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RƒSUMƒ  

 

 

Les implants gŽnŽrŽs par bio-ingŽnierie offrent des perspectives prometteuses en 

mŽdecine rŽgŽnŽratrice gr‰ce, entre autre, au dŽveloppement de supports mieux adaptŽs ˆ la 

promotion de la rŽgŽnŽration tissulaire. Plusieurs groupes de recherche ont dÕailleurs dŽveloppŽ 

des techniques permettant dÕimmobiliser de mani•re non-orientŽe des protŽines afin de 

promouvoir lÕadhŽsion et la croissance cellulaire. Bien que des rŽponses cellulaires aient pu •tre 

observŽes, ces stratŽgies de couplage ne sont pas optimales en raison de la crŽation de surfaces 

hŽtŽrog•nes et de lÕaltŽration, dans de nombreux cas, de lÕactivitŽ biologique des protŽines ainsi 

greffŽes. Ces mŽthodes de fixation ont donc rapidement ŽtŽ remplacŽes par des stratŽgies 

favorisant le greffage orientŽ de protŽines. Pour ce faire, il est nŽcessaire de leur adjoindre une 

Žtiquette (Fc ou polyhistidine), puis de faire interagir ces chim•res avec un support adŽquatement 

traitŽ (protŽines A/G ou ions mŽtalliques). 

RŽcemment, une nouvelle approche basŽe sur lÕinteraction existant entre deux peptides, 

dŽnommŽs E coil et K coil, a ŽtŽ rapportŽe. Ces peptides synthŽtiques poss•dent une forte affinitŽ 

et une haute spŽcificitŽ lÕun pour lÕautre et ont dŽjˆ ŽtŽ utilisŽs dans diverses applications en 

gŽnie biomŽdical ou en biotechnologie (purification ou capture de protŽines ˆ la surface de 

biocapteurs). Ce syst•me peptidique pourrait Žgalement •tre utilisŽ afin de permettre 

lÕimmobilisation orientŽe de protŽines telles que des facteurs de croissance. Les protŽines devront 

alors •tre ŽtiquetŽes avec un peptide coil tandis que le support choisi devra prŽsenter le peptide 

coil complŽmentaire prŽalablement greffŽ. Apr•s une simple incubation, les protŽines devraient 
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•tre capables de se fixer de mani•re orientŽe ˆ la surface du matŽriau via lÕinteraction coiled-coil 

ayant lieu entre les deux peptides. 

Dans le cadre de ce travail, nous avons sŽlectionnŽ le facteur de croissance de l'Žpiderme 

(EGF) comme protŽine dÕintŽr•t, puisqu'il est connu pour avoir un r™le majeur dans la 

prolifŽration et la migration de nombreux types cellulaires (kŽratinocytes, cellules ŽpithŽlialesÉ) 

durant le mŽcanisme de rŽparation des blessures. Ce facteur de croissance a tout dÕabord ŽtŽ 

produit en tant que protŽine de fusion ˆ laquelle le coil E ou K a ŽtŽ adjoint en position N-

terminale. A des fins de comparaison, dÕautres protŽines chim•res ont ŽtŽ utilisŽes. Il a ŽtŽ choisi 

dÕadjoindre la portion Fc de lÕimmunoglobuline G ˆ EGF Žtant donnŽ que lÕimmobilisation de 

EGF-Fc avait dŽjˆ ŽtŽ rapportŽe via son interaction avec la protŽine G. Dans un premier temps, 

nous avons ŽtudiŽ lÕimpact de la nature et de la position des Žtiquettes sur lÕactivitŽ biologique de 

