an exhibition of the Nafion, rendering the film hydrophobic. What is

particularly interesting is the reversibility of the process.
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Based on this first result, namely that stretching a linearly growing multilayer allows
to exhibit chemical functions embedded in the film, the group started to develop a strategy to
create surfaces which exhibit ligands for receptors. These can be free molecules in solution,
and the system that was selected was the biotin/streptavidin system, or they can be cellular
receptors and the system that was selected was the standard adhesion arginine-glycine-
aspartic acid peptides(RGD)/integrin''"! (peptides). In this case it was the adhesion of cells on
the substrate that was investigated as a function of the stretching degree. Yet the development
of these systems also required first to render the surfaces non adherent to proteins and cells at

(12131 'To achieve this condition poly(acrylic acid) chains were modified by grafting on

rest
them (EO);-PC moieties where EO represents an ethylene glycol group and PC a

phosphorylcholine group (see figure 1.4). These chains will be denoted as PAAPC.

07 0Na 07 N O o

H

Figure 1.4: Poly(acrylic acid)-EOs-PC chains.

Ethylene glycol chains are known to be very hydrophilic and to prevent protein
adsorption and cell adhesion. This character was reinforced by using phosphorylcholine
groups. These groups are present on the outer membrane of cells and in particular red blood
cells and are presented as being in great part responsible for the anti-fouling character of the
cell membranes. They also become widely used in biomaterial coatings to confer them an
antifouling character!'). It was then shown that when depositing PEI-(PSS/PAH)n-PAAPC or
PEI-(PSS/PAH)n-PAAPC-PAH-PAAPC onto silicone sheets where 25% of the carboxylic
groups of the PAA chains were modified by (EO);-PC moieties, the substrate became
antifouling. For example, such a film was brought in contact with an albumin solution at a
protein concentration of 0.2mg.mL™",only 2ng.cm™ could be detected on the surface (in the
limit of detection of the experiment) whereas on a film where PAAPC was replaced by PAA
the adsorbed amount was 390ng.cm™. The decrease of adsorbed amount when PAA was
replaced by PAAPC was as spectacular with lysozyme and fibrinogen. When stretched the
films remained non-adsorbent to protein up to stretching degrees of 1.5. A slight albumin
adsorption was observed when a single PAAPC layer covered the multilayer whereas no

protein could be detected on the surface when the multilayer was ended by PAAPC-PAH-
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PAAPC. The behaviors of these films were also investigated with respect to cell adhesion
(fibroblasts) and fungi (Candida Albicans). It was found that the films are non-adherent to
cells and fungi at rest and remain non adherent to cells and fungi up to stretching degrees of

1.5 (larger stretching degrees were not investigated) as can be seen in figure 1.5.

Figure 1.5: Micrographs of Candida Albicans with Calcofluor white after 24h of culture on: A: bare silicone;
D: (PAH/PSS)2-PAH/PAA/PAH/PAA; F: (PAH/PSS)2-PAH/PAAPC/PAH/PAAPC in the non-stretched state; I:
(PAH/PSS)2-PAH/PAAPC/PAH/PAAPC at a stretching degree of 1.5. (White bars corresponding to 100 um)
(images taken from ref [*1)

These results opened the route to the design of a multilayer that exhibits ligands under
stretching, a surface that can be considered as a cryptic site surface!'”. The strategy that was

used is schematically represented in figure 1.6.

Fibrobl Il
(a) Multilayer film i ibroblast cells !
y PC

PAAPC
LY

PAH
PAA-PC ' “ ] ‘
PAH

PAA-RGD f REDAN mba s \
(PAH/PSS);-PAH .27

2722 ¢

(b)
& - T

Figure 1.6: Schematic representation of the first cryptic site surface that was developed based on polyelectrolyte
multilayers (taken from ref [*31).

Similar architectures as those used to create anti-fouling surfaces were used with one
difference: after the deposition of a precursorPEI-(PAH/PSS);-PAH layer, instead of directly
adsorbing a PAAPC layer we first deposited a PAA-ligand layer where PAA-ligand

10 —
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represents PAA chains modified by anchoring a ligand instead of a phosphorylcholinemoietie.
The ligand was either a RGD adhesion peptide for cell adhesion or a (EO)s;-biotin for
interactions with streptavidin. This PAA-ligand layer was then covered by a (PAH/PAAPC),
multilayer. These multilayers were deposited on silicone sheets. At rest these films proved to
be non-cell adhesive and non-protein adsorbent (see figure 1.7 and 1.8) whereas by stretching
the film, cell adhesion and protein adsorption both increased when increasing the stretching
degree up to 1.5. This thus proved that stretching leads to the exhibition of the embedded
ligands which become accessible to their receptors. Unfortunately this system was not

reversible. I participated to this work during my master’s degree (annexe 1).

Figure 1.7: Fluorescence images of fibroblast cells after 1 week of culture on (PEI-(PSS/PAH);-PAARGD-
(PAH/PAAPC),(a) in the non-streched state and (b) at a surface stretched at a stretching degree of 1.5. (images
taken from refl*™)).
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Figure 1.8: Fluorescence intensity from FITC-Streptavidin adsorbed on a (PAH/PSS)-PAH-PAAbiotin-
(PAH/PAAPC), film deposited on a silicone sheet at different stretching degrees. (Image taken from ref ().
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1.2.3. Mechano-responsive films based on exponentially growing multilayers capped by
a linearly growing film playing the role of barrier: Towards mechano-responsive

membranes

Cells use another way to transduce a mechanical signal into a chemical response,
namely by modifying their membrane properties when submitted to a mechanical stress. This
can be mimicked by using exponentially growing films playing the role for enzymes or active
molecules, covered by a barrier that is provided by linearly growing multilayers which are
much denser. A first study by Garza et al. in 2004 showed that one can alternate the
deposition exponentially growing HA/PLL films with linearly growing PSS/PAH ones and
that the PSS/PAH film then prevents the diffusion of PLL chains from one HA/PLL
compartment to the next'®!. This result opened the route to the use of linearly growing films
as barriers. Mertz et al. then investigated, in 2007 the behavior under stretching of PSS/PAH
and PSS/PDADMA linearly growing films deposited on an HA/PLL multilayer''”’. They first
showed that the HA/PLL films directly deposited on silicone sheets remain intact and
homogeneous even when stretched up to 110%. This was expected since these films should
behave as viscous liquids. When PSS/PAH and PSS/PDADMA were deposited on the
HA/PLL films and stretched at 110% cracks appeared in the PSS/PAH films and nanoholes
appeared in the PSS/PDADMA films!"®. Moreover, when returning to the non-stretched state,
the two lines of the cracks join together and the nanoholes close in the PSS/PDADMA case.
These results showed that the PSS/PAH films behave as glassy, brittle films whereas the
PSS/PDADMA films are more viscoelastic.

In 2009 Mertz et al. wanted to make use of the properties of the PSS/PDAMA films
under stretching to create a mechano-transductive surface that activates an enzymatic reaction
under stretching!'”!

multilayer and capped it with a PSS/PDAMA film. Alkaline phosphatase (ALP) is a hydrolase

. They embedded an enzyme, alkaline phosphatase, into a PLL/HA

enzyme responsible for the dephosphorylation of many types of molecules including
fluoresceine diphosphate (FDP). In this case the reaction leads to the formation of fluorescein
which is highly fluorescent and can thus be detected by fluorescence techniques. When this
film was brought in contact with the enzyme substrate FDP, no fluorescence appeared in the
solution, showing that the PSS/PDADMA multilayer played the role of barrier for the
diffusion of FDP. When this film was stretched above 70% a strong increase of the

fluorescence could be observed in the solution. Interestingly, the HA/PLL reservoir,

12 —
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containing the ALP, did not become green indicating that the reaction did not take place in the
film. It could be shown that the reaction took place at the film/solution interface. Moreover
when returning to the non- stretched state, the film lost its enzymatic activity. It was also
shown that the activity of the film under stretching depended upon the number of bilayers
constituting the PSS/PDADMA barrier: When the film was constituted of less than 5 barriers
it was permeable to FDP even in the non-stretched state; for 6 bilayers a strong fluorescence
increase in solution could be observed when stretched at 70%. Almost no fluorescence
increase could be observed anymore for 14 bilayers. Figure 1.9 illustrates these results. The
results were interpreted as presented schematically in figure 1.10: The PDAMA/PSS film
plays the role of barrier. When it is stretched above 70%, it becomes thinner but remains
impermeable to FDP, yet ALP enzymes present in the HA/PLL multilayer become exhibited
through the barrier and thus accessible to the enzyme substrate. When the film is brought back
to the non-stretched state, due to its viscoelastic properties, the PDADMA/PSS film regains
its original properties and the enzymes are again buried below the barrier and thus no longer
accessible to FDP. A few remarks can be of interest here: 1) the whole stretching/unstreching
process appears reversible. Yet it is not fully reversible since a small enzymatic activity was
observed when returning to the non-stretched state. When stretched/unstretched a second time
this activity increased and so on. 2) One would have expected that under stretching nanoholes
forms as it was the case for (HA/PLL),/(PSS/PDAMA)m films. It thus appears that the
presence of the enzymes modifies the PSS/PDAMA barrier properties. 3) Later studies have
shown thatthe formation of barriers is in fact more complicated than expected. Not only the
number of bilayers constituting the barrier is an important parameter but also the contact time
between the PSS and PDADMA polyelectrolyte solutionsand the film during its buildup
process. Long contact times lead to more permeable barriers towards FDP. This made be due
to diffusion processes of PSS and PDADMA into the HA/PLL film during contact and
eventual exchange processes between PDADMA and PLL in the HA/PLL multilayer.
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Stretching

i —

Stretched state (e = 70%)

Figure 1.9: Confocal microscope sections of silicone sheets with a (PLL/HA),s/PLL/ALPR™/(PLL/HA) s film in a
buffer solution (image 1) which is brought in contact with a FDP solution (image 2). This film becomes yellow
(red+green) indicating that the ALP enzymes are active in the film. When this film is capped by a
(PDAMA/PSS)s film and brought in contact with a FDP solution (image 3) , no green fluorescence in observed
indicating that PDADMA/PSS film plays the role barrier for FDP. When this film is stretched at 70% (image 4),
the solution becomes green, the films remains red and the interface becomes yellow. This indicated that the

enzymatic reaction takes place at the interface (image taken from ref %),
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Figure 1.10: Schematic representation of the mechanotransduction process taking place on a
(PLL/HA)1s/PLL/ALPR™/(PLL/HA),5(PDAMA/PSS) 5 as discussed in the text (image taken from ref '),
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The same system was used but in another configuration to create chemo-mechano
responsive film that was denoted as layer-by-layer enzymatic platform for stretched-induced
reactive release®”. It is schematically represented in figure 1.11. A PLL/HA multilayer was
used as reservoir for a compound (in that case FDP). This filled reservoir was capped by the
PSS/PDADMA barrier multilayer terminated by a PSS layer. ALP was then adsorbed on top
of this multilayer. In this configuration FDP was confined to the HA/PLL reservoir and could
not react with the ALP enzymes. When stretching this film above 60% FDP started to diffuse
through the barrier, react with ALP to transform into fluorescein which then diffuses into the
solution. It was shown that all the FDP that diffused through the film was transformed by the
enzymes into fluorescein. This provides a prototypeof a system where a compound in an
inactive form would be stored in a reservoir. Upon stretching, it would leach out react at the

interface to transform into an active compound. This system was, however, not reversible.
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Figure 1.11:Schematic representation of a layer-by-layer enzymatic platform for stretched-induced reactive
release (Image taken from [20]).

Another way to release active compounds upon stretching is by creating, a reservoir
into which this compound is stored?!. The reservoir is capped with a barrier that, under
stretching allows enzymes to diffuse through. These enzymes then degrade the reservoir. The
validity of this concept was demonstrated by selecting HA/PLL as reservoir, PSS/PAH as
barrier and trypsin as enzyme. Trypsin is a serine protease that cleaves the C-terminal side of
lysine residues from polypeptides and thus also degrades the polylysine from the film.
PSS/PAH acts as a barrier for trypsin. Under stretching, it breaks and allows trypsin to diffuse
into the PLL/HA film that is degrades locally.
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1.2.4. Other cryptic site surfaces

As described above, our group developed cryptic surfaces by embedding ligands into a
polyelectrolyte multilayer that was terminated by polyelectrolytes functionalized laterally by
anti-fouling (EO);-PC arms. This idea was even pushed further by proposing to anchor
directly the ligands onto a silicone substrate and to cover them by anti-fouling ethylene glycol
chains (PEG)1**!. At rest the PEG chains repel the receptors that cannot come in contact with
their ligands. Under stretching, the PEG chain density decreases, giving access of the ligands

to the receptors. This concept is schematically represented in figure 1.12.

v

% PEG chains . Proteins or cells .2 Biotin or peptide RGD

Figure 1.12: schematic representation of a cryptic site surface where ligands are grafted onto a silicone sheet,
covered by PEG chains. Under stretching the ligands become accessible to the receptors. This system appears to
be fully reversible. (image taken from ref (?2).

The silicone sheets were first treated by polymer plasma, in order to allow for further
functionalization of the substrate. This treatment was performed under stretching. PEG chains
of Mw=2000 were then grafter onto this substrate still under stretching. Finally, the ligands
were grafted onto this already PEG covered substrate. The ligands, biotin or RDG peptide
where coupled to the substrate through a (EO), linker. When returning to the non-stretched
state, this film proved to be totally non-adsorptive to proteins and non-adhesive to cells. When
stretched by 60% the system with biotin became specifically adsorptive to streptavidin (see
figure 1.13) or anti-biotin and cell adhesive for RDG ligands (see figure 14). When these
systems were returned to their non-stretched starched streptavidin or anti-biotin were totally
expelled from the surface and even more spectacular, cells detached from the substrate. This
stretching/non-stretching cycle could be repeated similarly several times showing that this
systems is fully reversible. Moreover, the amount of adsorbed streptavidin appeared
toincrease almost linearly with the stretching degree, allowing to modulate this adsorbed

amount.
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B Control [ Streptavidin [l Bovine Serum Albumin
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Stretching/unstretching cycles

Figure 1.13: Fluorescence intensity of a biotin cryptic site substrate where the biotin ligands are shielded at rest
by PEG chains. The streptavidin molecules (red) and albumin molecules (green) are brought in in contact with
the substrate at rest (0%) then stretched to 60% brought bact to th non-streched state (0%) an so an. At each
step, the substrate is brought in contact with the protein solutions (image taken from ref (221
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Figure 1.14: Optical microscopy images of osteoprogenitor cells deposited on PEG/RGD and RGD
functionalized silicone substrates. Column 1: Cells deposited on the substrate and stretched at 60% during 4h.
Column 2: The substrates were then suddenly brought back to the non-stretched and rinsed after 10min with
buffer. Most of the cells detached from the PEG+RGD substrate. The images were taken after rinsing. Column
3: 4h after the substrate was stretched. Column 4: this substrate was the stretched again (upper image) or
rinsed again (lower image of first line). One observes that cell that did not detach can spred again indicating
that they remained alive. (images taken from ref [#4)

17 —



Chapter 1|

1.3. Towards chemo-mechano-responsive substrates:

contributions from other groups

1.3.1. Chemo-mechano-responsive substrates from biology

Cells use chemo-mechanotransduction on a large basis to guide their fate. It has been
shown for example that the Young modulus of a polyacrylamide substrate covered by
collagen directs stem cells into various phenotypes : soft substrates (0.1-1 kPa) induce
neurogenic phenotype, Youg moduli ranging from 8 to 17 kPa induce a myogenic phenotype
whereas on hard substrates (25-40 kPa) stem cells transform into osteoblasts®*!. This implies
that cells sense the mechanical properties of their environment using mechano-transduction
processes. When cells adhere to a substrate they produce a matrix. This matrix contains
various proteins such as collagen and fibronectin. Fibronectin is an adhesion protein known to

self-assemble to form fibers (figure 1.15).

Figure 1.15: Fibroblasts invading a decellularized extracellular matrix. Fibronectin fibers are labeled in red.
Image taken from ref 241,

Cells that interact with these fibers generate tensile forces which change the
fibronectin conformation. This leads to a fibronectin unfolding which allows more soluble
fibronectin to bind"**!. Sucha matrix thus constitutes a chemo-mechano-responsive substrate.
Moreover proteins such as fibronectin are composed of tandem repeat units. These repeat
units have different mechanical stability allowing to sense a full range of tensile forces and

when unfolding they exhibit various cryptic sites that bind to various receptorst*.

Enzymes constitute another class proteins whose activities are controlled through a
precise topology of the residues involved in their active site. Moreover structural dynamics of
enzymes play a major role in the enzymatic activity[26]. It is thus expected that when an
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enzymes is put under a mechanical constraint that changes its conformation or modifies the
dynamics of its structural fluctuations, its activity changes. Using a spring probe (figure 1.16)
Choi and Zocchi showed that force induced conformational changes of guanylate kinase, an
enzyme that catalyzes the transfer of a phosphate from adenosine triphosphate to guanosine
monophosphate, affects its binding affinity towards guanosine monophosphate but not its

affinity towards adenosine triphosphate and thus also affect its enzymatic activity!*’.

Figure 1.16: Representation of a guanylate kinase chimera where (b) a ss DNA is coupled on two cysteins
located at opposite positions of the enzyme. When this ss interacts with its complementary stand it induces a
mechanical stress on the enzyme that changes its conformation into an open conformation. (image taken from ref

[27])_

Conformational changes of proteins upon stretching can be directly visualized on
Green Fluorescent proteins (GFP). These proteins have a typical beta barrel structure,
consisting of eleven B-sheets with six alpha helix(s) containing the covalently bonded
chromophore 4-(p-hydroxybenzylidene)imidazolidin-5-one (HBI) running through the

(28] Using Steered Molecular Dynamics Simulations of mutant GFPs Saeger et al.

center
showed how application of mechanical forces on specific GFP sites leads to conformational
changes in the proteins and how these conformational changes affect their fluorescence

properties (figure 1.17)%,
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Figure 1.17: A)End to end distance of GFP molecules relative to different conformations corresponding to
different applied forces as indicated in the figure; B) different emission spectra of GFP molecules for different

end to end distances corresponding to different applied forces.
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1.3.2.0ther chemo-mechano-responsive systems

The first to use the use of modulating the enzymatic activity of materials by applying

mechanical stresses on enzymes incorporated in the material was Klibanovet al.in 1976°%.

They attached a-chymotrypsin or trypsin on fine elastic polymer fibers, such as Nylon, with

glutaradhehyde. This material was then stretched. They found that by stretching this material

the activity of the enzymes decreased by almost 70% (see figure 1.18). This decrease was

found to be reversible by returning to the non-stretched state. They explained this effect by a

conformation change of the enzyme that becomes inactive (see figure 1.19)
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Figure 1.18: Enzymatic activity of (a) a-chymotrypsin and (b) trypsin covalently bound to nylon fibers as a
function of the stretching degree. The enzymatic activity is measured relative to the non-stretched state. (image

taken from ref %),
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Figure 1.19:Original drawing for the explanation of the change of the enzymatic activity change under
stretching taken from Klibanov's paper B!,
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Interestingly they found that when covalently fixing the enzymes on already stretched
fibers and relaxing the whole material, the enzymatic activity increased upon relaxation. The
explanation of this mechanism was based on the deposition of the enzymes in two
conformations: one that is active and one that is denatured and inactive. They assume that by
relaxing the material to a non-stretched state of the fibers, the molecules in the active
conformation becomes inactive and that in the inactive conformation become active.They
extended their result later to myosin whose activity also depended upon the stretching of
nylon fibers®". This idea, proposed by Klibanov et al. was then applied to control the activity
of glucose oxidase adsorbed onto a porous poly(vinyl chloride) membrane®* **!. Yet, in this
case they found an increase in the enzymatic activity by stretching the material. In fact this
effect proved to be due to an increase of the diffusivity and accessibility of the enzymes for
the substrates. Agarwal and Bhattacharya similarly attached covalently restriction
endonucleases onto nylon and polyethylene membranes™* These membranes were then put
under a mechanical stress and a decrease of the enzymatic activity was observed by increasing
the applied stress. This system appeared to be partially reversible. Yet no mechanism

explaining the change in the enzymatic activity under stress was given.

In 2009 Bruns et al. introduced the concept mechanical sensor based on FRET
(Fluorescence resonance energy transfer) within a thermosome™. The sensor corresponds of
two proteins coencapsulated onto the two cavities of a thermosome (see figure 1.20). The two
proteins were enhanced cyan fluorescent protein (eCFP) and enhan,ced yellow fluorescent
protein (eYFP) which constitute the most commonly used donor-acceptor FRET pair in
molecular biology. These thermosomes were then incorporated into a polymeric matrix. When
this matrix was put under a high mechanical stress, the induced strain leads to a structural
deformation of the whole protein with a separation of the two cavities of the thermosome.
This changes the fluorescence properties by reducing FRET. When cracks take place, the
relaxation of the matrix leads to a recovery of FRET. These materials can thus be used as
damage-reporting materials. Similar molecules were later used by this group for reporting

mechanical damage in glass-fiber-reinforced polymer composites>®.

Recently, Bielawski's group reported the design of a mechanically sensitive
biocomposite comprised of fluorescent proteins that report local stresses present in the
material. They incorporated eYFP which exhibits hypsochromic shifts inits fluorescence

emission maxima following compression and a modified green fluorescent protein (GFPuv)
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which exhibit fluorescence quenching under the action of mechanical force. This later

molecule is covalently linked to the polymer matrix and is denatured (conformational change)

under compression 7).

Figure 1.20: schematic representation of a mechanical nanosensor based on FRET within a thermosome for
damage reporting polymeric materials (image taken from reference **)).
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2.1. Materialsand samples build-up:

2.1.1.Chapter 3: Modulation of Green Fluorescent Protein spectral response under

stretching constraints

Materials

Polydimethylsiloxane substrate

According to its viscoelastic properties and its easy way to put in shape, PDMS

Sylgard-184 was chosen as a substrate for this study.

Di-isocyanate/Di-isothiocyvanate components

In order to modify our PDMS substrate, different bi-functional linkers were used.

PDIT and MDI were dissolved at 2mg.ml™ in anhydrous acetone solution while DIDS is

dissolved at Img.mL™" in milli-Q water.

Component Structure

Supplier

1,4-phenylene N=C=0
diisocyanate /©/
PDIT O=C=N

Sigma-Aldrich

4,4’methylenebis(phenyl
)isocyanate
MDI O=C=N N=C=0

Sigma-Aldrich

4,4’-diisothiocyano
2,2’stilbenedisulfonic
acid

DIDS

Sigma-Aldrich

Table 2.1 :bi-functional linkers used for the surface modification
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Poly(ethylene) glycol (PEG) solutions

In order to prevent non-specific adsorption of protein on the PDMS substrate,
antifouling PEG chains were grafted on it.PEG chains used during this project were

solubilized in milli-Q water at a concentration of lmg.mL™".

Component Structure Mw (g.mol-")  Supplier
Poly(ethylene) glycol ° OMe
amine/MeO terminated o/\/ 2000 Iris-

n Biotech

Poly(ethylene) glycol i
amine/alkyne o 3000 Iris-
terminated HoN n N % Biotech

Table 2.2 :Poly(ethylene) glycol chains grafted on the PDMS surface.

Green Fluorescent Protein (GFP) solution

The functionalization of the PDMS surface was performed using a solution at0.0275
mg.mL "' of GFP in phosphate buffered saline (PBS, Sigma-Aldrich). More details about the

specifically modified proteins are given in chapter 3.

Click reaction reagents

In order to covalently link the GFP to the surface, an alcyne/azide click reaction was
performed. Copper sulfate, sodium ascorbate, aminoguanidine hydrochloride and phosphate
buffered reagents were purchased from Sigma-Aldrich. Tris(3-
hydroxypropyltriazolylmethyl)amine (THPTA) ligand (figure 2.1) was prepared in our

laboratory by Dr. Jierry according to protocol elaborated by Fokin et al'" %,
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OH

Figure 2.1 (3-hydroxypropyltriazolylmethyl)amine (THPTA) ligand.

Methods

PDMS Syleard-184 substrates preparation

Poly(dimethylsiloxane) PDMS Sylgard-184 from Dow Corning was prepared using a
mixture composed of a base and a curing agent in a rate of 10:1. After mixing the two
components the mixture was degased for 1h in an under reduced pressure. The solution was
melt into PMMA molds and cured overnight at 90°C at 254 mmHg. PDMS substrateswere
then unmold and washed by immersion, first in500mL of a n-heptane and dodecanethiol (0.01
%) solution for 1 h and then two times in500mL of a n-heptane solution for 1h each time.
These washing steps are performed in order remove the remaining unreacted chains and the Pt
catalyst from the material. The silicone sheetswere then dried in two steps, first, under
pressure at room temperature during lh, and finally in the oven at 60°C overnight. The
poly(dimethylsiloxane) PDMS obtained is a transparent and elastic material. Prior to the
manipulations, PDMS substrates with a defined size of 2x1cm were prepared by cutting the
silicone sheets and cleaned with ethanol (10mL)and rinsed with milli-Q water (3x10mL) to

remove possible dust adsorption.