EGF dans un travail qui a ŽtŽ publiŽ en 2008 dans Tissue Engineering part A. Les diffŽrentes 

constructions codant pour EGF ont ŽtŽ exprimŽes transitoirement ˆ partir de cellules humaines 

embryonnaires de rein (HEK 293) et purifiŽes par chromatographie dÕaffinitŽ. La bioactivitŽ de 

ces protŽines a ensuite ŽtŽ ŽvaluŽe et l'Žtude a permis de dŽmontrer que la localisation de 

lÕŽtiquette joue un r™le majeur sur la bioactivitŽ des protŽines: par exemple, EGF-Fc est actif 

alors que le Fc-EGF ne lÕest pas. La nature de lÕŽtiquette peut Žgalement avoir un impact sur la 

bioactivitŽ: la protŽine Ecoil-EGF est aussi active que EGF non ŽtiquetŽ, et plus active que toutes 

les autres protŽines produites (incluant le Kcoil-EGF). Par consŽquent, seule l'Žtiquette E coil 

nÕinterf•re pas avec lÕactivitŽ biologique de EGF. Il a donc ŽtŽ choisi dÕutiliser Ecoil-EGF lors 

des parties 2 et 3 de ce travail.  

Dans un second manuscrit publiŽ en 2009 dans Bioconjugate Chemistry, nous avons mis 

au point le protocole chimique permettant de fixer de mani•re orientŽe du Ecoil-EGF sur des 
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surfaces de verre aminŽ. La mŽthode ŽlaborŽe, qui consiste ˆ immobiliser notre protŽine dÕintŽr•t 

via lÕinteraction coiled-coil apr•s avoir greffŽ de mani•re covalente le K coil en utilisant un bras 

espaceur hŽtŽrobifonctionnel comme point dÕancrage, a ŽtŽ validŽe ˆ l'aide d'un biocapteur dont 

le principe de dŽtection est basŽ sur la rŽsonance plasmonique de surface (SPR). Chaque Žtape du 

greffage a ensuite ŽtŽ caractŽrisŽe par ellipsomŽtrie et par mesures de lÕangle de contact sur des 

surfaces de verre. Une augmentation de lÕŽpaisseur de la surface et une modification de son degrŽ 

dÕhydrophobicitŽ ont pu •tre observŽes apr•s chaque Žtape de notre protocole, confirmant le 

greffage covalent du K coil puis la capture de Ecoil-EGF via lÕinteraction coiled-coil sur les 

surfaces de verre aminŽ (115 ± 8 pmol/cm2). LÕincubation de cellules ŽpithŽliales A-431 sur ces 

surfaces ainsi fonctionnalisŽes a permis d'obtenir une rŽponse cellulaire accrue (adhŽsion 

cellulaire ou activation du rŽcepteur de EGF) par rapport ˆ lÕutilisation de EGF en solution  ou de 

EGF immobilisŽ de mani•re alŽatoire. 

Dans la troisi•me partie de cette th•se, nous avons retranscrit le protocole ŽlaborŽ 

prŽcŽdemment, ˆ savoir la fixation de K coil, sur du polyŽthyl•ne tŽrŽphthalate (PET) puis nous 

avons menŽ une Žtude approfondie quant ˆ la rŽponse des cellules ŽpithŽliales de la cornŽe (HCE-

2) ainsi stimulŽes. ƒtant donnŽ que le PET ne prŽsente pas dÕamines primaires ˆ sa surface, ces 

groupements ont ŽtŽ tout d'abord gŽnŽrŽs par un traitement au plasma en utilisant l'ammoniac 

comme gaz. Le processus de greffage du K coil a ensuite ŽtŽ caractŽrisŽ par des analyses de 

spectromŽtrie photoŽlectronique ˆ rayons X (XPS). Avant dÕincuber le Ecoil-EGF sur ce PET 

fonctionnalisŽ, un traitement prŽalable utilisant l'albumine sŽrique humaine (HSA) sÕest avŽrŽ 

nŽcessaire afin dÕŽviter tous risques dÕadsorption non spŽcifique. Bien que la quantitŽ de Ecoil-

EGF immobilisŽ (46,9 ± 9,5 pmol/cm2) ait diminuŽ dÕun facteur 2,5 comparativement ˆ 
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lÕutilisation de surfaces de verre, des tests dÕadhŽsion, de prolifŽration et de phosphorylation du 

rŽcepteur de EGF, de Akt et Erk1/2 in vitro ont tous dŽmontrŽ l'intŽr•t de notre approche.  

Les supports biocompatibles permettant de promouvoir et de maintenir la rŽgŽnŽration 

tissulaire prŽsentent un grand intŽr•t dans le domaine biomŽdical. Notre travail dŽmontre que 

lÕimmobilisation de protŽines adŽquates peut amŽliorer le potentiel de ces supports en stimulant 

le recrutement, lÕadhŽsion et la prolifŽration cellulaire. Nous avons dŽveloppŽ une approche 

facile ˆ mettre en Ïuvre, polyvalente et aisŽment contr™lable permettant dÕimmobiliser de 

mani•re orientŽe le facteur de croissance de lÕŽpiderme EGF sur des (bio)matŽriaux aminŽs via 

lÕinteraction coiled-coil. Cette mŽthode prŽsente lÕavantage dÕ•tre facilement adaptable ˆ tous 

biomatŽriaux aminŽs et utilisables avec toutes protŽines ŽtiquetŽes avec un peptide coil. Par 

consŽquent, le syst•me coiled-coil est un outil prometteur permettant le couplage orientŽ de 

protŽines sur des supports biocompatibles pour des applications futures en ingŽnierie tissulaire et 

mŽdecine rŽgŽnŽratrice. 

.
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ABSTRACT 

 

 

Bioengineered implants are becoming extremely promising with respect to the 

development of biocompatible scaffolds to promote and sustain tissue regeneration. Several 

research groups have developed methods for the non-oriented immobilization of growth factors 

(GF) with the ultimate goal of modulating cell growth and phenotype. Although unambiguous 

effects have been reported with randomly grafted ligands, these protocols suffer from several 

caveats such as the creation of heterogeneous surfaces on which protein bioactivity may be 

suboptimal. Consequently, new methods based on the interactions between affinity tags such as 

Fc or polyhistidine and solid supports, allowing for oriented protein immobilization are currently 

developed. 

Recently, a heterodimeric coiled-coil system formed by two de novo designed peptides 

(the E and K coils) has been characterized and demonstrated to be a promising tool for various 

biotechnology and biomedical applications such as protein capture and delivery due to the high 

affinity and the strong specificity that these two peptides have for each others. In this work, we 

have decided to take advantage of this coiled-coil system to specifically capture a coil-tagged 

growth factor, EGF, in an oriented fashion through its interaction with a surface on which the coil 

partner will be covalently immobilized. We selected EGF since this growth factor is known to 

have a major impact on cellular proliferation during wound healing mechanisms, which make it 

an excellent candidate for tissue engineering applications.  

In our strategy, EGF was first expressed as a fusion protein comprising the E or the K coil 

at its N-terminus. Other EGF fusion proteins were also expressed for comparison. These included 
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EGF being tagged with the Fc portion of an Immunoglobulin G at its N- or C-terminus, as these 

constructs have been previously reported for the oriented immobilization of EGF via their 

interaction with protein G. In a first step, we have studied the impact of the nature and the 

localization of different tags on EGF bioactivity, which is the subject of a first manuscript that 

was published in 2008 in Tissue Engineering part A. The various EGF constructs were expressed 

by transiently transfecting human embryonic kidney (HEK 293) cells and they were purified by 

affinity chromatography. The bioactivity of these proteins was then evaluated. It was 

demonstrated that purified Fc-EGF was not able to promote EGFR phosphorylation whereas 

Ecoil-EGF was as active as untagged EGF and more active than the others proteins including 

EGF-Fc and Kcoil-EGF. These results demonstrated that, in our approach, the Ecoil peptide is 

the only tag that does not interfere with EGF bioactivity and that the nature and the localization 

of the tag have a strong influence on EGF chimera bioactivity. We have thus decided to use 

Ecoil-EGF in all subsequent work.  