Functionalization of the surface

In order to maximize the functionalization rate of the surfaces, the different steps of

modification of the silicones were performed in a stretched state of 30%.

e Di-isocyante/di-isothiocyanate functionalization of the surface
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PDMS substrates were first activated under UV-Ozone for 60mn. Immediately after, the
substrates were immersed in a 20mL di-isocyanate solution at 1mg.mL'in acetonefor 1h at
room temperature under slow agitation. After this reaction the surfaces wererinsed with

acetone (10mL)andthen with milli-Q water (3x10mL).

e PEG chains grafting on the surface

Once the reaction with the isocyanates occurred, the samples were immersed in 10mL of
asolutionof amino-PEG (Mw = 3000) terminated with an alkyne groups at Img.mL" in milli-
Q water at room temperature overnight in order to react the amine groups with the isocyanates
from the silicone surface. After rinsing with milli-Q water (3x10mL)the samples were kept in

20mL of PBSbuffer (0.1M, pH 7.4) until use.

Click reaction conditions and coupling procedure
Once the PDMS surfaceswerefunctionalized with PEG/alkyne chains, the silicone

substrate were relaxed to their initial state and the reaction between the modified GFP and the
alkyne-terminated PEG was performed following an optimized Copper(I)-catalyzed Azide-
Alkyne Cycloaddition (CuAAC) protocol for bioconjugation developed by Finn and
coworkers®. For this reaction, all the reagents were mixedin a specific order to prevent
degradation of the proteins. It must be noted that all the compounds except the GFP were

solubilized in milli-Q water.
The reagents were added in a 2mL Eppendorf tube according to the following order:

- 432uL of a 3.35 ug.mL™' GFP solution in phosphate buffer(PBS, 0.1M, pH 7.4)
- 7.5uL of a premixed solution of CuSOs THPTA. 2.5uL of a 20mM
CuSOg4solution was mixed to SpL of a 50mM THPTA solution.
- 25uL of 100mM aminoguanidinesolution.
- 25uL of 100mM sodium ascorbatesolution.
The solution was then quickly homogenized and put in contact with functionalized PDMS for
one hour. Once the reaction occurred, the surfaces were washed (3x10mL), then stored in a

phosphate buffer solution (PBS, 0.1M, pH 7.4) until beinganalyzed.
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2.1.2. Project 2: Catalytic mechano-responsive polyelectrolyte multilayers based on
conformational changes of enzymes

Materials

Substrate nature

Silicone sheets with a thickness of 254um(Specialty Manufacturing Inc. SMI,
Michigan, USA) were used as an elastomeric substrate in order to perform stretching

experiments.

Polyelectrolyte solutions

Polyelectrolyte compounds used to build multilayer films were dissolved in a solution
of sodium chloride (NaCl) 150mM in ultra-pure water (resistivity of 18MQ.cm, Milli-Q-plus
water system, Millipore). Polyelectrolyte solutions were prepared at a concentration of

Img.mL" with adjusted pH of 7.4 (physiological conditions).
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Polyelectrolyte Structure Mw (g.mol-") Supplier
h NH, (\ H A~ NH2H
Poly(Ethylene- N B N L NN, NG 60 000 Sigma-Aldrich
Imine) 2 w. " N \) 2
PEI TN /\H/
K/ N NH, n
_ ]
HOOC HO
HyaluroniqueAci P Q o ° 132 000 Lifecore-
d ™ Biomedical
HA o=
L B n
L)
0} S X
Poly(L-Lysinc) I g 26000  Madein
labelled with NH laboratory
thiopyridone
PLL-S-TP - - 0
S §
- | —NH
0 B |27
+
NH;
B o3
H
s Y N__
Poly(L-Lysine) B NH | 70 000 Made in
labelledwith laboratory
fluorescein _ o
P L L FITC
NH
- | | —NH
o} m
+
NH;
| n

Table 2.3: Polyanions and polycations used for the build-up f the multilayer films.

Fluorescent polyelectrolyte
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In order to achieve confocal microscopy experiments, fluorescent polyelectrolytes
were used. These commercial polymers were marked with a fluorescent dye, the fluorescein

isothiocyanate(FITC, Sigma-Aldrich, Acxcitation = 488 nm / Aemission =520nm)(figure 2.2).
O O OH
990
O COOH

Figure 2.2: Molecular structure fluorescent dye covalently grafted on polymers: fluorescein isothiocyanate
(/Ie,\'(‘itation = 488 nm //Iemi.\wion :5207177[.

The binding of this dye on polyelectrolytes such as poly(L-Lysine) was obtained by
the nucleophile attack of the amine functions on the electrophile carbon from the
isothiocyanategroup resulting in a covalent coupling between the fluorescent dye and the

polymer. Characteristics of the PLL-FITC are given in table 2.3.

Enzymes solutions

For the enzymatic multilayer films build-up, the B-galactosidase (Escherichia coli
Grade VI, lyophilized powder, 250-600 units/mg protein, Sigma-Aldrich) was used. It was
dissolved at a concentration of 0.4mg.mL™" in al0mM HEPES buffer solutionatpH 6. For this
study, a specific modified enzyme with maleimide groups was produced by C. Rios (see

supporting information chapter 4 for protocol).

Enzymatic substrate solutions

The enzymatic activity of P-galactosidasewas monitored by dipping of multilayer
films in solutions of fluorescein di-f-galactopyranoside (FDG)at a concentration of0.1mg.mL"
"in a buffer solution of 0.IM TRIS/ 0.15M NaClat pH 7.4. Under the action of P-
galactosidase, the FDG is hydrolyzed in fluorescein. The produced fluorescein (Aexcitation = 490
nm / Aemission = J15nm)during the enzymatic reaction was detected by fluorescence

measurement using a UV/Visible spectrophotometer.
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@)

OH HO
o} o} (0] O o OH
IR, R
0 e
3 -galactosidase -
OH OH ! COOH

Fluorescein Di-B-Galactopyranoside (FDG) Fluorescein

Figure 2.3: Hydrolizis of FDG in fluorescein in presence of f-galactosidase.

Other compounds

EDC (1-Ethyl-3-(dimethylaminopropyl)carbodiimide hydrochloride), NHS (N-
hydroxysuccinimide), ethanolamine  solution, = TCEP (tris(2-carboxyethyl)phosphine),
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid ) and TRIS
(tris(hydroxymethyl)aminomethane))reagents were purchased from Sigma-Aldrich.

Methods

PDMS substrates preparation
Square surfaces of SMI silicone sheets were cut at defined dimensions of 18mm

x18mm and deposited on glass slides permitting easier manipulations during the
functionalization steps and the use of a dipping robot for the multilayer construction. Prior to
the film elaboration, substrates were cleaned with ethanol (10mL) and then rinsed with milli-

Q water (3x10mL).

Polyelectrolyte multilayer film construction

In order to elaborate films owning high number of layers, a dipping robot was used
(Dipping Robot, Riegler and Kirstein, GmbH, Berlin, GERMANY). During the construction,
the substrates were alternatively immerged inpolyelectrolyte and rinsing solutions. The build-
up process begun with a dipping step of the PDMS surfaces in a PEI solution for 10mn
followed with a rinsing step in buffer solution of 4mn. This first step was performed in order
to form an anchoring layer on the top of the silicone substrates. The PLL-S-TP/HA
architecture was then obtained by dipping the silicone substrates in a hyaluronic acid (HA,
polyanion) solution for 4mn followed by two rinsing steps of Smn in NaCl 0.15M buffer
solutions. The PLL-S-TP (polycation) was then deposited in the same manner. The build-up
process was pursued by the alternated deposition of PLL-S-TP and HA. After deposition of n
bilayers, the film is denoted (PLL-S-TP/HA),. We used films constituted of 24 PLL-S-TP/HA

"bilayers”.
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Crosslinking steps

¢ Film reticulation

Once the PLL-S-TP/HA film wasbuilt, it was cross-linked by immersion of the PDMS
substrates in 3mL of a 20 mM EDC / 50 mMSulfo-NHS in NaCl (0.15M in milli-Q water)
solution for 24h at 4°C. This step was performed tohavecarboxylic acid groups from HA
reacting with amine groups present on PLL. The films were then washed during 5 times with
alOmL NaCl (0.15M in milli-Q water) solution and immersed in 3mL of 1M ethanolamine
solution in NaCl (0.15M in milli-Q water) for 40mn to react with eventual remaining
activated carboxylic groups. Once this step wasperformed the films were washed5 times with

10mL NacCl (0.15M in milli-Q water) solution.

¢ Enzyme crosslinking

100uL of enzyme solution (0.4mg/mL in a 10mM HEPES buffer solutionatpH 6) was
deposited at the top of the multilayer film for 1h to permit its penetration inside the polymeric
matrix. After removing the excess of enzyme solution on the top of the film, 200uL of a
TCEP solution (1.14mM in TRIS10mM/NaCl150mM in milli-Q water) was brought in
contact for 30mn without rinsing step. Once the reaction finished, the sample was rinsed with

10mL of TRIS10mM/NaCl 150mM in milli-Q water and enzymatic tests were performed.

Enzymatic reaction tests
The enzymatic activity of the polyelectrolyte multilayer films were monitored by

placing them in a home-made stretching device (see part II.LA.4) in a specifically
manufactured support and adding 3.8mL of a FDG solution at 0.1mg.mL"". The reaction was

monitored by measuring the emission intensity at 515nm.
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2.1.3.Project 3: Design of mechano-responsive materials based on multilayer films made
from alginate-catechol and alkaline phosphatase

Materials

All the reagents were purchased from Sigma-Aldrich: branched polyethyleneimine
(PEI, Mw =750000), alkaline phosphatase (ALP, P-4002), 4-nitrophenylphosphate (PNP,
disodium salt solution), sodium alginate (Mw = 350000) and NalO,, CaCl,, CH3COONa salts
buffersolutions.A rinsing buffer of sodium acetate (NaCOs, 10mM, pH a 4.5) used during the
build-up process was prepared. An additional buffer solution (TRIS. 50mM. pH 8.5) used for
the storage and the washing of the film was prepared. All the solutions were prepared using
ultra-pure water (resistivity of 18MQ.cm, Milli-Q-plus water system, Millipore).

Polyelectrolyte solutions

Polyelectrolyte compounds used to build multilayer films were dissolved in a buffer
solution of sodium acetate (NaCOs3) 10mM in ultra-pure water (resistivity of 18MQ.cm, Milli-
Q-plus water system, Millipore). Polyelectrolyte solutions were prepared at a concentration of
Img/mL with adjusted pH of 4.5. As previously,the branched PEI was used as a first
anchoring layer for the build-up of the polyelectrolyte multilayers.

In order to covalently bind our polymeric structure, a modified alginate-catechol

polymer was synthesized in our laboratory. This polymer was elaborated by Dr. Tony Garnier
1L

according to the protocol from Kastrup et al. “!and was denoted alginate-catechol (AC, Mw =

350000, grafting ratio 10%).

HO,

°

OH

Figure 2.4: Alginate polysaccharide modified with catechol moieties (in red.
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Enzyme solutions

For this project, the polyanionneeded for the elaboration of multilayer films was
replaced by a positively charged enzyme under specific experimental conditions: alkaline
phosphatase (ALP, Sigma-Aldrich, P-4002). It wasdissolved at a concentration of 1mg/mL in
a solution of sodium acetate (NaCOs3) 10mM in ultra-pure water (resistivity of 18MQ.cm,
Milli-Q-plus water system, Millipore) with adjusted pH of 4.5inferior to the isoelectric point
of the ALP"/,

Enzymatic substrates

e p —nitrophenylphosphate (4-nitrophenyl phosphate, PNP)

The enzymatic activity of phosphatase alkaline was monitored by dipping of multilayer
films in a solution of PNP (figure 2.5) at a concentration of 10%in a buffer solution of TRIS
50mM at pH 8.5. Under the action of alkaline phosphatase, the p-nitrophenyl phosphate
(PNP) is hydrolized in p-nitrophenolate (PN) and in a phosphate ion. The produced PN during
the enzymatic reaction can be detected by absorbance measurement at Aspsorbance = 405nm

witha UV/Visible spectrophotometer.

O -0 070
>
Alkaline phosphatase

_ > —
0.0 pH=>7 0
RN
o \O

Para-nitrophenylphosphate Para-nitrophenolate

Figure 2.5:Hydrolizis of PNP in presence of alkaline phopsphatase.

e Fluorescein Di-Phosphate (FDP)

The enzymatic activity of alkalinephosphatase can also be monitoring by dipping
multilayer films in a solution of fluoresceindi-phosphateat 0.1mg.mL™(FDP, Invitrogen) in a
TRIS 50mM buffer at pH 7.4. The fluoresceindi-phosphate is a colourless and non-fluorescent
substrate from alkaline phosphatase(figure 2.6) leading, after enzymatic transformation in
fluorescein, to a better resolution in detection than PNP. The enzymatic hydrolysis of FDP
takes place in two steps, leading first to the formation of fluorescein mono-phosphate and then
to fluorescein (Aexcitation = 490NM / Aemission = S 15nm). It must be noted that FDP solutions used

can own a low fluorescent background due to mono-phosphate fluorescein or initially present
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fluorescein in the commercial reagent. As previously, the enzymatic activity occurring during

the experiments was monitored by using a UV/Visible spectrophotometer.

0 O OH
e OO
Alkaline phosphatase
! COCOH

Fluorescein Di-Phosphate (FDP) Fluorescein

Figure 2.6 Hydrolysis of FDP in fluorescein in presence of alkaline phosphatase.

Methods

Multilayer films were prepared on silica slides (12mm diameter, VWR International,
Strasbourg, France) or on silicone sheets (Specialty Manufacturing Inc. SMI, Michigan,
USA)of 254um thick and12mm diameter. Surfaces were cleaned with ethanol then pure water
before use. The films were elaborated according to the layer-by-layer technique consisting in
the successive adsorption of negatively and positively charged polyelectrolytes. In order to
homogeneously coat the surfaces during the elaboration of the films, a PEI layer was
deposited on the substrates by dipping them for 4mn in a solution of PEI. The PEI solution
wasthen rinsed with asolution of sodium acetate 10mM pH 4.5for 2mn. Once this step
wasperformed, the multilayer build-up was performed. The substrates were first dipped in a
catechol functionalized alginate (AC, polyanion) solution for 4mn. Then a rinsing step was
performed by dipping them 2mn in sodium acetate buffer (10mM, pH 4.5). The alkaline
phosphatases (ALP) were then deposited according to the same conditions. The build-up
process was pursued by the alternate depositions of alginate and enzymes leading to the

multilayer films elaboration. After deposition of n bilayers, the film is noted PEI(AC/ALP)j.

The surfaces were then put in contact with a solution of CaCl, 3,3 mM in sodium
acetate buffer pH 4.5 for 10mn to complex the alginate, and then dipped in a solution of
sodium periodate (NalO4) for various time. Under oxidative conditions, catechol groups
become reactive and crosslink the multilayer film, leading to the formation of a covalently
bound matrix. Once the crosslinking stepwas accomplished, the films were stocked in 30mL

of TRIS 50mM pH 8.5 buffer until use in order to keep the integrity of the enzyme. The

41 —




Chapter 2|

buffer was replaced every 24 hours to wash the film from non-covalently linked species. After

3 days of washing, first enzymatic activity tests were performed.

Enzymatic reaction monitoring:
The enzymatic activity of the films was monitored measuring the absorbance of the

produced PN during the reaction using a UV/Visible multidetectorspectrofluorimeter (Xenius
XC, SAFAS, Monaco) equipped with a microplate reader. The films were put in a 24-well
cell culture plate with 2mL of premixed PNP solution and absorbance measurements at

405nmwere performed each 30sec for 2h.

2.1.4. Stretching devices

In order to study our surfaces under constraint, a homemade stretching device was
designed and elaborated in our group (figure 2.7). It permits to stretch our silicone substrate in

a longitudinal way up to 100% elongation.

Figure 2.7: Stretching devices: The silicone sheets are placed between the two clamps and stretched manually.

The stretching degree is defined as:

_ =1
@ =0

100
Lo

With Iy and 1 corresponding respectively to the initial and the stretched length of the
silicone substrate. All the stretching experiments were performed at room temperature under

liquid conditions.

In order to detect the enzymatic activity of films during stretching experiments with a
high sensitivity, an homemade support made of poly(methyl methacrylate) designed to permit

fluorescence measurementswas used (figure 2.8).The monitoring of the reaction was
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performed by adding 3.8 mL of the enzymatic substrate in the support, and analyzing the

fluorescence response each 30sec for various times.

Figure 2.8: Homemade support elaborate to monitor the enzymatic activity using a spectrofluorimeter SAFAS
(Xenius XC, SAFAS, Monaco).

2.2. Physico-chemical characterization

2.2.1. UV-Ozone oxidation process

Principle:

UV-Ozone treatment is a photo-sensitized oxidation technique based on the high
reactivity of oxygen radical (O*). As shown in figure 2.9, two distinct UV wavelengths are

involved in this process.

<] Q [> Mercury Lamp

hv, = 184.7 nm
hvo\¢ 253.7 nm
2x Oz
hv, =253.7 nm

0*.

CO, + H,0

/

Figure 2.9: UV-Ozone process: creation and reaction of atomized oxygen. A first wavelength hvi=184.7 nm is
involved in the fission of diatomized oxygen leading to the creation of radical oxygen species and ozone
molecules. The second wavelength hv2=253.7nm can directly react with the PDMS surface leading to the
formation of carbon dioxide or water, or with ozone molecules to regenerate dioxygen molecules and radical

o*.

PDMS surface

oxygen species.
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The first radiation at A=185nm is used to dissociate the O, molecule coming from the
air to formradical oxygen reactive species. As a strong oxidant agent, atomic oxygen can
generate Oz by reacting with O, or by directly interacting with the surface of our substrate.
The second wavelength at A=254 nm corresponds to the energy needed for the ozone
dissociation. If both are present a continuous creation and destruction of ozone occurs,
increasing the quantity of O* formed. The second wavelength is also involved in the creation
of radicals on the surface of our substrate by reacting with organic matter. All these reactions
lead to the creation of functions at the surface of our material such as carboxylic acid or
silanol groups ' by reacting with methyl groups from PDMS. A reaction between carboxylic
groups and ozone molecules can also occur and lead to the creation of volatile molecules such
as carbon dioxide. It must be noted that a too long exposure time also leads to the formation

of a breakable silica layer at the top of our PDMS substrate [,
Procedure:

UV-Ozone oxidation processes were performedusing a UV-ozone Pro Cleaner Bio
Force Nanosciences machine that has a mercury vapor lamp, wavelengths of 254 nm and 185
nm with an UV intensity of 14.76 mW/cm®. It was placed at 1 cm of distance from the sample

for the PDMS surface activation.

2.2.2 Contact angle measurement:

Contact angle measurement is an easy and quick technique to control the surface
properties of a material. The method consists in measuring the contact angle of a droplet

deposited on a surface.
Principle:

The shape of a droplet deposited on a material is the result of a combination of
different interfacial energies occurring: liquid/vapor yLvy, solid/liquid ys;. and solid/vapor ysy.
The static contact angle 6 between the outline tangent of the drop and the surface at the triple

interface solid-liquid-vapor point is given by Young-Dupré’s equation:

Yy Vs =Yy COSO
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Figure 2.10: Schematic illustration of Young-Dupré's relation linking the shape of a liquid droplet (contact
angle6) with the different interfacial tensions in presence, liquid/vapor y.y, solid/liquid ys, and solid/vapor ysy.

It can be noted that if water is used as the liquid, the hydrophilic (small contact angle®,
high surface energy) or hydrophobic (high contact angle6, low surface energy) properties of

the surface can be deduced.
Procedure:

Contact angle measurements were performed with a DIGIDROP-GBX® coupled with
a cameraby using 6puL pure water droplets. Series of three measures were performed and

averaged for each treatment.

2.2.3. UV-Visible spectroscopy

Principle:

The UV-Visible spectroscopy is based on the properties of molecules owing
chromophore groups to absorb specific wavelengths of the UV-Visible spectra. By measuring
of the absorbance, this method permits the determination of the chromophore's concentration
according to Beer-Lambert law. The absorption of a sample is measured by a
spectrophotometer for a specific incident wavelength of the UV-Visible spectra (from 200nm

to 900nm).

The Beer-Lambert law linksthe intensity of transmitted radiation / (that passed through
the material) with the incident radiation /y(initial intensity) and the length / of the sample

study.

I ==
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With ¢ and ecorrespondingrespectively the concentration (mol-L™") and the molar extinction
coefficient (L-mol"-cm™) of the chromophore group for a defined wavelength. It must be

noted that this relation makes sense only for diluted middle with ¢< 100mmol-L™.

In UV-Visible spectrophotometry, the absorbance A is the parameter used to draw
spectra. It is unit less and expressed as a logarithmic ratio between the radiation falling up a

material/y and the radiation transmitted through a material /.

Procedure:

During this thesis, spectrophotometry was used to monitor enzymatic activity of
different enzymes such as f~galactosidase or alkaline phosphatase in presence of their
respective substrates. Measurements were performed using an
UV/Visiblemultidetectorspectrofluorimeter (Xenius XC, SAFAS, Monaco) equipped with a

microplate reader.

2.2.4.Fluorescence based microscopy

Principle of fluorescence:

Fluorescence is the property of some molecules to adsorb a photon at a specific
wavelength (hvey) and to re-emit it at a higher wavelength (hvep,)(figure
2.11;Jablonskidiagram). Under a specific wavelength, the molecule is first excited from its
initial state Sy to a superior energy level state S;’. At room temperature, non-radiative loss of
energy occurs. The molecule loses some of its energy due to vibrational relaxation and
collisions with surrounding molecules, leading it to a lower energy state S;. The return of the
molecule to its initial state Sy is linked to the emission of a photon. This photon is
characterized by a lower energy than the initially absorbed one leading to a higher wavelength

of emission than excitation. This difference of energy is called Stokes shift.
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Figure 2.11: Jablonski diagram. (1) The fluorescent molecule at its fundamental state Sy adsorbs a photon and
is promoted to the excited state S;’. During its deexcitation process, a first non-radiative loss of energy due to
intern conversion occurs (2) leading the molecule to a lower excited state S;. Finally the molecule undergoes an
electronic transition from its excited state S;to its initial state Sy (3) leading to the emission of a photon
characterized by hv,,<hVv,,.

It must be noted that fluorescence intensity and emission/excitation wavelengths are

specific for each molecules also called fluorophores. Generally, fluorophores are small
molecules, which can be covalently linked to molecules of interest such as polymers or
biological macromolecules. According to their important quantum yield of fluorescence they

allow precise detections of labeled species by various techniques of fluorescence microscopy.
Principle of the fluorescence microscopy:

The fluorescence microscopy is a technique using a traditional optical microscope
coupled with filters and lights sources to observe fluorescent species. According to the Stokes
shift principle, it is possible to observe fluorescentmolecules by specifically excite them and
filtering the returning light (figure 2.12). The light emitted by a mercury lamp or a laser is
first filtered in order to define a specific wavelength of excitation. It is then directed by a
dichroic mirror on the sample. The emission light of the sample is then filtered in order to
only keep its fluorescent contribution. It must be noted that owning a low detection threshold,
this technique permitsa better contrast observation than absorbance measurements, thus is

used when low quantity of matter has to be characterized with precision.
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Figure 2.12: Schematic representation of a fluorescence microscope.

Procedure:

The fluorescence measurements described in this work were performed using an
inverted light microscope (Nikon Microphot-FXA, Japan) equipped with a mercury lamp and
operating between 470nm and 490nm for excitation and above 500nm for detection. The
image analyses were performed using Imagel] software (Raspband, W. S, Imagel, U.S.

National institutes of Health, Bethesda, USA).
Principle ofConfocal Laser Scanning Microscopy (CLSM):

In standard fluorescence microscopy, the sample is illuminated in its integrality
leading to a high amount of out-of-focus light perturbing the observation. In order to prevent
this phenomenum and to increase the resolution of the fluorescence analysis, confocal laser
scanning microscopy was developed. This technique consists in using a point illumination
produced by a laser with a defined wavelength at a precise point of the sample (focal point).
Parasite fluorescence coming from plans other than the focal one is removed using a pinhole
leading to an increase of the signal-to-noise ratio. Thesample is scanned point per point along
a defined line creating a two dimensional slice image. Three dimensional representation of the

sample is obtained by stacking individual XY slices.
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Figure 2.13: Schematic representation of the confocal laser scanning microscopy principle. The laser beam is
directed and focused on a specific point of the sample. Emitting light is filtered using a pinhole, leading to the
elimination of out of focuse light. Final fluorescence is collected using a photomultiplier.

Procedure:

Confocal laser scanning microscopy observations were used in order to visualize
build-up of polyelectrolyte multilayer films labeled with fluorescent polymers. Experiments
were performed using a confocal microscope LSM 510 META (Carl Zeiss S. A. S., Le Pecq,
France) equipped with Helium-Neon(543nm) and Argon (459,488 and 514nm) lasers. Images
were obtained using 40x wet objective, scanning the samples with argon laser at 488nm for
excitation, emission light taking back at 520nm. Images were treated using ImageJ software

(Raspband, W. S, ImageJ, U.S. National institutes of Health, Bethesda, USA).

2.2.5.Atomic Force Microscopy (AFM):

The Atomic Force Microscopy (AFM) is a near-field microscopy developed in the
middle of the 1980’s by Binnig, Quate and Gerber. The AFM is a Scanning Tunneling
Microscope variant used for the topography analyze of non-conductive surfaces. The AFM
imaging consists in the detection of interactions occurring between a tip and the surface of a
sample during a scanning process. This technique allows a resolution of a few nanometers in

the (x,y) plan and Angstrom in the z direction. Development of this technique permits
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moreoverthe studies of more characteristics of the surface such as mechanic, electrostatic and

magnetic properties.
Principle:

The AFM imaging is based on the measurements of the interatomic forces (van der
Waals, electrostatic forces, ionic forces...) occurring between a mono-atomic tip and a
surface. This tip is attached at the end of a cantilever characterized by its spring constant £.
During the scanning process, interactions between the tip and the surface generate a deflection
Az of the cantilever. This deflection is monitored by analyzing the reflection of a laser beam

on the cantilever using a photodiodes system.

Photodiode detector
“ Laser beam
‘ Cantilever
Sample Tip
[
Z
X
y

Piezoelectric scanner

Figure 2.14: Schematic representation of Atomic Force Microscopy (AFM).The sample is fixed on a
piezoelectric scanner. The cantilever is approached to the surface. During the scanning process, interactions
between the tip and the surface generate a deflection Az of the cantilever. This deflection is monitored by
analyzing the reflection of a laser beam on the cantilever using a photodiodes system.

The variation of intensity detected on the different photodiodes allows determining
with precision the cantilever deflection and, according to the Hook law, to the forces (F)
occurring on the tip.

F=kAz
Imaging of the surface:

The topography of the substrate is obtained by the determination of the cantilever

deflection in each point (x,y) of the surface. Different modes of measurement were developed
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in order to characterize the surface topography and physicochemical properties, the most used

onesare: contact, no-contact and tapping modes (figure 2.15).

Figure 2.15: Schematic representation of the main modes for AFM imaging: (a) contact mode, (b) no-contact
mode and (c) tapping mode (intermittent contact).

During this thesis, only the contact one was used. In this mode, the tip is kept in
contact with the sample surface using a constant force (about 10nN). A retroactive process
adjusts permanently the z position of the substrate.Analysis of this shifting leads to the

creation of a topography imaging of the surface.
Procedure:

Atomic Force Microscopy (AFM) was performed using a Multimode/NanoscopelV
microscope (Veeco/Brucker, Santa Barbara, USA). All the pictures were imaged in contact
mode using silicon nitride cantilevers with a spring constant k = 0.03N*m™ (MSCT model,
Veeco/Brucker, Santa Barbara, USA) at scanning rate of 2Hz under liquid conditions. AFM
imaging was performed on multilayer films and polymer matrices built on QCM quartz
crystals, quartz slides and silicone substrates. The thickness of the samples was determined by
analysing a profilometric section of the filmsmade with the end of a tweezer. Roughness was
evaluated on 10 x 10 um? area by calculating the root mean squared roughness. The image

analyses were performed using Nanoscope software version 8.15 (Digital Instrument, Veeco).

2.2.6. Quartz Crystal Microbalance (QCM)

The Quartz Crystal Microbalance with Dissipation (QCM-D) is a high-resolution mass
sensing technique based on the piezoelectric effect of a quartz crystal. This technique consists
in measuring the changes in resonance frequency (A f) and in dissipation (AD) of a quartz
crystal induced by material adsorption on its surface in order to estimate the quantity of matter

deposited. It allows the measurement of mass deposition with a sensitivity in the ng-cm’
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*range. During our works, the QCM-D permitted us the monitoring in-situ of the multilayer
films construction and by applying mathematical models to our results, to determine their

hydrodynamic thickness.
Principle:

The principle of Quartz Crystal Microbalance (QCM) was developed in the 1960’s by
G. Sauerbrey based on the piezoelectric properties of quartz. Indeed, quartz is a material that
deforms when it is submitted to an electrical potential difference, and inversely, under
mechanical stress, a polarization appears at its terminals. The QCM substrates are composed
of a quartz disc of 0.3mm thick, surrounded on both sides with conductive gold electrodes.
One of the electrodes is coated with a silicon layer.By applying a potential difference between
the two electrodes, a shear movement of the quartz crystal is induced. By fixing the lower side
of the crystal on a stationary support, the upper side undergoes a horizontal translation

movement resulting in mechanic oscillations (figure 2.16).

@ Silicon layer (SiO,)
-) : Gold electrodes
4 : Quartz crystal

Figure 2.16: Schematic representation of a quartz crystal coated with gold electrodes. Potential differency
applied on it leads a shear constraint (represented by the red arrow) in a perpendicular way of the electric field
application.

Owing a fundamental frequency and overtones, the system can be compared to a

harmonic oscillator characterized by its resonance frequencyfr.

1 |k
fr= 2m M
With M and k representing respectively the oscillator mass and spring constant. When

a mass m (m <<M) is deposited on the surface of the quartz crystal, the total mass of the

oscillator becomes m + M and a new resonance frequency f is associated to the system:
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_ 1 k (1 m)
1= o fmvm = Uay
The deposition of a mass m at the surface of the crystal quartz leads to a shift in
resonance frequency Af corresponding to:

-mfr m

AM=tb=ay=¢

With C a characteristic constant of the quartz crystal used, called Sauerbrey constant:

_2M
fr

The principle of the QCM consists in measuring the changes in resonance frequency
(Af) of the quartz crystal induced by materials deposited on its surface and so to determine
the quantity of matter deposited. It must be noted that this mass deposition can not only be
monitored at the quartz crystal fundamental frequency but also at all its overtonesv leading to

an extension of Sauerbrey's law:

A
m= —Ci
v

It must be noted that the Sauerbrey law can be used as a good first approximation in
liquid condition when the values of Avi corresponding to all the harmonics are superposed.It

is only valid in ideal cases of thin rigid and uniform film depositions and in the absence of
friction and viscoelastic effects.In the case highly hydrated films that behave like viscous
liquids or gels, Sauerbrey's law is replaced by the Voigt-Voinova model taking in account the

viscoelastic properties of the deposited material.

Recent technique evolutions and development of QCM-D, allow taking in account a
new experimental parameter, thedissipation factor D (figure 2.17). This parameter is linked to
the viscoelastic properties of the deposited film on the crystal surface and is defined as the
proportion of energy lost at each crystal oscillation compared to the energy stored in the
oscillator. It is experimentally obtained by measuring the relaxing time after mass deposition

of a quartz crystal initially excited at its resonance frequency for a few ps. This relaxationtime
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is inversely proportional to the damping constant of the system and allows the determination

of the factor D, characteristic of the viscoelastic properties of the films.

a. Excitation b. Relaxation
1
1

Amplitude of oscillation

Time

Figure 2.17: Oscillation amplitudes of the quartz crystal as a function of time during a QCM-D experiment. (a)
Excitation of the quartz crystal at its resonance frequency. (b) Relaxation phase of the quartz crystal leading to
the determination of the factor D.

Procedure:

The construction of the multilayer films was monitored in situ by Quartz Crystal
Microbalance (QCM-D, Q-Sense E4, Gotenborg, Sweden) at a stabilized temperature of
22°C. The quartz crystal is excited at its fundamental frequency (5MHz) and the
measurements are performed at its overtone v1, v3, v5 and v7 (respectively 5, 15, 25 and 35
MHz). According to Sauerbrey's law, in first approximation, a shift in Af can be associated to
a variation of mass adsorbed on the crystal. It must be noted that only the frequencies and
dissipations at the end of the rinsing step following the layer adsorption are taken into

consideration for the characterization of the film.

Before each experiment the QCM quartz crystal is cleaned under UV-Ozone during
10mn and put in contact with the buffer solution until stabilization. Once the crystal isstable,
the build-up of the film is performed following the layer-by-layer deposition method. 600puL
of corresponding solutions are alternatively injected with an automatic pump in the QCM cell.
This volume is chosen in order to completely replace the previous solution injected in the
system. The solution is then let in contact with the surface for Smn. After each polymer

deposition, the measurement cell is rinsed using a buffer solution for Smn.
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At the end of the experiment, the system is cleaned withfour successive rinsing
solutions for 10mn: Hellmanex 2% solution, hydrochloric acid 0.1Msolution, sodium
hydroxide 0.1M solution and finally milli-Q water. Compressed air is then used to dry the
different QCM components.

2.2.7.Fourier TransformInfraRedspectroscopy (FTIR)

Infra-Redspectroscopy (IR) is a vibrational spectroscopy technique dealing with the
mid-infrared region of the electromagnetic spectrum (4000-400cm™). It is used for the
chemical characterization of gaseous, liquid and solid samples.The Fourier Transform
Infrared Spectroscopy (FTIR) used during this work is a particular IR method based on the
use of an interferometer in order to increase the sensitivity and the speed of the

measurements.
Principle:

Infrared spectroscopy is based on the fact that molecules absorb specific
frequenciescharacteristic of their structure.Matching with the transition energy of the bond or
group that vibrates, these absorptions are called resonance frequencies. The energies are
determined by the shape of the molecular potential energy surfaces, the masses of the atoms

and the associated vibronic coupling.

All the chemical bounds don’t absorb in the same way in the infrared domain,
depending in particular on the molecule symmetry. It exists different symmetric or
asymmetric modes of vibration called elongation or deformation (figure 2.18). The masses of

the atoms as well as their electronegativity also have an influence on the adsorption bands

N A\
(: \ ‘\/' \
N N
c. f d. f e 4 f. 4
Figure 2.18: Modes of vibrations: symmetric (a) and asymmetric (b) elongation; symmetric (c) and asymmetric
(d) deformation in the plan; symmetric (e) and asymmetric (f) deformation out of the plan.

positions.

Thus, the frequency of the vibrations is associated with a particular mode of motion

and a particular bond type giving information about the chemical nature of the molecule.
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During the experiment, an infrared incident beam (2.5-25um)is going through a
sample and an analysis of the transmitted beam in function of the wavelength is performed.
The infrared spectrum is established by monitoring the energy absorbed at each
wavelength.This acquisition can be performed with a monochromatic beam and modifying its
wavelength with time or by using a Fourier transforms apparatus. In the FITR method, the
sample is simultaneously lightened at all the wavelengths and the infrared spectrum is
obtained in integrality by processing the transmitted signal. This technique allows short
acquisition times improving both acquisition number and signal-to-noise ratio leading to high

sensitivity detection.
Attenuated Total Reflectance Fourier Transform Infra-Red spectroscopy (ATR-FTIR):

Attenuated total reflectance mode uses a property of total internalreflection resulting in
an evanescentwave.The infrared incident beam is directed through a ZnSe -crystal
characterized by its high refractive index (n;). At the interface between the crystal and the less
refractive index (n;) middle, at least one reflection occurs. This reflectionforms the
evanescentwaves which extendinto the sample. The penetrationdepthinto the

sampleistypicallybetween 0.5 and 2um.

Sample

Transmitted IR beam Incident IR beam

<€

ATR Crystal

* Evanescent waves

Figure 2.19: ATR crystal multireflection principle.

The advantage of using ATR-FITR over transmission-IR is the limitedpathlengthinto
the sample, avoidingproblem of strongattenuationof the IR signal in absorbingsamplessuch as
highlyhydratedmaterials. Moreover developments of specificexperimentscellspermitin-
situbuild-up of multilayer films in aqueous conditions on the crystal surface, leading to an

infrared monitoring of the multilayer film elaboration.
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Procedure:

Duringtheseworks, the ATR-FTIR spectroscopywas used for the characterization of both
PDMS substrates and layer-by-layer films.

(a) Surface characterization
This method wasperformed by putting the surface of interest in contact with the ATR
crystal. It must benotedthat if the characterizationneeded to occur in liquid conditions,
the sampleswere prior to the analysisimmersed in a D,O solution for one night.
Thisstepisperformed in order to replace H,O with D,O in the samplesand
thuslimitinfraredbeamabsorption.

(b) In-situ multilayer films elaboration
Beforeeachexperiment the ATR germanium crystal iscleanedwithethanol solution,
placed in the FTIR liquidcelland put in contact with the buffer solution
untilstabilization. Once the crystal is stable, the build-up of the film
isperformedfollowing the layer-by-layer depositionmethod. 1mL of corresponding
solutions are alternativelyinjectedwith a syringe in the specific ATR-FTIR liquidcell.
This volume ischosen in order to completely replace the previous solution injected in
the system. The solution isthen let in contact with the surface for 10mn.
Aftereachpolymerdeposition, the measurementcellisrinsedusing a buffer solution for
10mn and an infraredspectrum isacquired. It must benotedthatpolymer and buffer
solutions are preparedshortlybefore the manipulation using D,O. If necessary, pH
adjustments are performedusingDCl and OD solutions.
At the end of the experiment, the system iswashedwith four successive rinsing
solutions for 10mn: Hellmanex 2% solution, hydrochloricacid 0.1M solution, sodium
hydroxide 0.1M solution and then milli-Q water. Compressed air is finally used to dry
the different ATR-FTIR components.

All the experimentswereperformedusing an FTIR spectrometer (Vertex 70, Bruker,

Billerca, MA, USA) equippedwith a deuteratedtriglycine sulfate (DTGS) detector. Total
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reflectance ATR ZnSe crystalaccessorywasused for IR measurements. All spectra acquisitions

wereperformedat 2cm ' resolution over 20 scans within the range 4000-800cm™.
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3.1. Introduction

The goal of mythesis was to designmechano-responsive materials that transform a
mechanical stress into a chemical signal by mimicking physico-chemical processes taking
place during cell adhesion, namely based onstretched induced protein conformational
changes. We planned to achieve this goal by covalently grafting enzymes onto stretchable
substrates. Stretching suchsubstratesshould induce changes in the conformation of grafted
enzymes and lead tochanges in their enzymatic activity!™. In order to make a proof of
concept we first intended to "visualize" conformational changes in proteins that respond
physically to such stretching. For this purpose green fluorescent proteins (GFP) seemed to be
examples of choice since it is known!*'that GFP conformational changes are accompanied by
changes in their absorption or fluorescence spectra. We thus first intended to covalently
linkspecifically GFP moleculesonto silicone substrates (see figure 3.1) and verify

iffluorescence changes are detectableby stretching.

Specific modification of the GFP Unstretched state « fluorescence on » Stretched state « loss of fluorescence »
with azide groups

Figure 3.1 : Schematic representation of the mechano-responsive surface. At rest (a), modified GFP are grafted
onto a stretchable substrate, fluorescence is detected. Under stretching (b) the GFPthree dimensionalstructures
is put out of shape leading to a loss of its fluorescence response.

This study was performed within the framework of the International Research
Training Group (IRTG). The IRTG « Soft Matter Science (SoMaS) : Concepts for the Design
of FunctionalMaterials » 1is a European collaboration between the universities of Freiburg
(Germany), Strasbourg, Mulhouse (France) and Basel (Switzerland),
promotinggraduateeducation and scientific exchange in this modern field of research on soft
mattermaterials. This study corresponds to a joint project withChunyan Yao from the
University of Freiburg and took place at the interface between soft matter and

biologicalsystems. It wasdivided in two distinct and successive parts:
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The first part was devoted to the design and the production of GFPmolecules modified
by introducing specific non-natural aminoacids at two defined positions along the protein
structure. These modificationswere performedusing a methoddeveloped by P.G Schultz and
collaborators® consisting in site specific incorporation of unnatural amino acids with
expanded genetic code.P-azido-phenylalaninwere chosen so as to allow the introduction of
reactive chemical groups for further grafting through click chemistry processes between azide
and alkyne groups. This reaction was selected because it takes place rapidly under mild
conditions and is orthogonal to reactions taking place between amines, carboxylic and thiol
groups, all present in proteins'®® . This part of the project was entrusted to our IRTG partner
from Freiburg: Pr. Schiller (Freiburg Universitit) and Chunyan Yao (PhD student), experts in
this field.

I was responsible for the second part of this work, namely to elaboratestretchable
substrates, host for the covalent coupling of the proteins and in particular for the coupling of
modified GFPs, and to develop thestretching experiments. More precisely, I first had to
develop a substrate that is stretchable, transparent, homogeneousand allows covalent grafting
of proteins all over the surface. Moreoverthe surface must prevent protein adsorption in order
to avoid the presence of non-grafted proteins on the surface.Then I had to graft covalentlythe
GFPs onto the substrate. Different constraints inherent to these proteins such as low
temperature, adjusted pH, and soft chemical reactions to preserve the protein functions had to
be taken in account. Finally, I had to investigate the influence of mechanical stressapplied on
the material on itsfluorescence response. The different steps of the project are summarized in

figure 3.2.

It must be noticed that a paper about the results of this study has been written(annexe2)and

sent for publication.
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Figure 3.2: Schematic representation of the different parts of the project corresponding to (a) oxidation of the
surface; (b) surface functionalization; (c) Grafting of alkyne terminated poly(ethylene glycol) chains to allow
further protein grafting through click-chemistry and to avoid non-specific protein adsorption; (d) GFP coupling
and (e) stretching experiments.

3.2. Materials and chemicals for this project
3.2.1. Green Fluorescent Protein (GFP)

Introduction to Green Fluorescent Protein

In the 1960’s Osamu Shimomura first isolated a bioluminescent protein from the
AequoraVictorya jellyfish, the aequorin''®. Shimomura and collaborators observed that in the
animals, green light was producedwhereas aequorin normally generated blue light. Such
observations were explained by the discovery of interactions between the aequorin and
specific proteins named “Green Fluorescent Proteins” (GFP). A bioluminescence resonance
energy transfer (BRET) occurred from the aequorin to the GFP chromophore producing a
bright green fluorescence '), Despite the establishment of the GFP chromophore structure in
1979 by Shimomura and its full sequence determination and cloning by Ward and Prasher in
199241 its recognition as an essential tool in biology had to wait until 1994 with the works of
Martin ChalfieandRogerTsien. With the expression of GFP in Escherichia coliand in neurons
of Caenorhabditiselegans, Chalfie et al. established the possibility of GFP to be used as in

vivo fluorescent markers ['*!. In the same time, Tsien et al. worked on the changes of spectral
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properties from GFP and produced a Blue Fluorescent Protein Y. Their works permitted the
elaboration of a vast array of fluorescent proteins from the blue to the near red region!'”,
increasing the interest for GFP as a biological marker for gene expression, protein localization
or biosensors for non-invasive in-vivo measurements "' ') It must be noted that Martin
Chalfie, Osamu Shimomura, and Roger Y. Tsien were awarded the 2008 Nobel Prize in

Chemistry on for their discovery and development of the green fluorescent protein.

More recently with the development of a new generation of materials called « smart
materials » which aredefined by their capacity to adapt to their environment, a new field of
research has emerged: the field of mechano-biochemistry. Due to the important implication of
its structural conformation on its fluorescence properties'' ), GFP was naturally anticipated to
be an ideal candidate for mechanosensing. Indeed, a deformation of the chromophore of the j3-
barrel of GFP molecule results in a reduction of the fluorescence intensity and a blue-shift of

[15, 18

the fluorescence spectrum I Due to this property, GFP was anticipated to be a good

candidate for our project.

One can notice that very recently, Bielawski et al. lused this property to create a
mechanically sensitive biocomposite containing GFP characterized by its change of

fluorescence under pressure by modification of the GFP tridimensional structure.
Characteristicsof the Green Fluorescent Protein

The green fluorescent protein (GFP) from Aequorea Victoriais a protein composed of
238aminoacids residues (26.9 kDA) forming aneleven-stranded beta barrel structure with an
alpha helix running through the center of the barrel. Along it central helix, inside the
hydrophobic core, a p-hydroxybenzylidene-imidazolidonechromophore(HBI) takes place (see
figure 3.3). This chromophore, responsible of the GFP fluorescence is formed from an

internal cyclisation of Ser65, Tyr66 and Gly67 into a conjugated structure!®®).
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Figure 3.3:Cartoon representation of an Aequorea Victoria Green Fluorescent Protein (GFP) including its beta

barrel (yellow), its alpha helix (red) and its detailed HBIchromophore (4KW4 RCSB Protein Data Bank).

Wild type GFP (wGFP) has one specific excitation peak at a wavelength 0f486 nm. Its mean

emission peak appears at 514 nm corresponding to the green part of the

(figure 3.4).
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Figure 3.4.:Excitation and emission spectra of the Green Fluorescent Protein. The maximum of excitation (in

blue) is observed at 2=486 and thefluorescence peak (in green) appearsatA=>514nm.

GFP modification: choice of the unnatural amino-acid insertion

A crucial part of the IRTG project was to develop a way of linking the Green

Fluorescent Proteins onto the surface in order to modify its structure under a mechanical

stress. In this context, specific modifications of the proteins were needed. They were

performed by Chunyan Yao from Pr. Schiller team. Her work was dedicated to the
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determination and the introduction of unnatural amino acids containing azide functions in the
GFP sequence. Due to a chemical structure close to the natural amino acids tyrosin or
phenylalanine, P-azido-phenylalanin (pAzF) amino acid was used for the modification (see
figure 3.5). This similarity prevents changes in the protein structure and keeps its integrity.
The insertion sites were then defined by following some constraints. The azide groups had to
be accessible for the linking step. The unnatural amino acids pAzF hadthusto be on the
external part of the protein and exhibit their side chains to the outside of the core protein.
Furthermore they had to take place at opposite positions in order to optimize the GFP
deformation when stretched. The Aequorea Victoriacrystal structure was used as reference
structure for the determination of the modification sites. Responding to all these constraints,
positions Y39 and Y182 were finally chosen in the GFP sequence for the amino-acids
insertions.It must be noted that wild type GFP and mono-modified GFP were also produced to

conduct the control tests needed during the different parts of the project.

pAzF

Figure 3.5 Specifically modified GFP by insertion of unnatural amino-acids containing azidegroups in the
protein sequence (RCSB Protein Data Bank). (a) Wild type GFP, (b) mono-azide modified GFP and (c) bis-azide
modified GFP.

3.2.2.Choice of the substrate: polydimethylsiloxane (PDMS)

As mentioned previously, the choice of the substrate was dictated bydifferent constraints:
e Be transparent in order to allow for fluorescentmeasurements with an inverted
fluorescence microscope
¢ Be highly stretchable (high elongation at rupture)
¢ Be homogeneous and highly functionalizable all over its surface
Despite its chemical inertness, we selected polydimethylsiloxane (PDMS), also called
silicone, because it is transparent and highly stretchable. In order to have a precise control

over the PDMS sheet thickness and to reduce the risk of adsorbed contamination during their
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preparation, we decided to prepare our own PDMS by using the commercial PDMS sylgard-

184 reagents (see material and methods) for our study.

3.3. Modification of the PDMS surface

As just mentioned, PDMSpresents one drawback: its chemical inertness.
Thereforemodifications ofits surface characteristics were needed before different proteins and

macromolecules could be anchored onto the substrate. It was reported in the literature that in

order to modify PDMS surface properties, different physical or chemical treatments ** !

y [24.25

ora

26, 27]

combination of bot Jcan be used.Use of oxygen plasma was for exampledescribed!

Howeverstudies reported that plasma oxidation treatment propagate deep into the polymer

(28,291 Moreover the creation of

surface causing irreversible changes of the silicone properties
a thin brittle silica layer leading to the formation of cracks on the PDMS surface is usually
observed® . To avoid such changes of the PDMS material, another method of
functionalization based on the formation of oxidative species by irradiationwas reported: the
UV-Ozone (UVO) treatment *°!. Milder than an oxygen plasma treatment, this method should
allow for a better regulation of the oxidative process by controlling the exposure time. Due to
its availability in our laboratory and its ease of use, we selected this method for the remainder

of the project. It must be noticed that all the oxidation treatments by UVO on silicone

substrates were done under atmospheric pressure at room temperature.

3.3.1.Creation of chemical species on the PDMS substrate under UV-Ozone treatment

As mentioned previously, the oxidation of the PDMS substrate by the UV-ozone
process leads to chemical modifications of the PDMS surface, mainly to the formation of
carboxylic acid and silanol groups. It results in changes of the silicone surface properties with

exposure time (figure 3.6).

CH, CH, CH, CH, UV-Ozone OH OH OH COOH
" \\CH3 '\ \\CH3 " \\CH3 " \\CH:" oxidation " \\OH '\ \\COOH'\ \\OH " \\OH
_Si Si Si Sil_ _Si Si si sil_
_- \o/ \0/ \0/ ~. —> - \o/ \o/ \o/ ~.
PDMS surface PDMS surface

Figure 3.6:Formation of various reactive species on the top of the silicone substrate by UV-Ozone treatment.