In a second paper published in 2009 in Bioconjugate Chemistry, we grafted Ecoil-EGF on 

aminated glass surfaces. The efficiency of our grafting procedure that was based on the covalent 

immobilization of K coil using a heterobifunctional linker, followed by Ecoil-EGF capture via 

coiled-coil interactions, was tested with a biosensor whose detection principle is based on surface 

plasmon resonance (SPR). This study confirmed the high specificity and stability of the coiled-

coil interactions. Each grafting step was further evaluated by ellipsometric and contact angle 

measurements on glass surfaces. An increase of the thickness of the surface and a modification of 

its hydrophobicity were observed after each grafting step. These results confirmed the covalent 

grafting of K coil peptides and the oriented immobilization of Ecoil-EGF (115 ± 8 pmol/cm2) on 

aminated glass surfaces. A-431 cells were finally incubated on native surfaces (in the presence or 
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absence of soluble EGF), on Kcoil-functionalized surfaces on which Ecoil-EGF was captured via 

coiled-coil interactions or on which EGF was covalently immobilized. A higher cellular response 

(cell adhesion and receptor phosphorylation) was observed for coiled-coil immobilized Ecoil-

EGF when compared to the other approaches we have tested.  

At last, we evaluated the impact of Ecoil-EGF tethering on polyethylene terephthalate 

(PET) via coiled-coil interactions upon human corneal epithelial cell culture (HCE-2). First, 

amine groups were created on PET surface by ammonia plasma treatment. K coil peptides were 

covalently immobilized using the same protocol as the one developed for aminated glass and the 

grafting process was characterized by X-Ray Photoelectron Spectroscopy (XPS) analyses. As 

expected, K coil peptides were covalently grafted, however, a surface treatment with human 

serum albumin (HSA) was required to avoid non-specific adsorption of EGF. The impact of 

oriented immobilized EGF (46.9 ± 9.5 pmol/cm2) on HCE-2 behavior was then studied. First, an 

increase of HCE-2 adhesion was observed in the presence of Ecoil-EGF immobilized via coiled-

coil interactions, in stark contrast with results obtained with PET (with or without soluble EGF 

supply in solution) or in the presence of PET on which EGF had been physically adsorbed. 24h 

after inoculation, cell spreading was also enhanced in the presence of immobilized Ecoil-EGF 

whereas cells remain spherical with other conditions. Moreover, proliferation assays 

demonstrated that immobilized Ecoil-EGF was the most efficient condition to promote cell 

growth, most likely due to the prolonged activation of their EGF-triggered signaling pathways.  

In conclusion, the development of biocompatible scaffolds being able to promote and 

sustain tissue regeneration presents a great interest for various biomedical applications. Protein 

immobilization has the potential to enhance these scaffold properties by stimulating the 

recruitment of cells, their adhesion and proliferation. We have developed an easy, versatile and 
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controllable approach to graft bioactive EGF in an oriented fashion. This protocol can be easily 

adapted to any aminated (bio)materials and further applied to any coil-tagged proteins. We thus 

believe that our E/K coiled-coil capture strategy is of great interest for future applications in 

tissue engineering and regenerative medicine. 
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INTRODUCTION  

 

 

En 2008, 27% des personnes en attente dÕune greffe au QuŽbec ont pu •tre traitŽes 

adŽquatement (selon QuŽbec-transplant). Ces faibles chiffres sont prŽoccupants, car malgrŽ 

lÕaugmentation du nombre de donneurs et dÕorganes disponibles, la demande cro”t ˆ un rythme 

nettement plus ŽlevŽ. De nombreux efforts sont effectuŽs afin de palier ce probl•me. Outre les 

campagnes de sensibilisation visant  ̂ informer la population sur l'espoir que reprŽsente le don 

dÕorganes, les procŽdures de prise en charge des donneurs et des receveurs sont dŽsormais plus 

efficaces et les diffŽrents intervenants collaborent plus facilement. De nombreux efforts dans le 

domaine de la recherche sont Žgalement mis en place o• des alternatives sont actuellement ˆ 

lÕŽtude pour remŽdier  ̂ ces probl•mes de disponibilitŽ. LÕune dÕentre elles fait appel ˆ 

lÕingŽnierie tissulaire et est basŽe sur la gŽnŽration in vitro de tissus ou organes ˆ partir de 

cellules souches ou diffŽrenciŽes prŽlevŽes chez le patient. Ces organes pourraient alors •tre 

rŽimplantŽs et permettraient de sÕaffranchir du risque majeur rencontrŽ lors des transplantations, ˆ 

savoir lÕincompatibilitŽ entre donneur et receveur. 