Indeed, theformedsilanol groups are responsible for rendering the initial hydrophobic

PDMS substrate increasingly hydrophilic. This evolution can be monitored by water contact
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angle measurements as a function of the UV-Ozone exposure time.The experiments were
performed by increasing the UV-Ozone exposure time of a PDMS Sylgard-184 substrate.
Silicone properties were monitored from Omn to 120mn by 30mn steps. Starting from a
hydrophobic surface, we observe a linear decrease of contact angle with time, from about
110° for an unexposed surface to 20° after 120mn of UV-Ozone exposure (Figure 3.7). It
must be noted that this change of behavior from hydrophobic to hydrophilic is temporary.
Indeed, after an oxidation treatment, the surface recovers its initial features within a few
hours. This is explained by the migration of free PDMS chains from the bulk of the material
to the surface®'l. Therefore all the following experiments and analysis were done immediately

after the UV-Ozone oxidation.
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Figure 3.7: (a) Evolution of water droplet contact angle mean value as a function of the UV-Ozone exposure
time of the PDMS substrate; (b) Images of water droplets on silicone surfaces treated by UV-Ozone for Omn,
60mn and 120mn.

[30], the increase of

According to previous works from Genzer and collaborators
hydrophilic properties of PDMS Sylgard-184 with the exposure time to UV-Ozone can be
explained by analyzing the FTIR spectra in attenuated total reflectance (ATR) configuration
of the corresponding surfaces. In this mode one is only sensitive to the outer part of the

substrate and thus to the surface.These authors found the formation of polar groups such as
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hydroxyl and carbonyl derivatives responsible of the hydrophilic behavior of the silicone
when oxidized. In order to characterize our process we thus also performed an infrared

monitoring of the PDMS surface as a function of the UV-Ozone exposure time (figure3.8).
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Figure 3.8: (a) Overlapping of the infrared spectra of native PDMS surface at different times of exposure to UV-
Ozone; (b) increasing of the OH band intensity with UV-Ozone exposure time from Omn to 120mn;(c) decreasing
of the CH; band intensity with UV-Ozone exposure time from Omn to 120mn; (d) evolution of the COOH band
intensity with UV-Ozone exposure time from Omn to 120mn.

In this study we were particularly interested in three specific wavelengths, 3300cm™,
1725¢cm™ and 1260cm™ corresponding respectively to the hydroxyl, carbonyl and methyl
groups. As expected, a large band at 3300cm™ is growing with the exposure time(figure3.8.b).
Corresponding to the OH stretching band, it is probably due to the formation of silanolgroups.
In the same time at 1725cm™, we observe the increase of the band corresponding to the
carbonyl groups between Omn to 60mn followed by a slightdecreaseof the intensity of this
band (figure3.8.d). This evolution can be explained by the appearanceat the beginning of the
process of COOH groups at the top of the surface followed by their oxidation leading to the
formation and desorption of CO or CO, compounds. On the contrary, the intensity of thelast

band at 1200cm™ is decreasing throughout the UV-Ozone exposure time (figure3.8.c). It is
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explained by the oxidation of the methyl groups from the PDMS leading to the formation of

other species.

According to the results obtained by contact angle measurements and FTIR analyses,
we can conclude that the hydrophilic behavior of the silicone when oxidized corresponds to
the continuous formation of hydroxyl groups with exposure time. The appearance of a
breakable silica layer on our substrate is observed for a too long exposure time to UV-Ozone.
This can be explained by an over oxidation of the silanol groups leading to the formation of
Si-O-Si bonds. Such modification leads to the formation of cracks on the silicone when
stretched. Responsible of inhomogeneous surface deformations under stretch and of a
decrease of the substrate visco-elastic properties, cracks have to be avoided for the next steps
of our project. Experiments showed that 60mn of UV-Ozone oxidation permits the
substrate to be stretched at a ratio near to 50% without crack formation. This

parameter was kept for all the future experiments.

3.3.2.Functionalization of the PDMS surface

Once the UV-Ozone exposure conditions were defined, the next step of our study was
dedicated to functionalization of the oxidized surface. As seen previously, two main reactive
groups were formed during the oxidation step: carboxylic acids and silanol functions.
Different methods using oxidized silicone surfaces were reported in the literature such as the
use of siloxane compounds to attach different chemical groups on this surface™. However
previous works based on surface silanization performed in our team showed that the surfaces
became inhomogeneous after modification. We thus focused on two differentways of
coupling using these specific species: the peptidic coupling reaction and the use of

isocyanatereactants.
Use of peptidic coupling

We first concentrated on the COOH groups formed through UV-Ozone treatment. We
chose to make a peptidic coupling reaction between the surface carboxylate groups on the
PDMS sheet and primary amine containing reactives utilizing EDC-NHS chemistry(see figure
3.9). EDC-NHS is well established in organic and bioconjugatechemistry, efficient in solution
this coupling method is also used on surfaces®. EDC (1-Ethyl-3-(dimethylaminopropyl)

carbodiimide hydrochloride) is a crosslinking agent used to bind carboxyl-acid groups to
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primary amines by the formation of an amine-reactive intermediate (O-acyl urea). Unstable,
this intermediate can react directly with an amine or be hydrolyzed. The addition of NHS (N-
hydroxysuccinimide) stabilizes this intermediate by converting it to amine-reactive sulfo-NHS

ester, increasing the efficiency of the coupling reaction.

(0]
_d-0
EDC o= I>§ Sulfo-NHS Amino-component
Ol N=C=N o N © - HN~
AN ~ \ o) 2
OH o)
| o
Cl H ﬂ
NH N N O
AN 0" >N HN™
| |
OYO H (@) YO OYO (@) j/O

PDMS surface PDMS surface PDMS surface PDMS surface
UV/O; activated Unstable reactive O Semi-stableamine- Stable amide bond
PDMS surface acylisoureaester reactive NHS-ester

Figure 3.9: EDC-NHS chemistry: EDC reacts with a carboxylic group on the surface forming an amine-reactive
intermediate. Unstable, this intermediate may directly react with an amine or be stabilized by the addition of
sulfo-NHS, leading to the formation of an amine-reactive NHS-ester increasing the efficiency of the coupling.

As described in figure 3.9, the coupling reaction takes place in two main steps. First
the carboxylic acid groups are “activated” with EDC/NHS and then the reaction with the
amine occurs. The first part of my study was dedicated to the optimization of the activation
step.To validate this way of functionalization, different experimental conditions were tested.
In order to achieve this, experiments were performed by varying the time of activation by
EDC/NHS. The surface was then put in contact with a fluorescent amino-component. The

results of the coupling reaction were monitored by fluorescence microscopy as follows:

Immediately after UV-Ozone oxidation (60mn) the silicone samples were brought in
contact with anaqueous solution containing both EDC/NHS at concentrationsrespectively of
20mg.mL" and 2mg.mL" for various time.A fterdifferent contact times (30mn, 60mn 120mn
and 240mn) the surfaces were washed with MQ water and put in contact with a solution of
fluorescein-amine (figure 3.10.a.) at 0.1mg.mL'in water for 60mn. After a rinsing step, they
were analyzed by fluorescence microscopy using an inverted light microscope (Nikon
Microphot-FXA, Japan) equipped with a mercury lamp and operating between 470 and
490nm wavelength for excitation and above a wavelength of 500nm for detection. The
measurements were done using a 10x objective in different areas of the samples. The

quantification of the fluorescence intensity was done using the software Image]”. Results
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aresummarized in figure 3.10. It must be noted that low fluorescence intensity is detected for
the native silicone due to its auto-fluorescence. This contribution was so considered as a

fluorescence background and was represented as a red line in figure 3.10.b.
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Figure 3.10: (a) Fluorescein-amine dye (b) Fluorescence microscopy intensity analyses obtained for various
times of EDC-NHS surface activation from Omn to 240mn after coupling with fluorescein dye.

The highest fluorescence intensity was observed for an activation step by EDC-NHS
of 60mn. We noticed a decrease of the coupling yield after 60mn. This result could be

explained by the de-activationof the amine-reactive intermediateby water.
Functionalization by bis-iso(thio)cyanate linkers

Due to the high reactivityof iso(thio)cyanatestowards a variety of nucleophiles such as
amines, alcohols or carboxylic acids, a new approach based on di-iso(thio)cyanates
functionalization was performed. The aim of this strategy was to react a di-functional
compound only by one side on the PDMS surface and use the second one to link molecules of

interest (figure 3.11).
O=C=N-R-N=C=0

_N=C=0
R
O~_..NH
¢
& ?
PDMS surface PDMS surface

Figure 3.11: Coupling reaction between isocyanate compound and oxidized surface.
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In order to maximize the number of reactive sites for the next steps of the project,

different commercial iso(thio)cyanatecompounds were tested.

Characterized by its short size and the steric effect of its phenol group 1,4-phenyléne
diisocyanate was first chosen. Indeed due to its structure weexpected it to be able to bindonly
by  one side to the surface. Another  isocyanatewidely  used in
industry4,4’Methylenebis(phenylisocyanate) (MDI) was also chosen.It must be noted that
these isocyanates were solubilized in acetone for the experiments. However, acetone inflates
PDMS whichbecomes fragile and hard to manipulate. To avoid breaking the substrate during
functionalization and manipulations, anotherbis-isocyanate, 4,4'-Diisothiocyano-2,2'-
stilbenedisulfonic acid soluble in water was tested. All the isocyanate structures are given in

table 3.1.

1,4-Phenylene diisocyanate 4,4 Methylenebis(phenyl)isocyanate 4,4 -Diisothiocyano
(PDIT) (MDI) 2,2 stilbenedisulfonic acid (DIDS)

Os O
N7
N=c=0 s
Ho”
S
O=C=N o=c=n N=c=o0 Z°
~,
_N

Table 3.1: Chemical representation of the different bis-isocyanates tested.

As previously explained, the PDMS surfaces were first oxidized by UV-Ozone for
60mn to create silanol and carboxylic acid functions on their surface. They were then
immersed into an iso(thio)cyanate solution MDI and PDIT at Img.mL-1 in acetone for one
hour. After this treatment the silicones were rinsed with acetone,then with MQ water and
brought in contact with an aqueous solution of fluorescein-amine dye at 0.lmg.mL™" for one
hour. The surfaces were then washed three times with MQ water. For the 4,4'-Diisothiocyano-
2,2'-stilbenedisulfonic acid all the experimental conditions were similar to the previous ones
except that the isocyanate solution was diluted at 1mg.mL"' in MQ water. Comparison
between the different isocyanatecoupling experiments are given in figure 3.12. It should be
noticed that the MDI compound owned auto-fluorescence. Its intensity was evaluated and

subtracted in each fluorescence measurements.
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Figure 3.12: Fluorescence microscopy intensity analyses obtained for various bi-functionnal molecules after
coupling with fluorescein dye.

As observed in figure 3.12, the highest fluorescence intensity wasdetected for the
reaction involvingthe MDI coupling. Moreover the fluorescence intensity obtained with the
MDI coupling is much higher than that obtained with the peptidic coupling. This indicates a
higher efficiency of the MDI coupling compared to all the other coupling methods explored.

Thus, despite the fact that acetone brought additional experimental constraints, the

functionalization with MDI was chosen for the project.

3.3.3.Use of polyethylene glycol chains as spacers for specific GFP binding

Reaction of wild type GFP with free isocyanate groups

Once the PDMS functionalization method was chosen, first tests of direct grafting of
wild type Green Fluorescent Protein were performed. In this part we forecasted that the
amines present all around the protein were able to react with the free isocyanate groups on the
modified surface. To realize this coupling, an aqueous solution of wild type protein at
0.025mg.mL™" was brought in contact with an isocyanate modified surface for one hour at
room temperature. Three rinsing steps with TRIS 50mM/NaCl 150mM buffer at pH 7.4were
performed to clean the surface at the end of the binding step. A negative test on unmodified
silicone was performed at the same time. Results monitored by fluorescence microscopy are

shown in figure 3.13.
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Figure 3.13: Fluorescence microscopy images after contact with wild type GFP of (a) a native silicone surface

and (b) an isocyanate modified silicone surface.

We observe that no fluorescence is detected on the native silicone.This can be
explained by the fact that the silicone is non-adsorbent to protein or that GFP molecules are
denatured when adsorbed on this surface, losing their fluorescence property. On the contrary,
high fluorescence intensity is observed on the modified silicone surface. However, its
distribution is inhomogeneous due to the presence small bright green spots over the entire
surface.This may be due to small aggregates present in solution. These experiments were used

as reference for the further functionalization of the surface by poly(ethylene glycol) chains.
Antifouling PolyEthylene Glycol (PEG) chain grafting

Prevention of non-specific adsorption of proteins on the surface is an essential
condition for the success of our strategy.Indeed,non-specific adsorbed GFP are expected not
to be sensitive to mechanical constraints applied to the surface.A common method to reduce

protein adsorption at a solid-water interface is the immobilization of antifouling polymers

35, 36

such as polyethylene glycol on the surface!®> *®!. The non-fouling character of PEG is not an

absolute property but depends on complex interactionsof several factors such as steric
repulsion, van der Waals attraction and hydrophobic interaction free energies ©°7).Others

parameters such as polymer molecular weight and grafting density are also involved in this

38]

behavior. It should be noted that a too high molecular weight (<3400kDa) “*maylimit

grafting density onto the surface due to steric repulsive effect. Previous workby Bacharouche

[39]

et al , described that an optimum antifouling effect is observed by using 2

kDapolyethylene glycol chains grafted on a silicone surface. Moreover, polyethylene glycol is

38, 40

widely used as an inert and biocompatible linker in surface engineering ' ! and in the

[41-43

modification of proteins ] According to these results, experiments were performed by

using PEG chains with a molecular weight of Mw = 3000 g/mol.
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Optimization ofthe antifouling behavior of the PEGylated PDMS surface

As mentioned previously,the non-adsorbent properties of PEGylated surfaces are
dependentonthe PEG grafting density whichshould bedirectly linked to the quantity of
available reactive sites on top of our PDMS surface after oxidation and MDI
functionalization.In order to maximize the antifouling properties of the surfaces different

parameters of functionalization were tested.

First, directly after 60mn of UV-Ozone oxidation followed by the reaction with MDI,
the PDMS samples were put in contact with an aqueous solution of commercial PEG3000-
amine terminated at 1mg.mL" overnight. Once the reaction between the amines and
isocyanate groups occurred(figure3.14), the substrates were kept in TRIS 50mM/NaCl
150mM bufter at pH 7.4 until use.

N HI{L HzN/\/\/\

® " 0
~ NP O
Os-NH O NH HZN/\/{ N)K/\Meo
| | nH
(@] O
| I
PDMS surface PDMS surface

Figure 3.14: Coupling reaction between isocyanate compound and amine functionalized polyethylene glycol

chain.

Non-adsorbent properties of the coating were evaluated by putting the surfacesin
contact with an aqueous solution of wild type GFP at 25ug.mL™" for one hour. The samples
were then washed three times with the buffer solution and analyzed by fluorescence
microscopy (figure 3.15 (b)).A high fluorescence was measured. In order to increase the
antifouling property of the substrate, a second test (c) was performed by increasing the UV-
Ozone exposure from 60mn to 90mn leading to the creation of more reactive groups on the
surface and so more sites of functionalization, all the others parameters of the experiments
were kept constant. Results of antifouling tests are given in figure 3.16. One observes indeed

a decrease of the fluorescence compared to the case of 60mn UV-Ozone exposuretime.
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To even further increase the anti-fouling character of the substrate, a third method
described in literature by Genzer and Efimenko™” consisting of stretching the substrate
during the oxidation step toincrease the final density of reactive groups was tested. Using this
way of functionalizationthey showed that it was possible to increase the surface density of
grafted polymer chains on an elastomeric PDMS substrate when it was returned to the non-
stretched state. Indeed, when the PDMS surface is stretched, its area is increased and the
density of hydroxyl groups created under UV-Ozone oxidation is expected to be the same as
on a non-stretched substrate. At the end of the process, the surface is relaxed to its initial state,
the decrease of its area then leads to an increase of the surface density of hydroxyl groups.

(Figure 3.15).

UV/O;
Stretching : ; 60mn ? T T T T Unstretching rTrTTYTTY
PDMS surface > . i > >
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<> <>
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Figure 3.15: Schematic representation of the different steps allowing an increase of the surface reactive group
density under UV-Ozone treatment. The PDMS surface is first stretched (a), oxidized (b) and finally relaxed to

its initial state to concentrate its new oxidized functions (c).

According to these observations, new experiments were performed by stretching the
silicone substrates during all the modification steps (UV-Ozone treatment, MDI treatment,
PAG grafting). A ratio of 30% of stretching was chosen in order to avoid silicone breaking
during the different functionalization steps. The UV-Ozone oxidation time was chose to be
60mn. All other parameters were kept equal to those used on the non-stretched substrates. It
should be noted that the surfaces were relaxed at the end of the PEG functionalization before

antifouling tests. Results of the different antifouling tests are shown in figure 3.16.
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Figure 3.16: Antifouling tests of different modified surfaces monitored by fluorescence microscopy, (a) UV-
Ozone 60mn/MDI 60mn, (b) UV-Ozone 60mn /MDI 60mn/ PEG overnight, (¢c)UV-Ozone 90mn /MDI 60mn/
PEG overnight and (d)(UV-Ozone 60mn /MDI 60mn/ PEG overnight)under stretch and (a’)(b’)(c’) and (d’)
respective surface pictures.

As shown in figure 3.16, the three methods used to avoid the GFP adsorption observed
in contactwith MDI functionalization permit a decrease of non-specific protein
adsorption.Despite the fact that no protein aggregations were observed on the PEG
functionalized surfacesafter contact with native GFP (b,c,d), a low fluorescence intensity was
detected for (b) and (c). A too low PEG grafting density on our PDMS substratecan explain

this result.

Best antifouling properties were obtained for the PDMS surface modified under
stretch (d). A homogenous modification of the surface was observed. This way of

functionalization was kept for the rest of the study.

3.3.4.Specific binding of Green Fluorescent Proteins through click chemistry

Introduction to click chemistry

Click chemistry was initially developed by K. B. Sharpless in 1998 and fully described
by Sharpless, Hartmuth Kolb, and M.G. Finn in 20011, 1t refers to chemical reactions which

bind in a quick and reliable way small units.

One of the most popular reaction in click chemistry is the azide-alkyne

Huisgencycloaddition using a copper (Cu) catalyst at room temperature!*! (figure 3.17). This
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reaction was first reported in 2002 in independent publications by the groups of K. B.
Sharpless'*and M. Meldal™® and consists in a variant of Huisgen 1,3-dipolar cycloaddition
developed by Huisgen et al. reported in 1963*7). Also called Copper(I)-catalyzed Azide-
Alkyne Cycloaddition (CuAAC), this addition is known for its high rate of reaction, its
efficiency, its high yield and to proceed to completion at low temperature in aqueous solvent.
These arenecessary conditions to keep the integrity of proteins **) Moreover alkyne and azide
functions are independently stable and do not react with common organic reagents or
functional groups in biomolecules. This reaction is thus widely used in protein
bioconjugation.

_ o R’
R-N=N=N + R—= CUL.RT_ g
N=N

Figure 3.17:Click chemistry reaction between an azide and an alkyne in presence of Cu(l) at room temperature.

Specific click chemistry conditions for GFP bioconjugation

Proteins are fragile and have to stay in specific environment to avoid degradation.
Different constraints such as low temperature, adjusted pH, no toxic reactants and soft
reactions are needed. The modified GFP containing two opposite azido groups synthesized by
Chunyan Yao from our IRTG collaboration was an ideal candidate to react on surfaces
through “click reaction” such as the HuisgenAzide-Alkynecycloaddition. However, as shown
in figure 3.18, the reaction occurs in the presence ofCu(I) which is known to be responsible of
the denaturation of biocomponents*. Such results were corroborated by previous works
performed by Chunyan Yao aboutthe denaturationofGFP in solution in the presence of click

reactants.

To prevent these degradations, specifics conditions of reaction in the presence of a
tris(triazolyl)amine ligand developed by Finn et al.**'wereused. The ligand plays a crucial
role in stabilizing the Cu(I) oxidation state and protecting the protein from denaturation due to
the oxidative agents produced in the presence of ascorbate®®.. It was also used to accelerate
the CuAAC reaction leading to a decrease of the copper concentration needed for our
experiments. ATris(3-hydroxypropyltriazolylmethyl)amine (THPTA) ligand(figure 3.18)
prepared in our laboratory by Dr. Jierry according to protocol elaborated by Fokin et al. was

used[SI’ 52].
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OH

Figure 3.18: Tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) ligand.

In order to immobilize the proteins on the top of our PEGylated surfaces,

functionalizations of our PDMS were performed by using an alkyne-terminated PEG3000-

amine compound (figure 3.19). We performedseveral tests to show that the antifouling

properties of the surface were kept (figure 3.21a).

HgN/\+ \/ﬂ:H %

Figure 3.19:4lkyne-terminated PEG3000-amine compound.

Once the PDMS surface wasfunctionalized with alkine groups, the reaction between

the modified GFP and the alkyne-terminated PEG was performed following an optimized

CuAAC protocol for bioconjugation developed by Finn and coworkers?!)(figure 3.20). For

this reaction, all the reagents were added in a specific order to prevent degradation of the

proteins. First a premixed solution of CuSO4 and THPTA (an excess ligand to copper ratio

ofabout 5:1 was used due to its dual purpose of protecting the biomolecules and intercepting

radicals and peroxide derivatives during the reaction)was added to a solution of GFP in

phosphate buffer at pH 7.4. A solution of aminoguanidine used to prevent reaction between

side chains of the proteins anddeshydroascorbate was then added to the mixture. The reducing

agent, sodium ascorbatewas added in the last time and the solution was quickly homogenized

and put in contact with our functionalized PDMS for one hour.Once the reaction occurred, the

surfaces were washed and stored in a phosphate buffer solution until analysis.
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Figure 3.20:CuAdAbioconjugation between PEG-alkyne and azide-modified GFP.

Resultsof the GFP coupling

The covalent attachment of GFPon the surface was confirmed by measuring the
fluorescence of the surface previously in contact with azide modified GFP (figure 3.21b).
Wild type GFP, in the absence of azide groups on the surface, did not lead to fluorescence,
indicating that the measured fluorescence with bis-azide-modified GFP was due to covalent
attachment through click chemistry of the proteins onto the surface (figure 3.21a). Moreover
after functionalization the surfaces observed were homogenous without any protein
aggregation. Yet we could not directly prove that the proteins were attached on the surface

simultaneously through the two azide groups.

240a.u b 1230a.u

Figure 3.21: Fluorescence microscopy images after contact of a PEG-alkyne functionalized surface in presence
of Cu(l) for 60mn of (a) native GFP and (b) bis-azide-modified GFP.
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3.4. Stretching tests

Once the Green Fluorescent Proteins were bound on top of the silicone substrates,
stretching tests were performed in order to investigate the influence of mechanical stress on
the spectral response of our material. Experiments were performed on two different GFPs
provided by our IRTG partner: abis-azide-modified GFP and aGFP bearing only one azide
group. This second onewas used as a control because these proteins can be anchored onto the

surface but cannot unfold by stretching.

3.4.1. Stretching devices

In order to study our surfaces under mechanicalconstraint, a homemade stretching
devicewas designed and elaborated in our group (figure 3.22. It permits to stretch our silicone

substratesin a longitudinal way up to 100% elongation.

Figure 3.22: Stretching devices.

Thestretching degreeis defined as:

_ (=)
a=

-100
Lo

With Iy and 1 corresponding respectively to the initial and the stretched length of the silicone
substrate. All the stretching experiments where performed at room temperature under liquid

conditions.
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3.4.2.Evolution of the fluorescence of the substrate with the stretching degree due to a
"dilution effect™: use of fluorescein

Under stretch, a decrease of the fluorophore density on the PDMS surface appears.
This “dilution” is the result of the local constraints occurring on the surface when stretched. In
order to determine the contribution of the decrease of fluorescence due to this dilution effect
we determined the fluorescence of surface functionalized by MDI-fluorescein at various
stretching degrees. A regular stretch was applied to the PDMS substrate and fluorescence

intensity was measured in the center of the silicone surface (figure 3.23).
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Figure 3.23: Decrease of fluorescence density with stretching degree.

A linear decrease of fluorescence with the surface elongation is observed. However for
a stretching degree of 40% a loss of only about 30% of the fluorescence intensity is observed.
This difference in the decrease of fluorescence can be explained by the manner in which

stretching is performed.

a)

Stretching
_—

Figure 3.24.: Schematic representation of the PDMS substrate between the clamps of the stretching device: (a) at
rest (b) Under constraints, longitudinal and perpendicular deformations occurring on the surface are shown in

blue.
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Indeed, as shown in figure 3.24, when the silicone is stretched, a lateral contraction of
the film takes place. The final decrease of fluorescence intensity is thus the combination of
longitudinal elongation and lateral contraction, resulting in an overall increase of the area with
the stretching degree. This effect has to be taken into account when analyzing the effect of

stretching GFP covered surfaces.