LÕingŽnierie tissulaire est un domaine interdisciplinaire qui se base sur les principes 

dÕingŽnierie et de sciences de la vie pour dŽvelopper des substituts biologiques afin de restaurer, 

de maintenir ou d'amŽliorer les fonctions dÕun tissu ou d'un organe (Langer and Vacanti 1993). 

Ce secteur est actuellement en plein essor. En 2008, dÕapr•s le rapport Worldwide Markets and 

Emerging Technologies for Tissue Engineering and Regenerative Medicine Žmis en 2009 par Life 

Science Intelligence, le marchŽ regroupant les produits destinŽs ˆ lÕingŽnierie tissulaire et ˆ la 

mŽdecine rŽgŽnŽratrice se chiffrait ˆ 1,8 milliards de dollars alors quÕen 2013, il est prŽvu quÕil 
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atteigne 118 milliards de dollars. Le dŽcalage qui existe entre le marchŽ actuel et les prŽvisions 

s'explique en partie par la qualitŽ mŽdiocre des produits issus de l'ingŽnierie tissulaire qui ne 

satisfont pas encore les chirurgiens. Une accŽlŽration de la mise sur le marchŽ de nouveaux 

produits et la preuve d'un meilleur traitement des patients gr‰ce ˆ ces nouveaux outils 

thŽrapeutiques sont sans nul doute la meilleure publicitŽ qui permettra lÕessor de ce secteur tr•s 

prometteur. Certains produits sont toutefois dŽjˆ commercialisŽs, c'est le cas de Dermagraft¨, un 

substitut de derme humain composŽ de fibroblastes, de matrice extracellulaire et dÕun support 

bioabsorbable. Apligraf¨  et INTEGRA¨ Dermal Regeneration Template sont dÕautres exemples 

de supports permettant la rŽparation de lÕŽpiderme. LÕŽlaboration de produits plus complexes 

visant ˆ remplacer ou guŽrir des tissus ou organes endommagŽs est toujours d'actualitŽ, car de 

nombreux challenges doivent encore •tre relevŽs. En effet, un des dŽfis majeurs est de maintenir 

lÕarchitecture de ces organes/tissus tout en conservant leur fonctionnalitŽ et les processus 

mŽtaboliques sÕy dŽroulant. De nombreuses Žtudes sÕintŽressant notamment au rein, au foie, aux 

os, au cartilage, aux muscles ou au syst•me nerveux sont actuellement en cours (Palsson et al. 

2003). En plus de lÕarchitecture ou de leur fonctionnalitŽ, dÕautres param•tres tels que le 

microenvironnement, les contraintes mŽcaniques exercŽes par lÕenvironnement sur les cellules ou 

le mode dÕinteraction entre la cellule et son support ou entre les cellules pour certains tissus (os, 

peau) doivent •tre considŽrŽs dans leur mise au point. 

Le microenvironnement prŽsent autour des tissus comprend notamment des facteurs de 

croissance et des macromolŽcules de la matrice extracellulaire (Long 1992; Palsson et al. 2003). 

La comprŽhension de leurs interactions avec les cellules est primordiale, car ils influencent le 

recrutement, l'adhŽsion, la migration et la prolifŽration cellulaire par des processus dynamiques. 

Les contraintes mŽcaniques exercŽes par lÕenvironnement sur les cellules sont Žgalement ˆ 
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considŽrer car en fonction de leur localisation, les cellules seront soumises ˆ diffŽrents stimuli 

tels que la pression, les contraintes de cisaillement et de compression qui joueront un r™le 

significatif sur lÕarchitecture des tissus. Leur Žtude sÕav•re donc primordiale. Par exemple, il est 

possible de citer les cellules endothŽliales prŽsentes dans la lumi•re des vaisseaux sanguins qui 

sont constamment sujettes ˆ des forces hŽmodynamiques incluant des contraintes de cisaillement 

relatives au flux sanguin sur les parois (Palsson et al. 2003).  