3.4.3.Stretching experiments of substrates covered with GFP

As mentioned previously, experiments were performed with mono and bis-
functionalized GFP. Both proteins were grafted on the silicone substrate functionalized as
described previously. The substrates were then stretched up to 30% in stages. Thus stretching
degrees0%, 10%, 20% and 30% were performed and surface fluorescence was measured for
each ones.A return to the PDMS initial non-stretched state was also performed in order to
check the reversibility of the system. It must be noted that all the experiments had to be
performed in liquid conditions consisting in a drop of buffer on the top of the surface to
prevent proteins degradations by drying. The results of these experiments are summarized in
figure 3.25 where the fluorescence of the surface is represented as a function of the stretching

degree of the substrate. These data were obtained from 4 independent experiments.
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0% 10% 20% 30% Return 0%

Stretching degree

Figure 3.25: Normalized fluorescence intensity in function of stretching degree of the substrate for mono-azide
modified GFP (in black) and bis-azidemodified GFP (in red).
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One observes a decrease of the fluorescence for both the bis and mono modified GFP.
Yet, for the bis-functionalized GFP the fluorescence decrease is about 60% of the initial
fluorescence whereas it is only 20% for the mono-functionalized GFP. The decrease for the
mono-functionalized GFP can be attributed to a decrease of the overall GFP surface density
by stretching as determined above. These results indicate that the fluorescence of the stretched
bis-functionalized GFP decreases strongly by stretching the substrate. Thelarger decrease of
fluorescence of the bis-modified GFP compared to the mono-modified GFP can be attributed
to the deformation of the GFP itself leading to important modifications in its
fluorescence.Reversibility of the systems was then studied by making cycles of stretching-

unstretching of the PDMS substrate, fluorescence intensity was measured for each state (figure
3.26).

a) b)
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Figure 3.26: Normalized fluorescence intensity as a function stretching-unstretching cycles of the substrate for
mono-azide modified GFP (a) and bis-azide modified GFP (b).

Cycles of reversibility were observed for the substrates.

3.5. Conclusion and perspectives

The aim of this chapter was dedicated to make a proof of principle ofmechano-
responsive materials based on stretched induced protein conformational changes. To achieve
this goalwe functionalizedsilicone sheets with modified Green Fluorescent Proteins. The

project was split in two main parts, first the functionalization of the substrate and then the

stretching experiments.
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The beginning of our project was the determination of the UV-Ozone treatment
conditions of our silicone substrate. These conditions were optimized to maximize further
chemical grafting on the PDMS substrate whilst preventing the formation of a brittle silica
layer. Once succeeded, we focused on the chemical functionalization of the PDMS surface
with reactive groups which allowed grafting of polyethylene glycol chains in order to make it
antifouling. This characteristic was a crucial constraint of our project and was reached by the
combination of physical and chemical treatments. To finish the functionalization of our
material, GFP bioconjugation, was performed through soft click chemistry conditions, in
order to keep the integrity of the proteins. In summary, during this first step, we were able to

specifically bind GFP on our surfacewhile avoiding its adsorption and denaturation.

In the second part of this project, stretching tests were performed in order to
investigate the influence of mechanical stress on the spectral response of the material. We find
differences of fluorescence responses under stretching between mono and bis modified GFP.
Such differences were explained by changes in chromophore environment coming from
structural deformation of bis modified GFP when stretched. Moreover reversibility tests were
performed with success on our surfaces, showing that the proteins weren’t irreversibly

damaged during stretching.

It must be noted that new batches of modified GFP were synthesized by the group of
Freiburg to make additional tests and reproducibility experiments. However we were unable
to anchor these GFP proteins onto the surface. To understand wherethe difference in behavior
of the two GFP batches come from, all the steps of the surface functionalization were
performed again and analyzed separately. We came to the conclusion that the GFP coupling
step that was no longer efficient with the new batches. These results were confirmed by
ChunyanYao which could not further confirm the presence of accessible azide groups on the

modified GFP.
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based on conformational changes of enzymes
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4.1. Introduction

In this 4™ chapter, beta-galactosidase enzyme was used in order to elaborate a catalytic
active material. To increase the number of immobilized enzymes inside the material, and thus
increasing its response to the stretching, a strategy based on the elaboration of a polymeric
matrix loaded with the enzymes was developed. Under stress a deformation on the enzymes
leads to modification in the material catalytic activity (figure 4.1). This chapter was
performed within the collaboration of César Rios and written as a publication in order to be
submitted. Thus all the experimental details relative to this work are given in the
“experimental section” (ES). It must be noted that additional experiments were performed

after the paper writing and are so presented in a specific part at the end of this chapter.

AN . xe 3
a. b. ‘
/\/\/@\’ — Q@ S( }»

Substrate

Figure 4.1: Schematic representation of the mechano-responsive film. (a) At rest enzymatic activity occurs. (b)
Under mechanical stress, enzyme structure is putting out of shape leading to a loss of activity.

4.2. Article: Catalytic mechano-responsive polyelectrolyte multilayers based

on conformational changes of enzymes

Chemo-mechano-responsive materials emerge as a new class of materials that respond
chemically to a mechanical stress by triggering a chemical reaction. For example, new types
of polymeric materials were designed that include mechanophores which change color under
mechanical stress or release protons under compression !'l. Whereas in these materials, the
chemical reaction results from stress-sensitive chemical groups incorporated in polymer
chains which undergo a chemical transformation under high tension, nature uses rather less
energy demanding processes based on protein conformational changes. For example,
stretching domain-proteins such as fibronectin exposes cryptic sites that allow cell adhesion

or trigger osteogenic differentiation '*!. Enzymes constitute a class of proteins that act through
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a precise topology of the residues involved in their active site. Moreover, structural dynamics
of enzymes play a major role in the enzymatic activity . Thus, enzyme activity should also
be able to be modulated by applying on them a mechanical stress. In 1974, Berezin et al. have
degraded nylon fiber surfaces to create microcracks and embed or link enzymes inside * 1.
Variations of the catalytic activity of the enzymes were indeed observed by stretching the
fibers, suggesting that the effect originates conformational changes of the enzymes induced by
stretch. More recently, the influence of mechanical force on enzyme conformation and thus
enzyme activity was clearly demonstrated by the groups of Gaub and Blank who manipulated
an enzyme with a periodic stretch through single molecule force spectroscopy . This was
also confirmed by Tseng et al. who used DNA molecular springs that are coupled on two
positions of an enzyme to create a protein-DNA chimeras, the DNA applying a mechanical
stress on the enzymes |". Using nature's strategy, our goal is to develop a general method to

produce mechano-responsive enzyme-containing films based conformational changes of the

enzymes induced by stretch.

Polyelectrolyte Multilayer (PEM) films offer a unique opportunity to achieve this goal.
Based on the alternate deposition of polyanions and polycations onto a solid substrate, PEM
can be used whatever the chemical nature and shape of the substrate and for these reasons
widespread applications are foreseen ™' In particular, it allows to confer biologic and
enzymatic activity to a film by incorporation of proteins or enzymes ''). Several requirements
have to be fulfilled to obtain potentially chemo-mechano-responsive films: i) they should be

12, 13

elastic and stretchable,! I'ji) the enzymes should remain active in the film and iii) the

enzymatic substrate should be able to diffuse in the film in order to react with the enzymes.

We used poly(L-lysine)/hyaluronic acid (PLL/HA) exponentially growing PEM films
deposited on silicone substrates because these films reach micrometer thicknesses after less
than 15 deposition steps and allow for the immobilization of large amount of enzymes, as
required for our purpose. B-galactosidase (-Gal), a hydrolase enzyme that catalyses the
breakdown of lactose, has been chosen due to its tetramer structure comprised of four active

sites and four polypeptide chains held together through non-covalent interactions (Figure 4.2)
[14-16]
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Active site = Active site

Active site Active site

Figure 4.2: View of the -Gal tetramers by coloring each subunit. Black arrows show the localization of the four
active sites of the enzyme. Image taken from PDB (code: 1BGL).

Each active site of the enzyme includes residues belongs to two different subunits.
Because these subunits are non-covalently linked, the catalytic center is anticipated to be
sensitive to external forces applying onto the enzyme. Fluorescein di(p-D-galactopyranoside)
(FDG) is used as a substrate of B-Gal. This fluorogenic substrate is transformed into
fluorescein and P-D-galactopyranoside under the action of B-Gal (see §1, Scheme S4 in
Experimental Section). The reaction can thus be followed by monitoring the fluorescence of
the solution in contact with the film. The enzyme had to be covalently linked to the multilayer
network to respond to a mechanical stress and in consequence we used PLL chains chemically
modified by thiopyridyl (S-TP), named PLL-S-TP (grafting ratio of 27%) and -Gal enzyme
modified by maleimide groups (mal, 70% of grafting ratio), named B-Gal-mal. The synthesis

of these compound is given in §1 of the ES.

In a first set of experiments multilayers were grown on silicone substrates by
alternating the deposition of PLL-S-TP and HA. After the deposition of 24 bilayers a
thickness of 5 um was reached (§3 in ES). These films were then cross-linked through
carbodiimide chemistry by bringing it in contact with an ethyl(dimethylaminopropyl)
carbodiimide and N-hydroxysuccinimide (EDC-NHS) solution '”!. They were then brought in
contact with a 500 pg.mL" B-Gal-mal solution without deprotection of PLL-S-TP, so that the

enzymes are not cross-linked to the film through maleimide-thiol coupling reaction (see figure
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4.3). We first verified that the enzyme has diffused into the reticulated film. Using B-Gal-
mal™", confocal microscopy images show that the whole cross-linked PLL-S-TP/HA film
section is labeled in green (Fig. S5). When this film was brought in contact with the substrate,
i.e. a FDG solution, fluorescence in solution increased linearly with time. This indicates that
despite the cross-linking of polyelectrolyte chains, the enzyme embedded into the film
remains enzymatically active. When this film was stretched at 50% and then at 100%, no
significant change in the enzymatic activity was observed (Fig. 4.4a). This result suggests that
enzymatic activity of the film is not affected by stretching if enzymes are uncoupled to the
polyelectrolyte chains. We also checked that the absence of variation of fluorescence intensity
with stretching cannot be attributed to a leaching of enzymes out of the film during the

stretching cycles (see §3.5 in ES).

1.Build-up of the PLL-S-TP/HA
multilayer on silicone sheet
3.Loading of the enzymes

/'\/\/\ B-Gal-malinto the PLL-S-TP/HA
/\/\/\ multilayer and cross-linking
/\/\/\ through deprotection of the
/\/‘\/\ thiopyridyl groups with TCEP

B-Gal
' N
2.Cross-linking of the ~
PLL-S-TP/HA multilayer #
+ TCEP
PLL-S-TP A2
HA \/\ni/ PLL-S-TP
PLL-S-TP
\NH
O. )JNH
N— oHOHQ_o /1 HA
Rodmyo NN — vy PLL-S-TP
OACH;; ° i

Figure 4.3: Description of the different stages necessary to cross-link -Gal in the stretchable multilayer.

For the second set of experiments, the cross-linked PLL-S-TP/HA films were brought
in contact with -Gal-mal enzymes in the presence of TCEP ((Tris(2-carboxyethyl) phosphine
hydrochloride) to deprotect the thiopyril moieties (S-TP) of PLL which then react with
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maleimide groups of B-Gal. B-Gal-mal become thus covalently linked to the film (figure 4.3).
The deprotection reaction was monitored by measuring the supernatant absorbance at 343nm
(Fig. S5). The increase in absorbance corresponds to the release of the thiopyridone molecules

in solution. The reaction takes place during approximately 30 minutes.

N W OO N

Fluorescence intensity (a.u.)

Fluorescence instensity (a.u.)

0 50 100 150 200

Time (min)

Figure 4.4: Evolution of the enzymatic activity monitored via production of fluorescence and measured in
solution over time during stretching (50%, 80% or 100%) / unstretching (0%) cycles. The fluorescence
intensities corresponding to a given strain have been fitted with a linear equation. The coefficients v, are the
ratios of the slopes at each strain to the slope in the initial state (i.e. initial curve without stretching, first gray
curve). Thin lines are linear regressions and bold lines are raw data. Modified enzymes, f-Gal-mal, were loaded
in the EDC-NHS reticulated (PLL-S-TP/HA),, films and (a) no TCEP was yet introduced (no covalent coupling
of the enzymes to the film), (b) after TCEP was added to the film, the enzymes were covalently fixed to the
multilayer.

By using a calibration curve (Fig. S4), the enzyme concentration in the film was
estimated to be of the order of 850 ug.mL'1 (see details in § 3 in ES). These cross-linked
PLL/HA films containing covalently attached -Gal-mal enzymes were then stretched in a
stepwise manner up to 80-100%. Figure 4.4b shows a typical evolution of the fluorescence

intensity monitored when a FDG solution is put in contact with the film during the stretching.
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First in the non-stretched state, the films are enzymatically active indicating that the covalent
immobilization of the enzymes within the cross-linked polyelectrolyte network does not affect
their activity. Under stretching, the fluorescence production rate monitored in the solution
decreased and this diminution was amplified when the strain was increased. This evolution of
the enzymatic activity was different from that observed with non-cross-linked enzymes where
the fluorescence production remained almost constant or even increased slightly under
stretching. This experiment was repeated several times and results are summarized in Figure
4.5a and 4.5b where the fluorescence production rates, averaged over different experiments,
are plotted as a function of the strain. The stretching of immobilized enzymes in the PEM film
affected its enzymatic activity about 30% compared to the non-stretched state. It is expected
that the decrease of the enzymatic activity is due to a stretching-induced change of the
enzyme conformation. This hypothesis is in agreement with very recent work published by
Bielawski et al. where Yellow and Green Fluorescent Proteins where both covalently
incorporated in biocomposite materials '*. Under compression a shift or a decrease of the
fluorescence emission was observed, an effect attributed by these authors to conformational

changes of the proteins.

Enzymatic activity relative
to that of the initial state

Enzymatic activity relative
to that of the initial state

0 50 100 0 50 100 0 100 " 0 50 65 80 100 0 80 100 O 80
Strain (%)

Figure 4.5: Evolution of the mean enzymatic activity monitored via production of fluorescence for different
strains. (a) enzymes not covalently linked to PLL/HA network and (b) enzymes covalently linked toPLL/HA
network. The activities have been normalized to the rates measured in the initial, non-stretched state. The rate
values correspond to the mean value of 2 experiments in (a) and up to 7 experiments in (b) and error bars
correspond to standard deviations. The Kruskal-Wallis test reveals non-significant influence of the strain in (a)
(p = 0.166) whereas significant influence is suggested in (b) (p = 0.021) if one refers to rvisk level of 0.05.

Next, we investigated the reversibility of the enzymatic activity change. The films
were stretched at 80 or 100% and then brought back to the non-stretched state (Figure 4.5b).

By release of the stretch, an increase of the enzymatic activity is obtained which is about 87 +
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15% of the initial production rate. When repeated a second time with the same films, the
stretching/unstretching process induced again a decrease/increase of the enzymatic activity.
The stretch-induced change of the enzymatic activity is thus partially reversible. These results

highlight the enzymatic mechano-responsive properties of the designed PEM film.

Our PEM based system, demonstrates the proof of concept of the strategy developed
and exhibits reasonable performances (30% reduction of enzymatic activity and partial
reversibility). However, it could be optimized in the future and in particular a multidirectional
stretching device will be designed to stretch enzymes in several directions. Indeed, as
enzymes are oriented randomly to the material, some of them might not sense the
unidirectionnal stretch and should not or slightly be affected by the stretch. This distribution
of stresses might be at the origin of both limited range of the effect and incomplete

reversibility.

This study is a proof of principle demonstrating the use of cross-linked enzyme
containing PEM films to create chemo-mechano-responsive materials based on local
modification of enzymatic conformation. Due to the versatility of the PEM tool, this work
will help the community to design new functionalized materials where activity is controlled

by a mechanical stretch.
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4.3. Experimental section (SE)

It must be noticed that in order to stay in agreements with the publication shaping, the
experimental section owns a specific numbering.

1. Chemicals and chemical modifications of polymers and enzymes
1.1. Chemicals

The polyelectrolytes poly(L-lysine) (PLL, Mw = 2.60 x 104 Da) and hyaluronic acid
(HA, Mw = 1.32 x 105 Da) were purchased from Sigma Aldrich (Saint-Quentin Fallavier,
France) and Lifecore Biomedical (Chaska, USA) respectively. Coupling agents as N,N'-
Dicyclohexylcarbodiimide 99% (DCC), N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride >98% (EDC), N-Hydroxysuccinimide 98% (NHS), and N-
Hydroxysulfosuccinimide sodium salt (sulfo-NHS) > 98% were all purchased from Sigma
Aldrich. The enzyme [-galactosidase (B-Gal) from Escherichia coli Grade VI, lyophilized
powder, 250-600 units/mg protein and the enzyme substrate fluorescein di(p-D-
galactopyranoside) (FDG) were purchased from Sigma Aldrich. 2,4,6-Trinitrobenzenesulfonic
acid (TNBS), Tris(2-carboxyethyl)phosphine hydrochloride powder, > 98% (TCEP),
tris(hydroxymethyl)aminomethane (TRIS) and 4-(2-Hydroxyethyl)piperazine-1-
ethanesulfonic acid (HEPES), sodium chloride (NaCl), sodium bicarbonate (NaHCO?3)
anhydrous solvents for synthesis dichloromethane (CH2CI2), N,N-Dimethylformamide
(DMF) were all purchased from Sigma Aldrich. Dialyzed cellulose ester membrane (MWCO
3500 Da) was purchased from Carl Roth (Lauterbourg, France) and bicinchoninic assay
protein quantification kit was purchased from Uptima (Montlugon, France). Thiopyridone
mercaptopropionic acid (TP-MPA) was synthesized by the procedure describe by Xie et al
(%] Maleimide succinimide ester was synthesized by the procedure describe by Thibaudeau et
al %0, Poly(dimethylsiloxane) (PDMS) sheets of 250 um thickness (Specialty Manufacturing
Inc., Saginaw, USA) and circular glass slides with 12-mm diameter and 150-um thickness
(Menzel-Glaser, Braunschweig, Germany) were chosen as substrates for the construction of

polyelectrolyte multilayer (PEM) films.
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1.2. Chemical modification of PLL with thiopyridone protecting groups (PLL-S-TP)

The modified poly(L-Lysine) with thiopyridone groups (PLL-S-TP) was obtained in a
two-step reaction. The first step consists in the activation of the thiopyridone
mercaptopropionic acid (TP-MPA) with the N-hydroxysuccinimide (NHS) followed by the
second step where the amines of the PLL will make a nucleophilic attack on the activated acid

cited before.

1.2.1. First step: activation of the TP-MPA acid with NHS

0 D T o Q

p i) NHS

| - L

NZ S- /\)LOH CHyCh, N s—S/\)k)
TP-MPA TP-MPA-NHS

Scheme S1: Synthesis of TP-MPA-NHS

The TP-MPA (186mg, 0.864mmol) was dissolved in 8mL of CH,Cl, followed by the
addition of DCC (178mg, 0.864mmol, leq) and NHS (99mg, 0.864mmol, 1eq). The reaction
was stirred at room temperature for 24h. The solution was filtered and the solvent was
removed under pressure until dryness to obtain a yellow solid compound TP-MPA-NHS in a
quantitative yield which will be used in the next step without further purification. The

characterization of this compound is described by Xie et al "),

1.2.2. Second step: coupling reaction between TP-MPA-NHS and the PLL

H,N HoN
O A% [ A
N H,O / DMF N
N S—S/\AO—N + N — N
o) o
0
=
o |
NH, HNJ<_/S—S
TP-MPA-NHS PLL PLL-S-TP (27%)

Scheme S2: Synthesis of PLL-S-TP
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The PLL (300mg, 1.44mmol) was dissolved in 15mL of Milli-Q water followed by the
addition of a solution of TP-MPA-NHS (269.9 mg, 0.864 mmol, 0.6eq) in 3mL of DMF. The
reaction was stirred at room temperature for 24 h. The solution was filtered and dialyzed
(cellulose ester membrane (MWCO 3500 Da)) against a 2L solution of NaCl 0.30 M for 1 day
at 4°C and then changed two times against 2 L of Milli-Q water for another 2 days at 4°C.
Lyophilisation of the solution afforded PLL-S-TP as a white like foam with a 75 % yield.

'H NMR (D0, 400 MHz, & ppm): 8.30 (br s, 0.27H, Ar), 7.75 (br s, 0.54H, Ar), 7.20
(br s, 0.27H, Ar) 4.35 (br s, 1H, CaH), 3.05 (br s, 0.54H, CH, thiopyridyl), 2.99 (br s, 2H,
CH; aNH,), 2.70 (br s, 0.54H, CH, thiopyridyl) 1.85 (br m, 4H CH,CH;), 1.40 (br s, 2H,
CH,).

By comparison of the integration of one aromatic signal and the integration of the broad
singlet at 4.25 (H on the carbon a of the lysine amino acid), the percentage of modification on

the PLL by thiopyridone groups is estimated to be 27%
1.3. Chemical modification of B-galactosidase with maleimide groups (B-Gal-mal)

1.3.1. Chemical modification

0 o
é /\)J\ ﬁ o
o
f-galactosidase Mal-Ala-NHS f-galactosidase-maleimide
(70 % of modification)

HaN

Scheme S3: Synthesis of 3-Gal-mal.

B-Gal from Escherichia coli (7mg, 1.61 x 10-5 mmol) was dissolved in ImL of NaHCO3 0.1
M at pH 8.5 followed by 4mL of HEPES 50mM at pH 6. Then, 500uL of a Img.mL™ (0.5mg,
1.87 x 10”°mmol) 3-(Maleimido)propionic acid N-succinimidyl ester (Mal-Ala-NHS) solution
in DMF is added to the B-Gal solution and stirred at room temperature for 3h. The solution

was dialyzed (cellulose ester membrane (MWCO 10000 Da)) against a 2L solution of 50mM
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HEPES and two times against a 2L solution 10 mM HEPES pH 6 at 4°C for 3 days. Aliquots
of 250pL were prepared and conserved at -20°C. The modified enzymes with maleimide
groups (B-Gal-mal) were not lyophilized after chemical modification to avoid the loss of
enzymatic activity as observed in previous experiments where this lyophilization was

performed.

1.3.2. Determination of the modified enzyme (3-Gal-mal) concentration

We used the bicinchoninic acid (BCA) assay test to determine the concentration of the
solutions of the modified enzyme *'. A fresh set of protein standards, from 20pg.mL™" to
Img.mL™", were prepared using the bovine serum albumin (BSA) at 2 mg.mL-1. B-Gal-mal
and B-Gal (control) solutions at Img.mL™" were prepared and then diluted to 0.25mg.mL™" in
NaHCO3 0.1M solutions at pH 8.5. Then 2mL of BC Assay reagent (mixture of 50 parts of
bicinchoninic acid and 1 part of CuSO4) were added to the test tubes, mixed and incubated at
60°C for 20min. All the test tubes were mixed at room temperature and their optical
absorbance read at 562nm against the blank NaHCO3 in a 96-well plate. Then the protein
concentrations can be calculated with a reference curve obtained for a standard protein.

Finally, we obtained a concentration of 0.4 mg.mL™" for p-Gal-mal and 0.5mg.mL" for B-Gal.

1.3.3. Verification of the catalytic activity of the modified enzyme

The enzymatic activity of the B-Gal-mal was verified against the unmodified enzyme B-Gal in
presence of the substrate fluorescein di(p-D-galactopyranoside) (FDG). The principle of this
experiment is the hydrolysis in 2 steps of the FDG in the presence of the enzyme to obtain

fluorescein (Scheme S4).

B-Galactosidase

Fluorescein di(B8-D-galactopyranoside) (FDG) Fluorescein

Scheme S4: Hydrolysis reaction of the FDG by the -Gal.
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In a 96-well plate, we added 200 pL of FDG at 0.071mg.mL" and 50uL of the enzymes
separately at 0.0048mg.mL™'. Then, the catalytic activity was recorded with the
spectrofluorimeter equipped with a microplate reader (Aex/em: 495nm / 519nm; see 2.2

below). The modified enzymes appear 3.4 times less active than the non-modified -Gal.

50

30

slope = 0.082
20 +

Fluorescence intensity (a.u.)

10 | slope = 0.024
O 1 1 1
0 100 200 300 400
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Figure S1: Comparison of the enzymatic activity of the modified (B-Gal-mal) (blue line) and unmodified (p-Gal)
enzyme (red line).