Finalement, les interactions entre les cellules et les supports jouent un r™le primordial lors 

de lÕŽlaboration de nouvelles stratŽgies en ingŽnierie tissulaire. Elles peuvent influencer le 

comportement cellulaire et modifier lÕadhŽsion, le recrutement, la migration, la prolifŽration ou la 

diffŽrenciation des cellules en fonction des propriŽtŽs des biomatŽriaux. Selon lÕapplication 

envisagŽe, il sera donc nŽcessaire d'adapter les propriŽtŽs de surface du matŽriau afin de 

promouvoir, ou mieux, de contr™ler la rŽponse cellulaire. La fixation de macromolŽcules 

biologiquement actives telles que des protŽines pourra •tre une des alternatives envisagŽes. Dans 

ce cas, diffŽrentes mŽthodes se basant sur lÕadsorption de protŽines, le greffage non-orientŽ ou 

lÕimmobilisation orientŽe ont ŽtŽ proposŽes. LÕimmobilisation orientŽe de protŽines permet 

d'obtenir de fa•on reproductible des surfaces homog•nes, contrairement aux deux premi•res 

approches citŽes et est donc privilŽgiŽe. Cependant, aucune des stratŽgies actuellement utilisŽes 

nÕest optimale en raison de lÕutilisation dÕŽtiquettes altŽrant lÕactivitŽ biologique de la protŽine ou 

de matrices possiblement toxiques (ions mŽtalliques). La conception de stratŽgies optimales 

permettant lÕimmobilisation orientŽe de protŽines est donc nŽcessaire. 

La problŽmatique abordŽe dans cette th•se est donc celle de lÕimmobilisation de protŽines 

et plus particuli•rement de la mise au point dÕune mŽthode expŽrimentale permettant lÕobtention 
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de surfaces homog•nes caractŽrisŽes par de hautes densitŽs protŽiques, sans toutefois altŽrer 

lÕactivitŽ biologique des protŽines fixŽes de futures applications in vivo. 

Cette th•se est organisŽe en sept chapitres. Une revue de littŽrature dŽtaillŽe sur le sujet 

dŽcrivant notamment une famille de protŽines particuli•re, celle du facteur de croissance de 

l'Žpiderme (EGF) utilisŽ pour la fonctionnalisation de biomatŽriaux, les matŽriaux les plus 

communs pour les implants cornŽen et vasculaire ainsi que les techniques et stratŽgies utilisŽes 

pour lÕimmobilisation orientŽe de protŽines suivra lÕintroduction et constituera le chapitre 1. Le 

chapitre 2 dŽcrit les objectifs et lÕorganisation gŽnŽrale du document. Ce dernier sera suivi des 

chapitres 3 et 4 qui prŽsentent les articles scientifiques dŽjˆ publiŽs dans le cadre de cette th•se. 

Le premier article rapporte la production, la purification de diffŽrentes chim•res correspondant au 

facteur de croissance de l'Žpiderme (EGF) fusionnŽ ˆ diffŽrentes Žtiquettes et les tests visant ˆ 

quantifier leur activitŽ biologique. Le second article dŽcrit la mŽthode utilisŽe pour immobiliser 

EGF ŽtiquetŽ par le E coil sur des surfaces de verre sur lesquelles le coil complŽmentaire (K coil) 

aura prŽalablement ŽtŽ greffŽ de mani•re covalente. Il dŽmontre les bŽnŽfices de lÕimmobilisation 

orientŽe de EGF sur une lignŽe cellulaire mod•le. Le chapitre 5, qui correspond ˆ un article 

scientifique rŽcemment soumis ˆ la revue Biomaterials, dŽmontre que la mŽthode de greffage 

rapportŽe dans le chapitre 4 est transposable ˆ un biomatŽriau, le polyŽthyl•ne tŽrŽphtalate (PET) 

et approfondit l'impact de ce type de matŽriau fonctionnalisŽ sur le comportement des cellules 

ŽpithŽliales de la cornŽe cultivŽes in vitro. Finalement, les chapitres 6 et 7 prŽsentent une 

discussion, la conclusion et les recommandations reliŽes ˆ ce travail. 
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CHAPITRE 1  REVUE DE LITTƒRATURE  

 

 

1.1 PrŽambule 

 

Comme soulignŽ dans la partie INTRODUCTION de cette th•se de doctorat, les 

domaines de lÕingŽnierie tissulaire et de la mŽdecine rŽgŽnŽratrice sont hautement 

pluridisciplinaires et actuellement en plein essor. En effet, lors des deux derni•res dŽcennies, le 

dŽveloppement de nouveaux types de biomatŽriaux ayant le potentiel dÕ•tre utilisŽs comme 

Žchafaudages bi- ou tridimensionnels ˆ des fins dÕingŽnierie tissulaire ou de mŽdecine 

rŽgŽnŽratrice sÕest accŽlŽrŽ de fa•on exponentielle.  

En parall•le, la comprŽhension des processus biochimiques et cellulaires ne cesse de 

cro”tre gr‰ce au dŽveloppement et ˆ la vulgarisation de nouvelles plateformes technologiques 

ayant permis i) le sŽquen•age du gŽnome de plusieurs esp•ces et la dŽduction des protŽines 

encodŽes par ces gŽnomes, ii)  lÕexpression rapide de ces protŽines sous forme bioactive, iii)  la 

collecte de donnŽes structurales, thermodynamiques et cinŽtiques sÕy rapportant ainsi que iv) 

lÕintŽgration de ces connaissances gr‰ce ˆ la naissance dÕun nouveau champ disciplinaire : la 

biologie des syst•mes. 

Ces nouveaux savoirs et savoir-faire relatifs aux sciences de la vie ÔtraditionnellesÕ 

(biochimie, biologie cellulaire) et ˆ lÕingŽnierie des matŽriaux sont dorŽnavant utilisŽs en 

synergie afin de donner naissance ˆ de nouveaux biomatŽriaux combinant les propriŽtŽs 
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mŽcaniques et physico-chimiques des polym•res traditionnels au potentiel des macromolŽcules 

biologiques capables dÕinfluencer le comportement cellulaire.  

La grande diversitŽ des matŽriaux utilisŽs et des macromolŽcules biologiques d'intŽr•t dans 

les domaines de l'ingŽnierie tissulaire et de la mŽdecine rŽgŽnŽratrice ne peut •tre abordŽe de 

fa•on exhaustive ; cette revue de littŽrature se concentrera sur une famille de protŽines 

particuli•re, celle du facteur de croissance de l'Žpiderme (EGF) utilisŽ dans le cadre de cette th•se 

de doctorat ainsi que sur les matŽriaux les plus communs pour les implants cornŽen et vasculaire. 

 

1.2 MacromolŽcules biologiques d'intŽr•t pour la fonctionalisation 

de biomatŽriaux 

 

Le dŽveloppement normal d'un tissu, ou sa guŽrison suite ˆ une lŽsion, sont deux processus 

rŽgulŽs par des cascades complexes d'ŽvŽnements lors desquelles les cellules qui composent le 

tissu doivent rŽpondre de fa•on adŽquate et concertŽe (prolifŽration, diffŽrenciation, migration ou 

m•me apoptose) aux divers changements de leur microenvironnement. Dans cette perspective, un 

flux continu et dynamique d'informations doit s'Žtablir entre les diverses cellules afin de 

coordonner leur rŽponse individuelle. Pour ce faire, les cellules d'un tissu sont en contact 

permanent avec la matrice extracellulaire, un environnement complexe, composŽe 

majoritairement de protŽines (plus d'une centaine dont le collag•ne et la fibronectine) et de 

cha”nes polysaccharidiques (par exemple lÕhŽparine et l'hŽparane-sulfate). La matrice 

extracellulaire joue d'abord un r™le structural, fournissant aux cellules un Žchafaudage stable, 

mais toutefois modelable par action enzymatique. Elle module l'adhŽsion cellulaire gr‰ce ˆ des 

mŽcanismes impliquant l'interaction directe de plusieurs de ses protŽines avec les rŽcepteurs 
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d'adhŽsion cellulaires appartenant notamment ˆ la famille des intŽgrines (Hynes 2002). De plus, 

la matrice extracellulaire agit comme un vŽritable rŽservoir de facteurs de croissance et contr™le 

leur disponibilitŽ sous une forme bioactive (Hynes 2009). Ces facteurs de croissance sont utilisŽs, 

dans la plupart des cas, par les cellules comme vŽhicules privilŽgiŽs de l'information. Ils sont 

reconnus pour exercer leur r™le en interagissant avec des rŽcepteurs spŽcifiques prŽsents dans la 

membrane plasmique ˆ la surface cellulaire.  