1.3.4. Free-amines TNBS test

The grafting rate on the modified -Gal with maleimide groups was obtained using the
2,4,6-Trinitrobenzenesulfonic acid (TNBS) also known as picrylsulfonic acid. This test
consists in the covalent coupling reaction between the picrylsulfonic acid and the primary

amine groups that are present on the protein to form a highly chromogenic derivative (Scheme

S5) 122,
NO, R NO,
HO3S HN
R-NH, + —_—
O,N NO, O,N NO,

Amine containing 2,4,6-trinitrobensenesulfonic  Orange colored derivative
molecule acid (TNBS)

Scheme S5: TNBS may be used to detect or quantify amine groups through the production of a chromogenic
derivative.
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Different concentrations of glycine (standard) were prepared ranging from 10"'mM to
10°mM in 0.1M of NaHCOs at pH 8.5 from glycine ImM. 1mL of the standard solutions was
mixed with 25uL of a 30mM picrylsulfonic acid solution. In the same way, 300uL of the -
Gal (control) and B-Gal-mal solutions at 0.lmg.mL™" in 0.1M of NaHCOs pH 8.5 and 7.5uL
of a picric sulfonic acid solution were added into the Eppendorf tubes. They were incubated
for 40min at room temperature. After that 200pL of the glycine (standard), B-Gal (control)
and B-Gal-mal solutions were transferred into a 96-well plate and the optical absorption was
measured at 420nm with a spectrophotometer (see 2.2). In Figure S1, the lysine concentration
can be calculated with a reference curve obtained for a glycine solution (standard). The

grafting ratio was calculated from the relation:

GR = modified groups _total groups — non—modified groups

total groups total groups

Where total and non-modified groups represent the UV absorbance of the B-Gal and B-Gal-
mal, respectively. A grafting ratio of 70% was obtained after modification of the B-Gal with

maleimide groups.

1.4. Chemical modification of enzymes with fluorophores

1.4.1. Chemical modification of B-Gal with fluorescein isothiocyanate (B-Gal""" )

3.1mg of B-Gal was dissolve in 3mL of 100mM NaHCO; buffer at pH 8.5 followed by
the addition of 3.75ug of fluorescein isothiocyanate (FITC) in methanol solution (100uL).
The reaction mixture was stirred for 3h at room temperature and dialyzed with a cellulose
ester membrane (MWCO 3500) against a 2L solution of NaCl 0.3M for 8h and finally with 2L
of Milli-Q water for another 24h. Lyophilization of the solution afforded 2.5mg of p-Gal™''®

as a yellow powder.
1.4.2. Chemical modification of f-Gal-mal with FITC (B-Gal-mal*""©)

2mg of PB-Gal-mal was dissolved in 3mL of 100mM NaHCO; buffer at pH 8.5
followed by the addition of 3.75ug of FITC in methanol solution (100uL). The reaction

mixture was stirred for 3h at room temperature and dialyzed with a cellulose ester membrane
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(MWCO 3500) against a 2L solution of NaCl 0.3M for 8h and finally with 2L of Milli-Q
water for another 24h. Lyophilization of the solution afforded 1.7mg of B-Gal-mal™“ as a

yellow powder.

2. Experimental methods
2.1. Stretching device

Figure S2 represents the homemade stretching device used for the experiments. It is
made on stainless steel and it allows stretching manually the sample in an unaxial direction.
The silicone sheet covered with the enzymatic active film is inserted in two jaws. These jaws
can be moved continuously one with respect to the other. This stretching device is inserted in
a black support made of poly(methylmethacrylate). This support was design to use the

minimum amount of enzyme substrate (FDG). The strain, a, is defined by the relation

-1,

0

o =100x

(in %)

Where ¢and 7 represent respectively the length in the stretched and non-stretched

states. All the experiments were performed at room temperature with the PEM-coated silicone

side facing down.

Figure S2: Devices used for the stretching of modified silicone sheets. The silicone sheets are placed between
the two clamps and stretched manually.
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2.2. Spectrofluorometer with microplate reader

A multidetector spectrofluorimeter (Xenius XC, SAFAS, Monaco) equipped with a
microplate reader was used to monitor the fluorescein release in the supernatant which mirrors
the catalytic activity of enzymes within the PEM films supported on silicone sheets in contact
with its substrate, FDG (Aex/em: 495nm / 519nm). Thiopyridyl group deprotection of PLL-S-TP

was also monitored by UV experiments at 343nm.
2.3. Confocal laser scanning microscope (CLSM)

Confocal laser scanning microscope (CLSM) observations of PEM films were carried
out with a Zeiss LSM 510 microscope using a x 40/1.3 oil immersion Objective and with 0.43
um z-section intervals. FITC fluorescence was detected after excitation at A = 488nm with a
cut-off dichroic mirror of 488nm and an emission band-pass filter of 505-530nm (green
emission). An average of three images in the same location was acquired at 256 x 256 pixels.
Virtual film section images were taken from the film in the presence of liquid (NaCl 0.15 /
TRIS 10mM), hence allowing the determination of the thickness of the film. All the
experiments are performed in the presence of liquid (0.15M NaCl/10mM Tris, pH = 7.4) and

the multilayer films were never dried.
3. Mechano-responsive film construction

3.1. Polyelectrolyte multilayer film construction

PEM films were built with an automated dipping robot (Riegler & Kirstein GmbH,
Berlin, Germany) on silicone sheets (Specialty Manufacturing Inc., Saginaw, MI, USA) of
254pum thickness or microscope slides. Silicone sheets of 18 x 18 mm® were previously
cleaned with ethanol and then extensively rinsed with water. The polyelectrolytes used for the
construction of the multilayers were dissolved in a 0.15M NaCl solution prepared with
ultrapure water (18.2 MQ.cm Milli-Q plus system, Millipore) and used at a concentration of
Img.mL™". Silicon substrates were first dipped in a PLL-S-TP solution (polycation) for 4min.
Then, two rinsing steps were performed by dipping the sheets two times for Smin in 0.15M
NaCl solution. The polyanion (HA) was then deposited in the same manner. The buildup
process was pursued by the alternated deposition of PLL-S-TP and HA. After deposition of n
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bilayers, the film is denoted (PLL-S-TP/HA),. We used films constituted of 24 PLL-S-TP/HA

"bilayers”.
3.2. Loading B-Gal enzymes into PLL-S-TP/HA films

3.2.1 Characterization of the loading by confocal microscopy

I A LR DAt A R .a.\fk-:.u'ﬂmﬂw*&« |
n

Figure S3: Confocal microscope section (x,z) images of (PLL-S-TP/HA),, films deposited on silicone sheets and
brought in contact with a f-Gal™ solution at 500ug.mL™. The image was taken after contact between the film
and the B-Gal™ solution before cross-linking following addition of TCEP. The thickness of the film is around

Sum.

3.2.2. Determination of the amount of B-Gal-mal enzymes loaded in the cross-linked

PLL-S-TP/HA film.

We adapted a method developed by Vodouhé et al.” to determine the amount of p-Gal-
mal enzymes loaded in the cross-linked PLL-S-TP/HA film.

Once PLL-S-TP/HA film was built, the film was cross-linked through 20mM EDC /
50mM Sulfo-NHS solution as described above. Then, the film was brought in contact with an
ethanolamine 1M solution prepared in 0.15M NaCl for 40 min. This treatment desactivates

11T€ solution at

the activated carboxylic groups within the film. Later, a 400uL of p-Gal-ma
0.5mg.mL™" was added for 1 hour, after that the enzyme solution was removed and replaced
by 500uL of ImM TCEP solution for 30min. Finally, the PEM film was rinsed with the buffer
solution 0.15M NaCl / 10mM TRIS at pH 7.4. Some (x,z) images were then taken by confocal
microscopy at different locations in the film. From these images, the mean fluorescence was

determined.

Then, we removed the film from the confocal microscope and replaced it with a glass

slide onto which we deposited 100pL of B-Gal-mal™™ at 0.5mg.mL"" solution. Successively,
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the concentration of the p-Gal-mal™'“ was diluted with the addition of NaCI/TRIS solution.
For each concentration, the fluorescence was determined from images taken in the solution
with the same experimental parameter setups as for the measurements in the film. This
allowed to determine a calibration curve (figure S6) from which we calculated the
concentration of B-Gal-mal™'® inside the PEM film. Finally, the concentration of B-Gal-
mal""® in the PLL-S-TP/HA film was about 850pg.mL, when 400uL of B-Gal-mal™™® at

500pg.mL™" were deposited on it for 30min and an extensive rinsing step was performed.
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Figure S4: Calibration curve for the determination of the -Gal-mal concentration in the PLL-S-TP/HA cross-

linked film. The equation of the curve is I = 2.25 C — 648.92, where I is the fluorescence intensity in a.u. and C

FITC
/

the concentration of [(-Gal-ma in ug.mL”. The solid line represents the linear regression and the dashed

lines represent the 95%-confidence interval.

3.3. Deprotection of thiopyridyl groups on PLL-S-TP

The sample was put in the home made stretching device that was previously coated with
parafilm to prevent leaking of the aqueous solution after its addition. A 100uL B-Gal-mal
(0.4mg.mL™") in NaCI/TRIS solution was added on the sample containing the cross-linked
PEM film (PLL-S-TP/HA) supported on PDMS for 1h. Later, the enzyme solution was
replaced by 150uL of TCEP ImM solution prepared in NaCl/TRIS. Sampling 150uL of
TCEP solution was done every 5min and replaced by other 150uL of TCEP solution. UV
measurements at 343nm wavelength were performed with the spectrofluorimeter equipped

with microplates reader in a 96-well plate with 100 pL of the sampling solution for each
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period of time and total time of 30min. Full deprotection of thyopiridone groups are

completed after 30min of treatment with TCEP solution (figure S5).
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Figure S5: Deprotection of the thiopyridyl groups in contact with the TCEP followed by UV spectroscopy at
343 nm wavelength. Most of the reaction takes place over 30 min.

3.4. Cross-linking of the enzyme B-galactosidase-maleimide within the PEM film

The reticulated PEM film on silicone sheets was placed in a homemade stretching
device. The homemade device was held together tightly with clips that were previously coated
with parafilm to prevent leaking of the aqueous solution after its addition. 100uL of B-Gal-
mal at 0.4mg.mL" prepared in NaCl/TRIS buffer solution was then added for lh. The
modified enzyme was later pippeted and replaced by 200uL of ImM TCEP prepared in
0.15M NaCl/10mM TRIS buffer solution for 30min. Finally, the PEM film was rinsed with
the buffer solution 0.15M NaCl / 10mM TRIS at pH 7.4.

3.5. Control experiments to verify the non-leaching out of non-covalently linked enzymes

in cross-linked PLL-S-TP/HA films during stretching

To confirm the absence of leaching, we performed an experiment with B-Gal-mal
enzymes loaded in the PLL-S-TP/HA film but without cross-linking these enzymes to the film
(i.e. without TCEP, conditions similar to experiments in Fig. 3a). Then, two
stretching/unstretching steps have been performed in pure buffer with return to the non-
stretched state. Next, FDG, the enzyme substrate, was added to the supernatant. Enzymatic

kinetics was monitored and an enzymatic activity was measured (Fig. S6a below). When the
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film was withdrawn from the cuvette, no more evolution in the fluorescence intensity was

observed as depicted in Fig. S6b.

3.4 A
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Figure S6: Evolution of the enzymatic activity monitored via production of fluorescence and measured in
solution over time. a) Activity of a cross-linked (PLL-S-TP/HA),, film loaded with f(-Gal-mal. The p-Gal-mal
molecules were not linked to the film because the deprotecting agent TCEP was not introduced. The enzymatic
activity was measured using FDG as the substrate. b) Following the experiment depicted in a), the supernatant
was maintained in place but the enzymatic film was removed from the measurement's cuvette and the enzymatic
activity was monitored again.

4. Localization of lysine residues on B-galactosidase

Chemical modification of B-Gal with maleimide groups as described in scheme S3 was
performed on part of the lysine residues. A mapping of these lysine residues and in particular

those appearing on the external face of the enzyme can be obtained from Protein Databank.
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Figure S7: 3D representation of -Gal residues with a labeling in dark of lysine residues on both faces (left and
right representations) of the enzyme (PBD code: 1BGL). From these representations, it appears that a great
number of lysine residues are distributed all over the external area, suggesting that the grafting of the enzyme to
the film can occur. p-Gal contains 80 lysine residues but only few lysine residues exposed to the outer surface
are visible on this figure.
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4.4. Additional experiments

In order to determine if the structure of the enzymes present inside the multilayer films
are influenced by the mechanical constraints applied to the material and so explaining the
decrease of enzymatic activity observed under stretching, infrared and fluorescence

measurements of the stretched and unstretched films were performed.

4.4.1. Infrared analysis

These experiments were done to detect shift in amide I band of enzymes known to be

(23] Thus conformational

[24]

sensitive to secondary structures such as a-helix and [B-sheets
modifications of the proteins can be monitored by infrared spectroscopy . In order to
prevent protein denaturation by drying, all the manipulations were performed in liquid
conditions in presence of D,O at room temperature. According to the literature, spectra
acquisitions were performed between 1500 and 1700cm™, a characteristic domain of the

amide I bands relative to the a-helix secondary structure ** ),

First of all, infrared measurements of the polyelectrolyte multilayer films without
enzyme were performed in order to evaluate the contribution of PLL amide bonds (figure

4.6). These experiments were realized on typical films made of (PLL-S-TP/HA),4 layers.

Normalized spectra: crosslinked film without enzyme at rest and under stretct Normalized spectrum: difference between stretched/unstretched state
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Figure 4.6: (a) Infrared analysis of PEM structure at rest and under stretch; (b) Spectra difference

Changes in polymeric matrix conformation are detected under stretch. Indeed in figure

4.6b. a diminution of the PLL o-helix secondary structure at 1622cm™ is observed in
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agreement with an increase of the turns at 1660cm™. Once these results obtained, a

comparison with a film containing reticulated enzymes was performed (figure 4.7).

Normalized spectra of crosslinked film with and without linked enzymes
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Figure 4.7: Normalized spectra of crosslinked films with and without linked enzymes.

After normalization, differences in the infrared spectrum between the native film and

the one loaded with enzymes are observed confirming the presence of enzymes inside the

matrix. Stretching experiments are finally studied and normalized spectra of the

unstretched/stretched states are reported in figure 4.8a. Difference of the spectra is

represented in figure 4.8b.
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Figure 4.8: (a) Normalized spectra of stretched/unstretched states of PEM containing enzymes, (b) Spectra

difference.
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Although a slight shift in the amide I band characteristic of a-helixes is observed under
stretching, the results observed aren’t significant due to the impossibility to attribute the
contributions coming from PLL and enzymes. Another way of characterization based on
intrinsic fluorescence of protein was so experimented to prove the structural changes of the

shape of the enzymes under stretching constraints.

4.4.2. Fluorescence measurements

In order to show beyond doubt that the decrease of catalytic activity of the films under
stretch is due to enzymes conformational changes, additional fluorescent experiments were
performed. Indeed, most proteins own an intrinsic fluorescence coming from the presence of
specific aromatic amino-acids (tryptophan, tyrosine, phenylalanine) (figure 4.6) present in

their sequences.

a. b. C.
0 0 0
I OH OH OH

HN NH; HO NH, NH,

Figure 4.9: Chemical structures of (a) tryptophan, (b) tyrosine and (c) phenylalanine amino-acids.

Although the fluorescence of a folded protein is a mixture of the fluorescence from
individual aromatic residues, it is essentially due to the contribution of tryptophan *°\
However, its fluorescence is influenced by various parameters. Thus tryptophan has a
typically a maximum wavelength of adsorption at 280nm and an emission peak ranging from
300 to 350nm depending on the polarity of the local environment and the proximity of other
residues " 2*]. This property is used to study protein denaturation or conformational changes
by monitoring the fluorescence response of the tryptophan **) under various conditions. Thus,
the aim of our experiments is to detect a change in fluorescence of the tryptophan when our

material and so the enzymes are submitted to a stretching constraint modifying their

structures.

However, first results aren’t conclusive due to a too low signal-to-noise ratio and no

shift or decrease of fluorescence was observed under mechanical constraint of the films.
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Manipulations have so to be redone by using a more important quantity of enzyme by

building a PEM with more bilayers for example.

4.5. Conclusion

After demonstrating the possibility inducing conformational changes of proteins by
stretching their substrate in chapter 3, this study was focused on the elaboration of an
enzymatic active material sensitive to mechanical constraints. To achieve this goal, a
crosslinked polyelectrolyte multilayer film was in a first time elaborated then loaded with
enzymes and finally submitted to stretching tests. A modification of 30% of the material
enzymatic activity was observed and a partial reversibility of the system was obtained. This
study is a proof of principle demonstrating the use of cross-linked enzyme containing PEM
films to create chemo-mechano-responsive materials based on local modification of

enzymatic conformation.

Although the direct proof of enzyme structure modification is not yet demonstrated,
additional experiments are in progress in particular Raman spectroscopy and circular

dichroism analysis.
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5.1. Introduction

5.1.1. Enzymatically stable polymeric matrix

[1], in lipid vesicles 2 3], in

7]

Confinement of enzymes on surfaces of lipid monolayers
porous materials such as inverse opals,' in polyelectrolyte multilayer films ®7or in gels [
offers many opportunities to confer biological activity to materials. To achieve the realization
of a long term enzymatic activity without release, which is needed for the production of stable
biosensors or materials meant to be manipulated, it is mandatory to control the immobilization
mechanism of the enzymes. In the case of stable enzyme immobilization, the active
moleculesshould be bound preferentially by means of covalent bonds, but without undergoing

O-11 In addition

a significant conformational change to avoid its decrease or loss of activity
the immobilization matrix should be porous enough to allow access of the substrate to all the
immobilized enzymes. It has been found that in the case of polyelectrolyte multilayer films
produced by the alternated layer-by-layer deposition of chitosan and glucose oxidase (GOX),
the sensitivity for glucose sensing was maximal when only the last layer pair contained GOX
(121 implying that the enzymes embedded in the internal layers of the film remained either
inaccessible to the substrate or underwent some severe denaturation. This last assumption
seems however unlikely because it has been shown that many proteins have increased thermal
stability when embedded in polyelectrolyte multilayered films "% ', It is the aim of the
present work to use the layer by layer deposition method of a polyelectrolyte and an enzyme

to produce stable enzymatic active filmsin timewithout enzyme release, and modify their

biological properties under mechanical constraints.

5.1.2. Project
Our idea is to create bio-active films stable in time and responding to mechanical
stress by changing their enzymatic activity. This property is expected by changes of enzymes

conformation upon stretching leading to modification of their catalytic activity (figure 5.1).
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Unstretched state: Bio-active material Stretched state: loss of enzymatic activity

Figure 5.1: Schematic representation of the mechano-responsive film. (a.) At rest enzymatic activity occurs.
(b.)Under mechanical stress, enzyme structure is putting out of shape leading to a loss of activity.

Such behavior is only possible with the covalently linking of enzymes into the
material. In the previous chapter we presented a method to achieve this goal based on the
diffusion of enzymes into a crosslinked polymeric matrix followed by their binding. Here we
present one other method based on the elaboration of a polyelectrolytemultilayer film made of
both polyelectrolytes and enzymes. In such structuresthe enzymes themselves are an integral

part of the material and thus are hopefully more sensitive to its deformation.

This project was separated in different parts, beginning with the elaboration of the
PEM, then its crosslinking by taking in account various constraints inherent to the use of
biological macromolecules, and finally the investigation of the stretching influence on the

enzymatic activity of the material (figure 5.2).

a. @\/\/'\ b.
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Figure 5.2: Schematic representation of the different parts of the project corresponding to (a.) elaboration of the
polyelectrolyte multilayer film; (b.) crosslinking of polymeric matrix without enzyme degradation and (c.)
stretching experiments.
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5.2. Elaboration of the multilayer architecture
5.2.1. Layer-by-layer (LBL) method

Polyelectrolyte multilayer films are elaborate by the alternate adsorption on a surface
of positively and negatively charged polymer chains respectively polycations and polyanions.

1 is schematically represented on figure 5.3. The

This method called Layer-by-layer |
substrate generally negatively charged is immersed in a solution of polycations for a given
time. Due to electrostatic interactions, positively charged chains adsorb on the surface of the
material. Excess polymers are removed using a rinsing step. The substrate surface is then
positively charged that allowed a new deposition of polyanions. This build-up process is
pursued by the alternate depositions of polycations and polyanions leading to the multilayer
films elaboration. The driving force of the construction is the charge overcompensation at the

surface of the substrate.

Polycation - Buffer

t |
Polycatlon Polyanlon
Rinsing step 2 Rinsing step
|

Buffer

1.
3. Rinsing step
substrate

Figure 5.3: Schematic representation of the polyelectrolyte multilayer films (PEM) elaboration. The substrate is

alternatively immersed in polycations and polyanions solutions leading to the film build-up.

In order to elaborate mixed structures, one of the polyelectrolyte used during the layer-

by-layer film build-up is replaced by an enzyme.

5.2.2. Materials
Nature of the polymer used to elaborate the PEM

In order to elaborate our polymeric matrix we selected a polyelectrolyte which is able
to undergo gelation, and hence a high degree of swelling. Indeed it was a criterion to get

highly porous and hydrated films allowing a fast diffusion process of the enzyme’s substrate
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in the whole film. To respect these constraints, we decided to use an anionic polysaccharide

namely sodium alginate. This polymer extracted from cell walls of brown algae is well known

for its use across a wide variety of application including food !'® '

| 018, 19]

, textile printing,
pharmaceutica and tissue engineering ““’due to its biocompatibility and is able to

absorb 200 to 300 times its own weight in water.
Specific modification of the polyelectrolyte

This polyanion was also modified with catechol groups (figure 5.4) in order to
crosslink the (AlgCat-enzyme), multilayer films and thus increase their stability. The polymer
was produced in our laboratory by Dr. T. Garnieraccording to protocol fromKastrup et al.

(2Uith a grafting ratio of 10%.

o

Figure 5.4: alginate modified with catechol moieties (red).

The use of catechol groups as adhesive and reactive moieties originates from
biology'??. Marine mussels, MytilusEdulis, secret protein material that initiate robust adhesion
and energy dissipation for mitigating the impact of waves. Adhesive proteins in the mussel
adhesive pads promote adhesion to virtually any type of organic or inorganic material ),
Proteins found in this material contain a high level of a catecholic amino acid namely 3,4-
dihydroxy-L-phenylalanine (L-DOPA). This amino acid has redox properties that allow

oxidative cross-linking to form protein networks. Oxidative transition of the catechol group in
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the L-DOPA to o-quinone triggered by alkaline pH results a highly reactive groups with

primary amines (figure 5.5) and in catechol-catechol addicts **.

OH 0 R'NH, OH

OH O R'HN OH

Oxidation R

Figure 5.5: Michael addition between catechol group and primary amine under oxidative conditions.

Catechol modified alginate can be used to produce gels of tunable swelling ratios and
elastic moduli without the use of divalent cations’>. Gels made from L-DOPA containing
proteins can easily be cross-linked using Fe’" as a complexing agent **). Subsequently the
metallic cations undergo reduction whereas the catechol groups of L-DOPA are oxidized in

71 Sodium periodate can also be used as an oxidant to crosslink mussel

quinone groups |
inspired adhesive hydrogels **|. Chitosan modified with catechols was blended with thiol
terminated pluronic F-127 triblock copolymers to yield thermosensitivehydrogels whichgelate
spontaneously at the body temperature. These gels are biocompatible and useful as hemostatic
materials **).In addition polyelectrolytes modified with catechol moieties have already been
used to build up multilayer polyelectrolyte films in combination with clays allowing to
produceultrastrong coatings after oxidation of the catechol moieties to create covalent bonds

91 Catechol modified polymers allow also to deposit

in the composite architecture
polyelectrolyte multilayers on substrates which do not carry charged groups *"owing to the
strong and substrate independent adhesion strength provided by catechols in a reminiscent
manner to the mechanism used by mussels to strongly adhere on solid substrates in a marine

. 23,32
environment and under strong shear stresses > ).

Choice of the enzyme

First to verify if PEM films can be constructed and if the cross-linking by the oxidized
catechols preserves the enzymatic activity, we used a model system composed of alginate-
catechol and alkaline phosphatase (ALP) as enzyme.This enzyme was chosen according to its
specific properties. Indeed, it ispositively charged in the conditions of the PEM elaboration,
owns a robust structure allowing its binding without degradation and its activity can easily be

monitored through UV absorbance by using paranitrophenyl phosphate (PNP) as substrate
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which is transformed into paranitrophenolate and phosphate(see figure 5.6).

Paranitrophenolate is then easily detected by UV absorbance at 405 nm.

O.+_.0 o\\ +_0O
>
Alkaline phosphatase

_ > -

0.0 pH =7 o

R
O \O
Para-nitrophenylphosphate Para-nitrophenolate

Figure 5.6: Transformation of para-nitrophenylphosphate in UV absorbantpara-nitrophenolate under alkaline
phosphatase activity.

5.2.3. Experimental conditions

We first investigated the buildup of Alg-Cat/ALP films by step-by-step deposition
based on electrostatic interactions. The first deposition experiments were performed by
dissolving Alg-Cat and ALP in 50mMTris buffer at pH 8.5. These experiments were
performed in such conditions owing to the known pH sensitivity of the enzymatic activityof
ALP P even if both ALP and Alg-Cat are negatively charged in these conditions, which is a
priori not favorable for the deposition of polyelectrolyte multilayer films relying only on
electrostatic interactions. Indeed, no noticeable film deposition was measured by means of
QCM-D when both polyelectrolytes were dissolved at pH 8.5. For this reason, further
deposition experiments were performed in the presence of 50 mM sodium acetate buffer at pH
5.0.in order to make the enzyme positively charged. It must be noticed that prior to these

experiments, the stability of the enzyme at such pH was verified in liquid conditions.
5.3. Build-up monitoring and characterization of the films

In order to monitorand characterize the multilayer film build-up, different physico-
chemical analysis techniques were performed such as QCM, FTIR and AFM.

5.3.1. Quartz crystal Microbalance (QCM)

The film buildup was in a first time followed by QCM-D.Figure 5.7a shows the

evolution of the normalized frequency shifts of the different measured overtones. One
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observes a regular film buildup. Yet, there is no superposition of the normalized frequency
shifts of the different overtones, indicating that Sauerbrey's equation does not apply to
determine the film's deposited mass. We thus used Voinova's model to treat our data %,
Figure 5.7b shows the evolution of the mass of the film during film buildup determined by
this data treatment. The mass increases fairly linearly with the number of deposition steps
reaching 7ug.cm'2after the deposition of 14 Alg-Cat/ALP bilayers. It must be noticed that this
mass corresponds to a hydrated mass and thus includes the water bound to the
protein®®>. When the film is brought in contact with a 3.3mM CaCl, solution during 10 min
followed by cross-linking with ImM NalOj solution, a slight decrease of the mass of the film

takes place.

q. b.7000\\\\\\\\\\\\\\\\\\\\\\\\\\
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Figure 5.7: (a) Evolution of the normalized frequency shifis observed by QCM experiments during the buildup of
the Alg-Cat/ALP multilayer film buildup for v =3, 5 and 7 respectively black, red and green curves(b) evolution
of the thickness of the film determined from the QCMD data by using Voinava's model®* .

5.3.2. UV-Visible monitoring

In order to gain a better insight into the film buildup process it was followed by UV
absorbance measurements at 280nm (figure 5.8). This wavelength is usually chosen to follow
protein deposition. It is thus characteristic of the deposition of ALP. The film was deposited
on a quartz crystal with a PEI precursor layer. Here too a regular enzyme deposition, which is

in first approximation linear with the number of deposition steps, is observed.
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ADbS. 250m)

T T T T T T T
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number of deposited bilayers

Figure 5.8: evolution of the absorbance at 280 nm for an Alg-Cat/ALP multilayer as a function of the number of
bilayers.

5.3.3.Infrared monitoring

In order to evaluate the contribution of each component during the PEM elaboration,
the build-up of the film is monitored using FTIR spectroscopy. The film is elaborated and
characterized at each step in-situ on a germanium crystal. To prevent the signal of water
contribution during the analyses, all the polymers, enzymes and buffer solutions were
prepared shortly before the manipulation using D,0O. Monitoring of the (Alginate-
Catechol/alkaline phosphatase)s sfilm build-up is given in figure 5.9. In order to facilitate the
graph understanding all the deposition steps aren’t represented (only the steps 1; 3; 6 and 9
are reported on the figure 5.9). Specific bands are detailed thereafter.

1,2 A

1,0 4

Alginate-catechol 1 08 1
Alginate-catechol 3

Alginate-catechol 6 g 061

Alginate-catechol 9 2@5 0a 1
— —— CaCl, N

NalO, ’

0,0

0,2

T T T T T
4000 3500 3000 2500 2000 1500 1000

frequency (cm-1)

Figure 5.9: Infrared monitoring of the (Alginate-Catechol/alkaline phosphatase)s s film elaboration. Numbers
next to the layer name are relative to the order of depositionof the successive bilayers.
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Typical spectra of Alg-Cat and ALP adsorbed on an ATR crystal are given in figure
5.10a and 5.10b. The evolution of the IR spectra taken in ATR mode during theAlg-Cat/ALP
multilayer film buildup is shown in figure 5.9. One clearly observes the constant increase
evolution of the vibration band intensity between 1300 and 1800cm™ indicating the increase
of the mass of the film as it builds up. Yet, due to the fact that most bands observed in IR
appear both for Alg-Cat and ALP, it is difficult to discriminate them. Nevertheless the band at
1540cm™ is strong for ALP % and the contribution of Alg-Cat at this wavelength is rather
weak. This band corresponds to theamide II bond that results from the N-H bending vibrations
and C-N stretching vibrations. The band at 1600cm™ can be attributed to carboxylate groups
of alginate *"land its contribution to ALP appears rather modest. We thus used these two
bands to follow the evolution of deposited amount of Alg-Cat and ALP during the film
buildup (figure 5.11). The intensity of both bands increases steadily during the film
construction. At the end of the buildup, the film is brought in contact with the 3.3mM CaCl,
solution.No decrease of either of the two bands is observed, indicating that the film remains
stable during this step. When the film is then further brought in contact with the 10mM NalOy4
solution one observes a decrease of the 1540cm™'band. On the other hand the intensity of the
1600cm 'band does not decrease after addition of NalOg4. This indicates that cross-linking
only affects the signal relative to the enzymes. The decrease of the intensity at 1540 cm’l
band can have two origins: either the crosslinking of Alg-Cat with ALP modifies C-N

bending vibrations or there is some leaching out of the enzymes from the film into the

solution.
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Figure 5.10: (a.) IR spectra over the entire spectrum range of alginate-catechol (black) and alkaline
phosphatase (red); (b.) detail of the spectrum between 1500cm™ and 1700 cm™. The absorbance at 1540 cm™
will mainly correspond to ALP while the absorbance at 1600 cm™.
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Figure 5.11: Evolution of the band intensity (a.) at 1600 cm™ attributed to Alg-Cat and (b.) at 1540cm™
attributed to alkaline phosphatase. Black and red dotted lines corresponding respectively to the measurements
after contact with CaCl, and NalO,.

5.3.4. Atomic Force Microscopy (AFM) characterization

Next we determined if the film totally covers the surface and what is its thickness. To
this aim, AFM imaging in contact mode under liquid conditions by scratching the film
elaborate on a QCM quartz crystal was performed. Figure 5.12 shows a typical AFM image
with the topography for a film constituted of 7.5Alg-Cat/ALP bilayers.

100.0 nm

h(nm)

0.0 1: Height 328 um 5 . . . . . . . .
0 2 4 6 8 10 12 14 16

I (um)

Figure 5.12: (a.) Atomic Force Microscopy (AFM) scratch image of the multilayer film, (b.) scratch profile of
the film.
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The AFM analysis shows that the film totally covers the surface but owns an important
roughness (13.7nm) due to enzyme aggregates on its surface. Its thickness about 7nm is
inferior to the expected one according to QCM-D experiments. This difference is directly
linked to its important roughness increasing artificially the mass calculatedfrom the QCM

results.
5.4. Enzymatic properties of the films

Next we analyzed the enzymatic activity of the films. As already stated, we used
paranitrophenyl phosphate (PNP) as substrate and followed its transformation into

paranitrophenol and phosphate through enzymatic activity.

5.4.1. Enzymatic release tests

We first investigated the release of the enzymes from the films into their contacting
solution. This was done as follows: after buildup, the films were brought in contact with
30mL of a Tris buffer solution at pH 8.5 for different contact times (10, 30 and 120
min).After these contact times, the supernatant was removed from the film and its enzymatic
activity was measured by supplementing it with a 10% PNP solution in TRIS 50mM buffer
and by measuring the absorbance at 405 nm which correspond to the absorbance peak of

paranitrophenol.

0,05

— No reticulation, storage 10 min
—— No reticulation, storage 30 min
— No reticulation, storage 2h
—— 10mn reticulation, storage 10mn
10mn reticulation, storage 30mn
—— 10mn reticulation, storage 2h
—— 2h reticulation, storage 24h

Abs. (405nm)

. . . .
0 200 400 600 800 1000
Time (s)

Figure 5.13: Enzymatic activity of the supernatant monitored using UV Absorbance measurements over time.
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The enzymatic activity of the supernatant is strong for non-reticulated films, much
reduced when the film was brought in contact with Nal0O4 for 10min and there is no enzymatic
activity of the supernatant when the film was 2 hours in contact with NalOy(figure 5.13).
Moreover, for films in contact during 10min with NalO,4, one observes that the enzymatic
activities of the supernatant solutionscontacting the film during 10min, 30min or 120min are
almost identical. This indicates that for non-reticulated films and for films reticulated during
10min, there is a loss of enzymes from the film. Moreover this loss takes place during the first
10 minutes of contact with NalO4. This is in accordance with the observations done by IR by
following the intensity of the band at 1540 cm™. When the film is in contact with the NalOy,
solution for 2h, there is no loss anymore of enzymes from the film (at least during the

investigated time scales).

Then we determined the enzymatic activity of the films themselves by bringing them in direct
contact with a PNP solution for 2 hours after different storage times at 4°C in a Tris buffer
solution at pH 8.5. The enzymatic activity was determined by following the absorbance at
405nm with time. The results of the enzymatic activities are summarized in figure 5.14. One
observes that non-reticulated films lose almost all enzymatic activity after 25h of storage.
This is in agreement with the strong desorption of enzymes from these films. Reticulated
films lose also some activity during the first 25 storage hours, yet even over long storage
times the films remain enzymatically active. The activity loss during these first 25 storage
hours should be due to some slow enzyme release that was not detected in the experiments
where the enzymatic activity of the supernatant was measured. This may be due to the fact
that the release was too slow to be detectable. It is interesting to notice that even after 2h of
contact with the NalO, solution and thus oxidation, there is no effect on the enzymatic
activity of the film indicating that the NalOssolution does not denature the enzymes (at least
in such a way as to decrease their activity). In the following we always used 1hour of contact
with the NalO4 solution (acetate buffer) followed by a rinsing step with TRIS buffer at pH
8.5.
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Figure 5.14: Enzymatic activity of 7,5 bilayers films in function of the reticulation time.

In a control experiment we checked that the catalysis of the PNP hydrolysis was
indeed due to the enzyme and not to the catechol-quinone moieties present on the AlgCat
polymer. For this aim, we deposited a PEI-(AlgCat-Lysozyme);s film on a quartz slide,
performed the two crosslinking steps as for the films containing ALP and measured the

hydrolysis rate of PNP. No detectable hydrolysis of PNP was found in this case.

5.4.2. Influence of the bilayers number on the film activity

Next we investigated the effect of the number of deposition steps on the film
enzymatic activity. For this purpose the hydrolysis of PNP was measured for PEI-
(AlgCat/ALP), films deposited by changing the number of deposition cycles (5.5; 8.5 and
11.5), and hence the deposited mass (Figure 5.15a). The absorbance obtained after 2000s of
PNP hydrolysis is proportional to the number of deposition cycles. Since the amount of
deposited enzyme per unit area in a linear function of n (Figure 5.15b), this means that the
enzymatic activity of the PEI-(AlgCat-ALP), films can be precisely controlled by the number
of deposition cycles and that the enzymes deposited during each deposition step are active and
accessible to their substrate, PNP. This result is by far not obvious. Indeed, one finds in the
literature examples of enzyme multilayer films whose activities increase with the number of
layers constituting the films. This is for example the case for multilayers constituted of

3% For of polyphenol oxidase/poly(allylamine)

glucose oxidase with various polycations
multilayers which were evaluated electrochemically towards different metabolically related

catecholamine " One also finds examples where the activity is confined to the outer layers.
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In this case, after a first increase of the activity with the number of deposited bilayers, the
activity becomes fairly independent of this number. This is for example the case for films
obtained by alternating the deposition of (peroxidase/polystyrene sulfonate) complexes with
poly(allylamine) whose activities level-off after the deposition of 7 bilayers '\ It has also
been observed for multilayers produced by the alternated deposition of chitosan and glucose
oxidase. The sensitivity for glucose sensing levelled off after the deposition of 5 bilayers and

was maximal when only the last layer pair contained glucose oxidase ['*).
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Figure 5.15: (a.) Evolution of the absorbance at 405 nm for films constituted of 4.5, 8.5 and 11.5 bilayers of
(Alg-Cat/ALP); (b.) Absorbance increase per unit time as a function of the number of deposition steps.

5.4.3. Storage of the film by freeze drying

Finally we investigated if PEI-(AlgCat-ALP); films deposited on a substrate, freeze
dried and stored at 4°C during 3 weeks before being rehydrated keep their enzymatic activity.
We observed that indeed their activity was indistinguishable from that of the same film but

estimated directly after its preparation (Figure 5.16).
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Figure 5.16.: Enzymatic activity of film after preparation and after a freeze-drying periode of 3 weeks.

This shows that PEI-(AlgCat-ALP), films can used in a totally preserved state after
freeze drying. This result opens an avenue for the preparation of biosensors by layering Alg-
Cat with enzymes presenting a real sensing ability like glucose oxidase, -galactosidase etc.
Indeed the preparation of such films using the layer-by-layer deposition method can be
realized in an automatized manner using dipping robots and the obtained films can be stored
safely before their use as a biosensor. In addition each sample can be used several times over
a time duration of one or two weeks as shown in Figure 5.14 without significant loss of

enzymatic activity.

5.5. Stretching experiments

5.5.1. Film elaboration on viscoelastic polydimethylsiloxane substrate

Our final goal was to create a mechano-responsive film. To this end, we deposited similar
PEI-(Alg-Cat/ALP) multilayers on silicone substrates. Because the characterization
techniques that we have are usually difficult to apply on silicone, we verified that the film
builds up on this substrate by measuring its enzymatic activity as a function of the number of

deposition steps. The resultisshown on figure 5.17.
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Figure 5.17: a.) Enzymatic acitivity of (PEI-(AlgCat/ALP)n films build on silicone sheets with n=7.5, 11.5 and
14.5 followed by UV absorbance at 405 nm, (b.) slope of the absorbance increase per unit time as a function of
the number of deposited bilayers.

The increase of the activity with the number of deposited layers indicates that film

builds up on silicone.

5.5.2. Enzymatic activity of the films under stretching constraints

In order to have a better detection sensitivity of the film response during
stretching/unstretching cycles, a fluorescent substrate was used instead of PNP. In presence of
alkaline phosphatase, the fluorescein diphosphate initially colorless is transformed in

fluorescein easily detectable (Ex=490nm/Emi=515nm)(figure 5.18).

O o OH
T
Alkaline phosphatase
‘ COCH

Fluorescein Di-Phosphate (FDP) Fluorescein

Figure 5.18: Transformation of fluorescein diphosphate in fluorescein under alkaline phosphatase activity.

The PEM film was then submitted to stretching/unstretchingcyles and its enzymatic activity
was monitored (figure 5.19). “SR” corresponding to the stretching ratio and the numbers in

brackets are relative to the stretching/unstretching cycle performed.
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Figure 5.19: Enzymatic activity of the film under stretching/unstretching cycles monitored by fluorescence
measurements.

A typical result is given in figure 5.19. One observes that there is no change of the
film enzymatic activity when it is stretched at 100%. This result was verified three times. This
indicates that, despite the fact that the ALP enzymes are covalently fixed into the cross-linked
multilayer, their activity does not change upon stretching. This may be due to the fact that

ALP is a particularly robust enzyme which is also difficult to denature even thermically.
5.6. Conclusion

We have shown the possibility to elaborate covalently cross-linked multilayer films
that are enzymatically active by alternating AlgCat and alkaline phosphatase. These films can
be constructed on various substrates such as quartz, glass and siliconeand stay active in
time..however, it appears that stretching the film does not change its enzymatic activity. This
may be due to the fact that alkaline phosphatase is too robust. In the future, this method has to
be applied to other enzymes such as beta-galactosidase or chymotrypsin. An alternative
method of film elaboration consisting of a crosslinking step after each bilayer deposition,

preventing the important desorption of enzyme observed is also in development.
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Conclusion and outlook

My thesis work was dedicated to the development of mechano-responsive materials based
on protein conformational changes induced by stretching. We grafted proteins on a surface or
embedded them in a matrix, expecting that the mechanical constraint applied to the material be
transferred at a molecular scale, leading to the modification of three dimensional structure of the
protein and so modulating its property. To achieve this goal, we elaborated different strategies
based on polymeric structures coupled with proteins or enzymes allowing the conversion of a

mechanical stress such as stretching in a bio-chemical response.

In the first part of this study (chapter 3), we designed a PDMS substrate specifically
functionalized with Green Fluorescent Proteins (GFP) responding to external constraints by
modulating its spectral properties. This strategy was based on the use of specifically bis-
modified GFP byPr. Schillers group (Freiburg Universitét) allowing its anchoring in the material
and increasing its mechanical sensitivity. This project was divided in two main parts, beginning
with the functionalization of the substrates and the stretching experiments. The modification of
the PDMS was performed by UV-Ozone treatment followed with bis-isocyanate reaction to
anchor chemically active functions at the top of its surface. Once this step was performed, alkyne
terminated polyethylene glycol chains were grafted to the surface avoiding proteins adsorption
and degradation. The specifically modified GFP was finally linked to the material through soft
click chemistry conditions. This material was then submitted to stretching experiments and its
fluorescence response was monitored. Under stretching constraint, the mechanical constraints
applied to the material were transferred through the PEG chains to the grafted GFP leading to a
decrease of its fluorescence emission. This was interpreted as a GFP conformational change
resulting in a change of the fluorophore direct environment. Moreover, reversibility of these
changes is observed when the surface is relaxed. With this material, we succeeded in making a
proof of concept that the three dimensional structure of a protein can be affected by the

application of stretching a substrate onto which the proteins are grafted.
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In chapter 4, we developed a new strategy based on the loading and anchoring of a pre-
crosslinked polymeric matrix with enzymes in order to elaborate a chemo-mechano-responsive
film. We expected the catalytic activity of such films to decrease when the material is submitted
to a stretching due to enzyme structural modifications. To achieve this goal, we used a
crosslinked poly-L-lysine/hyaluronic acid multilayer film as a matrix functionalized with beta-
galactosidase enzymes and then submitted it to stretching experiments. We succeeded in
modulating the enzyme activity of the film under stretching/unstretching cycles. A modification
of 30% of the enzymatic activity of the material was observed. Moreover, a partial reversibility
of the system was obtained. According to the results obtained during this study, although the
direct proof of enzyme structure modification could not yet be demonstrated, it seems to be the
only explanation of such behavior of the films.

In order to increase the response of the material to stretching constraints, a new strategy
based on the elaboration of a multilayer architectures composed of enzymes and polyelectrolytes
was developed in chapter 5. By this way, the structure itself of the material is composed of
enzymes, which are thus more sensitive to the material deformation. For this purpose, we
elaborated a film according to the layer-by-layer method by using a positively charged enzyme,
alkaline phosphatase and a specifically modified polyanion, alginate-catechol (Alg-Cat). Once
the PEM built, the entire structure is crosslinked thanks to catechol chemistry then submitted to
stretching constraints in order to modulate its properties. We developed a strategy to elaborate
enzymatically active crosslinked multilayer films based on the alternated deposition of AlgCat
and alkaline phosphatase. However, no modulation of the PEM enzymatic activity was observed
under stretching constraints. This result can be explained by the robustness of the alkaline
phosphatase. In the future, this method has to be applied to other enzymes such as beta-

galactosidase previously demonstrated as more sensitive to external constraints.

This thesis work highlighted different constraints inherent to the work with
biomacromolecules and in particularly enzymes. Thus, in order to elaborate stable biosensors or
materials meant to be manipulated, it is mandatory to control the immobilization mechanism of
the enzymes. In the case of stable enzyme immobilization, the active molecules should be bound
preferentially by means of covalent bonds, but without undergoing a significant conformational
change to avoid its decrease or loss of activity. In addition the immobilization matrix should be
porous enough to allow access of the substrate to all the immobilized enzymes. In this context,

the elaboration of a gel-like material made of both polymers and enzymes seems to be an
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interesting approach. Indeed, such material should own a crosslinked structure but without strong
constraints, and allows the diffusion of products and substrates. Essentially made of enzymes it
should have a high catalytic activity and external constraints applied to the material should
directly affect its structure and so the enzymes themselves. Thus important modifications in

material enzymatic activity are expected under mechanical stress.

Since several years an increasing number of works based on the use of dopamine
derivatives in biomaterials are reported. As shown in chapter 5, these components have a high
reactivity allowing the formation of covalent bonds with numerous chemical functions under soft
condition which is one of the principle constraints in the use of biomacromolecules. In this
context a new strategy of material elaboration is being developed at the present time in our
laboratory based on the use of enzymes linked together by the use of bis-catechol-functionalized
linkers. By varying the size of the linker, it should be possible to control the physical properties
of the material such as its rigidity. Moreover, polydopamine and its derivatives were reported to
be high adherent to various substrates allowing its use as a “smart” coating in a lot of

applications.

The development of mechano-sensitive coating is of high interest for biomedical
applications, in particular implants which are submitted to various mechanical constraints when
placed in the human body. These implants could be functionalized in an easy way by polymeric
coating such as polyelectrolyte multilayers or polymer networks in order to give them mechano-
sensitive properties. Once functionalized, they could become sensitive to biomechanical
constraints existing in their neighborhood and adapt their responses by initiating for example

biochemical reactions owning a therapeutic interest.
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GFP has been genetically modified at two specific positions of
its molecular architecture. These modifications allow its
covalent graftingonto PEG brushes grafted on silicone
surfaces. The stretching of this material leads to a reversible
decrease of the fluorescence intensity due to the changing of
conformation underwent by the biomacromolecule.

Mechanotransduction processes can be defined as the transfer of
information initiated by a mechanical force and resulting in a
chemical signal.This topic is a rapidly growing field of study which
covers biology, chemistry and more recently material science.
Indeed, the design of mechano-responsive materials opens the gate
to new developments in various fields such as drug delivery,
detection of stress or biomaterials. From a chemical point of view
there are clearly two possible approaches to tackle this subject: one
way is to investigate the effect of a mechanical force on the behavior
of covalent bondsto induce bond breaking or intramolecular reaction.
This approach is the most widely used in the current field of smart
material design. It is, for example,illustrated by the work of the
groups of Moore and Sotos' who showed that a mechanical force can
induce  chemical modifications in  materials  contained
“mechanophore” compounds, leading to acolour change in material
regions of high mechanical strain.Currently, many more chemo-
mechano-responsive materials based on an intramolecular reaction
resulting in a color change of the material have been reported. A
second approach is to mimic the mechanotransduction processes
used by nature to transform a mechanical signal into a chemical one.
Such processes are in particular used by cells which sense the
mechanical properties of their environment with widespread
consequence on their fate. There are at least two mechanisms used
by cells to transform a mechanical force into a chemical signal: one
is based on membrane channels whose properties change when the
membrane is under the influence of a mechanical stress and the other
is based on conformational changes of proteins that are submitted to
a mechanical force.? One of the first examples of this type of protein
that has been extensively studied is that of fibronectin, an adhesion
protein present in the extracellular matrix.*Since the five last years,
our group has developed different approaches to design mechano-
responsive materials based on the hiding of ligand* or enzymes’,

This journal is © The Royal Society of Chemistry 2012

becoming accessible to their environment through a mechanical
stretching.

Up to now, manycomputational simulation and single-molecule
studies have demonstrated that a deformation of the ternary structure
of biomacromoleculescan result from the application of a mechanical
force.® 'In particular, Green Fluorescent Protein (GFP) is a model of
protein extensively studied because of its photophysical properties
and used for biomolecule localization or expression. Its fluorescence
emission is due to its particular folding where a chromophore is
located in the centre of a B-barrel structure. Thus, mechanical stresses
applied to this B-barrel alter the resulting fluorescence.

Herein, we report the design of a biomechano-responsive material
based on a mechanical force directly underwent by GFPand leading
to a fluorescence change of the material. GFP has been specifically
modified on two points of its three dimensional structure to be
covalently grafted onto functionalized silicone substrate. A uniaxial
stress strain of this material at various proportions of its initial length
is applied to affect the conformation of the GFP resulting in
fluorescence emission changes.

The green fluorescent protein (GFP) from Aequorea Victoriais a
protein composed of 238aminoacids residues (26.9 kDa) forming an
eleven-stranded B-barrel structure with an o-helix running through
the center of the barrel’. Along it central helix, inside the
hydrophobiccore, apara-
hydroxybenzylideneimidazolidonechromophore (HBI) takes place.
This chromophoreis formed from an internal cyclisation of Ser65,
Tyr66 and Gly67 into a conjugated structure. Single-molecule
measurements have shown that the three dimensional deformation
response of the GFP varies with the direction of the force applied. In
particular, a minimal force-extension is required along the direction
of the amino acid positions 3 and 212 to unfold partially the GFP,
compared to others directions of stress tested.°Truncated GFP
mutant has been produced by Saeger et al. to mimic GFP elongated
along roughly the same direction (3, 212). The authors observed a
decrease of the fluorescence intensity but no shift of the maxima of
fluorescence.’ Therefore, we decided to introduce unnatural amino
acids in the spatial regions around these two positions of the primary
structure of the GFP.” Two tyrosines, Tyr39 and Tyr182, present in
the GFP wild type (wt) sequence appeared as good candidates. Both
amino acids do not have any role in the folding of the protein, and

Chem. Commun., 2014, 00, 1-3 | 1



furthermore, they are accessible from outside of the structure. Para-
azidophenylalanin(pAzF) was chosen to take place of Tyr39 and
Tyr182. Indeed, pAzFis an unnatural amino acid having the same
chemical structure as tyrosine except that an azido group in para
position of the aromatic ring replaces the natural phenolic
hydroxyl.This chemical group allows to click further the GFP
through Copper(I)-catalyzed Azide-Alkyne Cycloaddition (CuAAC)
onto a silicone surface modified beforehand in a suitable way.
Representation of the molecular structure of GFP (wt) and GFP
mutants (N3-GFP (39) and N3-GFP-Nj; (39, 182) are shown in Figure
la and all details concerning their preparationsare given in the Part 1
of the Electronic Supporting Information (ESI).

Covalent grafting of azide containing GFP mutants onto a substrate
required the modification of its surface by the introduction of alkyne
groups. The elastomer chosen was the polydimethylsiloxane
(PDMS) named Sylgard-184, prepared from starting precursors
provided by Dow Corning (Part 2, ESI). This PDMS is a filler-free
elastomer, transparent but chemically inert. The modification
method mainly used to functionalize PDMS surface is based on
oxygen plasma treatment. This process allows the introduction of
hydroxyl groups all over the surface but propagates also the
oxidation deep into the material, leading to the formation of a thin
brittle silica layer. Thus, manipulations of such an oxidized material
generate cracks on its surface, which must be obviously avoided in
case ofa mechano-responsive materialdesign. Genzer et al. have
developed a milderand efficient method of PDMS oxidation based
on UV irradiations and ozone treatment (UVO).'°This treatment
generates the formation of silanol groups on the surface in a
controlled way. We investigated this method of PDMS oxidation to
start the modification of the silicone before the ultimate grafting step
of azide-containing GFP mutants. The three steps of silicone
treatment are illustrated in Figure 1:(i) once the UVO oxidation is
realized, (ii) the introduction of an homobifunctionnal linker such as
the 4,4’-methylenebis(phenyl)isocyanate (MDI) can be done. This
linker, generally used for the modification of polyurethane, is
covalently anchored on silicone surface andallows to have free and
reactive isocyanate groups. (iii) Nucleophilic addition between these
groups and amine-ended PEG chains lead to PEG brushes surfaces.
The presence of alkyne groups on the other end side of the PEG
chains is necessary for the further GFP grafting.

a)

GFP (wt) N;-GFP(39) N;-GFP-N; (39, 182)
b)
PDMS \}\} GFB [GFR GFR
Antifouling|
@; lUV/O3 properties
.‘\‘\]3‘77777 ? 29999 AN G

PEG chains

—

Click
—_—
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S -
reaction

linkers

PDMS PDMS PDMS PDMS

Figure 1:(a) Molecular structureof the GFP (wt),N3;-GFP (39) and N;-GFP-
Nj (39, 182); (b)Schematic representation of the three modification steps of
the PDMS surface required beforehand to graft covalently the GFP mutants,
N;-GFP (39) and N3-GFP-N;j (39, 182) through CuAAC click reaction.

One hour of UVO exposition of a 30% stretchedPDMS leads to a
hydrophilic surface. Stretching of the substrate was done using a
home-made device (Figure S-1) and thus allows higher density of
polar groups grafted onto the PDMS, as reported in the literature.
Water contact angle measurements reveals a value of 71° compared
to the 110° of the native silicone sheet (Part 3.1in SI). The presence
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of the hydroxyl groups (silanol) all over the surface is confirmed by
ATR FTIR spectroscopy. Then, this highly hydroxylated surface is
quickly brought in contact with 0.2 mg/mL of MDI in acetone
solution during two hours. The contact angle of the so-modified
surface increases up to 90°. PEG chains having 3000 kDa of
molecular weight (Mw), and ended with amine on one side and
alkyne on the other side, are brought in contact with the silicone
surface. Nucleophilic addition of the amino-PEG chains provides a
highly hydrophilic surface with 5° of water contact angle. Thus, the
silicone has tobe modified to allow the covalent grafting of GFP
mutants through CuAAC click chemistry in presence of copper(II)
sulfate and sodium ascorbate.

Proteins are fragile biomacromolecules that need to be handled in
adapted environment to keep their whole structural and functional
integrity. In particular, it is known that copper salts have to be
avoided because of their ability to denature proteins due to
complexation reactions and induction of redox processes. Indeed, in
primary tests, our GFP (wt) was brought in contact with a low
concentration of Cu(Il) and the reductive agent sodium ascorbate: in
few minutes we observed a complete loss of the characteristic
fluorescence emission. Since the last decade, many procedures
allowing to click biomacromoleculesin mild conditions have been
developed. In 2009, Hong et al. described the preparation and use of
tris(3-hydroxypropyltriazolylmethyl)amine (THPTA), an
hydrosoluble ligand of Cu(I).'' This ligand complexes Cu(I) and thus
avoids side-reactions from Cu(Il) and increases the click reaction
rate. Click reaction between GFPwt or mutants, N3;-GFP (39) and
N;-GFP-N; (39, 182), onto the modified silicone substrate were
realized in presence of copper sulfate, sodium ascorbate and THPTA
in buffered solution (pH 7.4), 25°C during 60 minutes. Fluorescence
emission pictures are shown in Figure 2.

1650 a.u.

PYNERIR 1229 a.u.

Figure 2: Fluorescence microscopy images taking from modified silicone
surface after contact with (a) GFP wt, (b) N;-GFP (39) and (¢) N;-GFP-Nj
(39, 182). The values written in white is the quantification of the fluorescence
evaluated in arbitrary unity (a.u.) by using Image] software but comparable
one to each other.

As expected, the substrate is fully antifouling against GFP (wt)
because of the presence of the PEG brushes on the surface and the
absence of azide along the GFP (Fig 2a). GFP mutantsN;-GFP (39)
and N;-GFP-N; (39, 182), lead to almost similar
fluorescenceemission surface due to the occurring of the click
reaction between the PEG-ended alkyne and the free azide along
both GFP mutants(Fig 2b and 2c¢).Then, the modified PDMS surface
with the mono-azide mutant N3-GFP (39) was stretched in a uniaxial
direction and the fluorescence intensity measured at different
stretching ratio: 10%, 20% and 30%. Beyond 30% of stretching, we
observed tearing of the substrate. We thus limited our study to this
maxima of elongation. A linear decrease of the fluorescence
intensity is measured due to a “dilution effect” (see Figure 3a): a
decrease of fluorescence intensity of 8%, 15% and 22% is measured
when the substrate is stretched at 10%, 20% and 30% respectively.
When the substrate is stretched in one direction, the density of
grafted GFP decreases only partially because a contraction of the
material occurs in the direction perpendicular to the stretching. This
contraction contributes to limit the reduction of the GFP density.
When the material is returned at rest (the initial length is restored),
the initial density of GFP anchored onto the surface is recovered.The

This journal is © The Royal Society of Chemistry 2012



behavior of the so-prepared surface is repeatable at great number of
times (Figure 3b). Stretching of the PDMS surface modified with the
N;3-GFP-N; (39, 182) leads also to a linear decrease of the
fluorescence intensity but with a more important slope: 23%, 42%
and 60% decrease of the initial fluorescencewhen the PDMS is
stretched at 10%, 20% and 30% respectively. In addition to the
“dilution effect” due to the uniaxial stretching, when the GFP is
anchored to the surface at two opposite positions, the mechanical
force imposed to the material is transferred to the biomacromolecule
whosethe three dimensional structure is deformed. This deformation
leads to a decrease of fluorescence intensity, in agreement with
single molecule measurement and simulations works previously
reported.*’ A full restoration of the initial fluorescence emission is
measured when the material is returned at 0% of stretching.
Furthermore, three cycles of stretching-release show that the
influence of the stretching on the fluorescence emission is highly
reversible (Figure 3c).
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Figure 3:(a) Normalized fluorescence intensity measured by fluorescence
microscopy in function of the stretching degree of the modified PDMS by
N;-GFP (39) and N;-GFP-N; (39, 182); Normalized fluorescence intensity
measured onto the PDMS surface modified with theGFP mutants (b) N3-GFP
(39) and (c) N;-GFP-N; (39, 182). The measured fluorescence emission
corresponds to means + standarddeviations from at least three independent
experiments. The stretching ratio is defined as the ratio of the lengths
ofsubstrate after and before stretching x 100.

Mechano-responsive materials based on biomacromolecules are rare.
Very recently, Brantley et al. have described the development of
biocomposite materials including GFP modified by site-selective
mutagenesis.'> This material exhibits a decrease of fluorescence
when the compression force is increasing. A gradual deformation of
the three dimensional structure of the GFP explains this effect. When
reaching 40 MPa, a non-reversible quenching of the fluorescence is
observed.Herein, we report the first example of system where a GFP
changes its fluorescence due to a uniaxial stretching and in a
reversible way.

Conclusions

To sum up, we designed a biomechano-responsive surface
based on conveniently functionalized silicon substrate and
genetically modified GFP. Position of the unnatural aminoacids
introduced into the primary sequence of GFP has been selected
on the basis of simulation and single-molecule works reported.
When stretching is applied to our system in a uniaxial direction,
we observe a linear decrease of the fluorescence intensity up to
60% (when stretched up to 30%). Return at rest allows to fully
restore the initial fluorescence which is a crucial point in the

This journal is © The Royal Society of Chemistry 2012

future development of stress-strain

materials.

mechano-responsive
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Material and methods

1. List of chemicals
All chemicals used in this work are gathered in the following table.

Name and Acronyme Molecular structure Mw 1 Supplier CAS
(g.mol-") number

4,4'- 250.25 Sigma-Aldrich  101-68-8

Methylenebis(phenyl

isocyanate) O=C=N N=C=0

MDI

alpha-Amino-omega-

propargylacetamido HQNA/F\/ﬂ\N)k/\ R
. N 3000 Iris-Biotech

poly(ethylene glycol)

Copper sulfate CuS04.5H,0 249.69 Sigma-Aldrich  7758-99-8
pentahydrate

(+)-Sodium L- HO ONa 198.11 Sigma-Aldrich  134-03-2
ascorbate —

O™ ™0” > “OH
OH

Aminoguanidine NH 110.55 Sigma-Aldrich  1937-19-5
hydrochloride )J\

403.45 AppliChem 7177-48-
2

Ampicillin
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Chloramphenicol HQOH oy C 323.13 Roth 56-75-7
0
O2N \OH
L-(+)-Arabinose OH 150.13 Roth 5328-37-
o) 0
OH OH
OH
Isopropyl B-D-1- CH3 238.30 Gerbu 367-93-1
thiogalactopyranoside } /]\
p-azidophenylalanin 0 H 206.20 BACHEM 33173-53-
(pAzF) 4
NH,
-
N"’N/N

1-dodecanthiol

CH3(CHy)1gCHo¢™

Sigma-Aldrich  112-55-0

Sodium dodecyl 288.37 Roth 151-21-3
sulfate Wv‘wv\g}% Né
Imidazole 68.08 AppliChem 288-32-4

N
)
M

Acrylamide-solution

AppliChem
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2. UVO set-up
Oxidation treatments of the PDMS surface was done by using a “UV-Ozone ProCleaner ™
Plus” purchased from Bioforce-Nanosciences.

3. Contact angle measurements
Contact angle measurements were performed with a DIGIDROP-GBX® coupled with a

camera by using 6uL. pure water droplets. Values result from the average of three independent

measurements done at different area of the PDMS surface studied.

4. Infrared spectroscopy
All the experiments were performed by using an FTIR spectrometer (Vertex 70, Bruker,

Billerca, MA, USA) equipped with a deuterated triglycine sulfate (DTGS) detector. Total
reflectance ATR germanium crystal accessory was used for IR measurements. All spectra
acquisitions were performed at 2cm'resolution over 20 scans within the range 4000-800cm”
' This analytical method was performed the observed the hydroxyl group formation (silanol
groups) onto the PDMS surface at various UVO exposition time. Immediately after the UVO
treatment, the oxidized PDMS was analyzed by IR: the surface of the surface was directly

brought in contact with the ATR diamond crystal, and the spectra recorded.

5. Fluorescence microscopy
The fluorescence measurements described in this work were performed by using an inverted

light microscope (Nikon Microphot-FXA, Japan) equipped with a mercury lamp and
operating between 470nm and 490nm for excitation and above 500nm for detection. The
image analyses were performed by using ImageJ software (Raspband, W. S, ImageJ, U.S.
National institutes of Health, Bethesda, USA).The measured fluorescence emission

corresponds to means + standard deviations from at least three independent experiments.

6. Elecstrospray mass spectrosocopy
Mass spectrometric measurements were performed on an LTQ Orbitrap XL mass

spectrometer (Thermo Fisher Scientific, Bremen, Germany) coupled to an Agilent 1200
nanoflow-HPLC (Agilent Technologies GmbH, Waldbronn, Germany). Samples were applied
directly onto the column without pre-column. A gradient of A [0.5% acetic acid in water] and

B [0.5% acetic acid in 80% ACN/water] with increasing organic proportion was used for

S4



peptide separation. The flow rate was 250nl/min and for sample application 500nl/min. The
mass spectrometer was operated in the data-dependent mode and switched automatically
between MS (max. of 1 x106 ions) and MS/MS. For MS/MS, wideband activation was
enabled. The mass range for MS was m/z = 350 to 2,000 and signal threshold was 1,000. The

resolution was set to 60,000. Data analysis was performed using Mascot.

7. Stretching devices
A homemade stretching device was designed and elaborated in our group (Figure S-1). It

permits to stretch surface-modified PDMS substrates in a uniaxial direction up to 100%

elongation.

Figure S-1: Picture of the stretching devices. The silicone sheets are placed between the two

clamps.

The stretching degree is defined as:

-1

-1
o 00

a

With 1y and | correspond respectively to the initial and the stretched length of the silicone
substrate. All the stretching experiments were performed at room temperature and with PDMS

surface kept always wet (never dried).

8. SDS-PAGE

Gel preparation

Solutions to get gels were prepared according to Laemmli et al.!'! The separating gel was

15%, the stacking gel was 6%. The electrophorese was performed in a Mini-Protean Tetra
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Cell (Bio-Rad Laboratories). The gel mixures were gently pourred in the casting modules.
The separating gel was firstly filled in, and carefully overlaid with isopropanol to allow a flat
surface. After Polymerization, the alcohol was removed. The stacking gel was prepared and
pourred until the top of the plate, the desired comb was inserted. After polymerisation, the

comb was removed and the wells were washed with running buffer.
Sample preparation

Protein solution was prepared by adding 5 X SDS sample buffer (225 mM Tris-HCI pH6.8,
250 mM 1,4-Dithiothreitol, 50% Glycerin, 5% SDS, 0.05% Bromphenolblau) and heated at

99% for 3 min, centrifuged and stored at -20°C until analysis.
Run conditions

Electrophoresis was performed at room temperature with voltage 120 V for lh until the

tracking dye reached the bottom of the gel.
Staining and destaining

After ending electrophoresis, gel was removed from the plate and placed in a preheated
staining solution containing 50% Ethanol, 10% acetic acid and 0.1% Coomassie Brillant Blue
R250 for 30 min. Destaing of gel was accomplished by replacing the gel in a preheated
destaining solution containing 30% Ethanol and 10% acetic acid for 30 min. The destaining

procedure was repeated for 2-3 times.
Gel scanning

Scanning the gels were performed by using a Image System (Image Reader LAS-4000,
Fujifilm) and saving in a graphic files in TIFF format.

[1] Laemmli. U. K. (1970) Cleavage of structural proteins during the assemly of the head of
bacteriophage T4. Nature227, 680-685.

S6



Part 1: Preparation and characterization of GFP wild type (wt) and Nz-
GFP(39) and N3-GFP-N3(39, 182)

Plasmid pET21a/GFPY39TAG or pET21a/GFP-Y39TAG-Y182TAG (plasmid pET21a/GFP
was from Group Suzuki, Saitama University Japan; pET21a/GFPY39TAG and pET21a/GFP-
Y39TAG-Y182TAG were made for this work), which contain gfp gene (with amber mutation
at codon 39 or, 39 and 182), and plasmid pEVOL/pAzF (Group Schultz, The Scripps

Tyr

CUA gene were

Research Institute, USA) which contain M. jannaschii tyrosyl-RS/ tRNA

cotransformed into E.coli BL21 (DE3). Cells were amplified in 2xYT that contained
ampicillin (50 mg L") and chloramphenicol (34 mg L) at 37°C. Protein expression was
induced at an optical density of 0.8-1.0 at 600 nm by addition of Arabinose (0.02%) and
isopropyl B-D-1-thiogalactopyranoside (I mM), p-azidophenylalanin (pAzF) 2 mM (in case
of one amber codon) or 4 mM (in case oft two amber codons) were added. After induction,
cells were grown at 30°C for overnight. Cells were harvested by centrifugation before lysis by
sonication using PBS buffer (pH 8). GFP-Y39pAzF or GFP-Y39pAzF-Y182pAzF were
purified by virtue of the presence of a C-terminal hexahistinine residue by using PerfectPro
Ni-NTA Agarose (5 PRIME) according to the manufacturers instruction. The purified
proteins were determined with SDS-PAGE (Figure S-2).

M,
[kDa]

— 175

(a) (b)

Figure S-2: SDS-PAGE analysis of the purification-pathway. (a) show purification of Nj-
GFP(39) and (b) show purification of N3;-GFP-N3(39,182). Lane M: prestained protein
marker, 7-175 kDa; lane 1: no-induced cell expression; lane 2: induced cell expression by

presence of pAzF; lane 3: induced cell expression by absence of pAzF; lane 4: cytosolic
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proteins after sonication and centrifugation; lane 5: flow-through fraction; lane 6: wash

fraction; lane 7: purified mutant GFP fraction.

The modified GFP’s, N3-GFP(39) and N3;-GFP-N3(39,182), were characterized with ESI-MS
(Table S-1). The Proteins were firstly enzymatically digested into small peptide fragments.
The peptide fragment (aminoacids 27-41), which contain the first incorporated pAzF at
position 39 was detected in both samples. The peptide fragment, which contain the second
incorporated PAzF at position 182 could not be detected. Nevertheless, an expression test
showed the evidences: 1) no fulllength GFP protein was producible by absence of pAzF; 2) a
truncated mutant N3-GFP(39)-Y182STOP was obtained by presence of pAzF. That means, the
produced fulllength protein can only be the mutant N3-GFP-N3(39,182).

Protein Sequence (26-42) M (cal.) M (found)
GFP K.FSVSGEGEGDATYGK.L 1502,6525 1502,6525
GFP-Y39pAzF K.FSVSGEGEGDATY*GK.L 1502,6525 1527,6620

GFP-Y39pAzF-

*
Y182pAzF K.FSVSGEGEGDATY*GK.L 1502,6525 1527,6620

Table S-1. Estimation of incorporation efficiency analyzed by ESI-MS. Peptide fragment
(aminoacid 27-41, FSVSGEGEGDATY*GK, Y* = incorporation of pAzF) was obtained.
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Part 2: Preparation of the PDMS-Sylgard 184
Poly(dimethylsiloxane) PDMS Sylgard-184 is prepared by using a mixture composed of a

“base” and a “curing agent” in a ratio of 10:1, both purchased from Dow Corning. After
mixing the two components together, this mixture is degased for 1h under reduced pressure to
remove all bubbles formed during the mixing step. Then, this bubble-free solution is melt into
PMMA molds and cured overnight at 90°C at 254 mmHg. PDMS substrates are then unmold
and washed, first with a solution of n-heptane and 1-dodecanethiol (0.01 %) for 1 h and then
two times with n-heptane for 1h each time. These washing steps are performed in order to
remove the remaining unreacted chains and the Pt catalyst from the material. The silicone
sheets are then dried in two steps, first, under pressure at room temperature during lh, and
finally in the oven at 60°C overnight. The PDMS substrate so obtained is transparent and
display elastic property. Prior to the manipulations, PDMS substrates with a defined size of
2x1lcm are prepared and cleaned with water and intensively rinsed with milli-Q water to

remove possible dust adsorption.
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Part 3: Chemical modification and characterization of the PDMS surface

Part 3.1: UVO treatment and characterization

PDMS substrates are first activated under UV-Ozone for 60mn. Immediately after, the
substrates are immersed in a di-isocyanate solution for l1h at room temperature under slow
agitation. After this reaction the surfaces are rinsed with acetone then with milli-Q water and
immersed in a Img.mL"' PEG-amine solution in milli-Q water at room temperature overnight.

After rinsing with milli-Q water the samples are kept in a PBS buffer until use.

no UVO

[} —— 15mn UVO
- 004 4| —— 30mn UVO

45mn UVO

60mn UVO

||— 7smnuvo

90mn UVO

— 105mn UVO
—— 120mn UVO

Contact angle 6 (°)
Absorbance (a.u)

0 20 40 60 80 100 120 140 4000 3800 3600 3400 3200 3000

UV-Ozone exposure time (mn) Frequency (cm‘l)

Figure S-2:(a) Contact angle measurements on PDMS substrate exposed to different times of
UVO exposition. These measurements were performed with a DIGIDROP-GBX® coupled
with a camera by using 6ul pure water droplets. Series of three measures were performed and
averaged for each treatment; (b) Evolution of the O-H stretching vibration band observed at
3370 cm™, due to silanol group’s formation when exposed to increasing UVO exposition

time.
Part 3.2: Introduction of MDI

In order to modify our PDMS substrate, different bi-functional linkers were used. PDIT and
MDI were solved at 2mg.ml™ in anhydrous acetone solution while DIDS is solved at 1mg.mL’

"in milli-Q water.
Part 3.3: Preparation of PEG-brushes silicone surface

1 Once the PDMS surface functionalized with alkine groups, the reaction between the
modified GFP and the alkyne-terminated PEG was performed following an
optimized Copper(I)-catalyzed Azide-Alkyne Cycloaddition (CuAAC) protocol for
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bioconjugation developed by Finn and coworkers (V. Hong, S. I. Presolski, C. Ma,
M. G. Finn, Angew. Chem. Int. Ed., 2009, 48, 9879). For this reaction, all the

reagents were mixed in a specific order to prevent degradation of the proteins. It must

be noted that all the compounds except the GFP are solubilized in milli-Q water.

The reagents are added in a 2mL eppendorf tube according to the following order:

432pl of a 3.35 pug.mL" GFP solution in phosphate buffer (PBS, 0.1M, pH 7.4)
7.5uL of a premixed solution of CuSO4 / THPTA. 2.5uL of a 20mM CuSO4
solution is mixed to SuL of a S0mM THPTA solution.

25uL of 100mM aminoguanidine solution.

25uL of 100mM sodium ascorbate solution.

The solution is then quickly homogeneised and put in contact with functionalized PDMS for

one hour. Once the reaction occurred, the surfaces were washed then stored in a phosphate

buffer solution (PBS, 0.1M, pH 7.4) until analyze.
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Design of biomechanocatalytic surfaces: Modulations of enzymatic
activity through macromolecular conformational changes

Résumé: Depuis plusieurs années, une nouvelle génération de matériaux appelés “matériaux intelligents” et
définis par leur capacité d’adaptation a leur environement, est intensément développée. Des systémes sensibles
a différents stimuli tels que le pH, la lumiére, ou encore une force mécanique, impliquée dans un grand nombre

de processus naturels, comme 1’adhésion et la prolifération cellulaire, ont été rapportés.

Ce travail de these a ainsi ét¢ dédi¢ au développement de matériaux mécano-sensibles. Plus précisément de
matériaux transformant une contrainte mécanique en un signal chimique, en mimant le processus physique
utilisé par la nature, a savoir des changements conformationnels de protéines. Nous avons donc cherché a
atteindre ce but en greffant covalemment des protéines ou des enzymes sur un substrat ¢lastomere. Etirer le
substrat devant induire des modifications de structure des protéines, conduisant ainsi a des modulations de

leurs propriétés.

Mots-clés: polyélectrolyte, couche-par-couche, mécano-transduction, surface bioactive, biosenseur, couplage

protéique

Summary: Since many years, a new generation of materials called « smart materials » and defined by their
capacity to adapt to their environment is intensively developed. Systems sensitive to different stimuli such as
pH, light or ionic strength have been reported. One of these stimuli can also be a mechanical force which is
involved in many reactions in nature such as, cells adhesion and proliferation, tissues growing or even plants

developments.

The aim of my thesis was dedicated to the elaboration of mechano-responsive materials. More precisely,
materials that transform a stretching constraint into a chemical signal by mimicking the physical processes
used by nature, namely protein conformational changes. We planned to achieve this goal by covalently grafting
proteins or enzymes onto a stretchable substrate or incorporating them into cross-linked polymer networks.
Stretching these materials should induce protein conformational changes leading to modifications of their

properties.

Keywords: Polyelectrolytes, layer-by-layer (LbL), mechano-transduction, bioactive surface, surface

functionalization, biosensor