Parmi ceux-ci, les rŽcepteurs de la famille des kinases spŽcifiques aux tyrosines (receptor 

tyrosine kinase, RTK) ont ŽtŽ les premiers identifiŽs et sont les mŽdiateurs de choix pour la 

propagation des signaux entre les cellules. Leur mode de fonctionnement suit le m•me schŽma 

gŽnŽral : l'interaction d'un ligand avec le domaine extracellulaire des rŽcepteurs membranaires 

induit l'assemblage d'un complexe ligand/rŽcepteur actif. A l'intŽrieur de ce complexe, les kinases 

des rŽcepteurs phosphorylent les cha”nes latŽrales de plusieurs tyrosines spŽcifiques localisŽes 

dans chacun des domaines cytoplasmiques des rŽcepteurs. Cette phosphorylation permet alors de 

recruter plusieurs protŽines intracellulaires et ainsi d'initier les voies de signalisation permettant ˆ 

l'information d'•tre vŽhiculŽe de la surface vers le noyau cellulaire o• le niveau d'expression 

gŽnique est modulŽ. 

 Jusqu'ˆ prŽsent, vingt familles distinctes de RTKs, toutes encodŽes par 59 g•nes ont ŽtŽ 

identifiŽes (Manning and Cantley 2002) et la famille du facteur de croissance de l'Žpiderme 

(epidermal growth factor, EGF) est celle qui, de loin, a ŽtŽ la plus ŽtudiŽe. Un tel intŽr•t de la 

part de la communautŽ scientifique peut s'expliquer par l'implication directe de ce facteur de 

croissance dans la plupart des processus cellulaires normaux, incluant la survie, la prolifŽration, 

la migration, la diffŽrenciation cellulaires (kŽratinocytes, cellules ŽpithŽliales, cellules souches 

neurales ou mŽsenchymateusesÉ) ainsi que la rŽgulation de l'activitŽ mŽtabolique. De plus, 
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durant les trente derni•res annŽes,  plusieurs dŽrŽgulations des voies de signalisation initiŽes par 

EGF suite ˆ la surexpression de ses rŽcepteurs (Arteaga 2002), ˆ des mutations ponctuelles de ces 

derniers (Arteaga 2006; Humphrey et al. 1990; Jungbluth et al. 2003) ou ˆ leur activation 

aberrante par des mŽcanismes autocrines (Sizeland and Burgess 1992), ont ŽtŽ directement reliŽes 

ˆ plusieurs pathologies sŽv•res incluant plusieurs types de cancers (cancer du sein, des poumons 

et colorectal) (Wilson et al. 2009). 

 

1.2.1 MŽcanismes d'activation des rŽcepteurs de la famille de EGF et voies de 

signalisation associŽes 

 

1.2.1.1 La famille de EGF 

 

 La famille de EGF comprend au moins 13 ligands distincts, ˆ savoir, EGF, le facteur de 

croissance transformant "  (transforming growth factor-! , TGF-" ), le facteur de croissance de la 

famille de EGF se liant ˆ l'hŽparine (heparin binding EGF-like growth factor, HB-EGF) 

(Higashiyama et al. 1991; Higashiyama et al. 1992), la bŽtacelluline (BTC) (Sasada et al. 1993; 

Seno et al. 1996; Watanabe et al. 1994), l'amphirŽguline (AR) (Plowman et al. 1990a; Plowman 

et al. 1990b; Shoyab et al. 1989), les neurŽgulines (NRGs), l'ŽpirŽguline (EPR) (Toyoda et al. 

1995a; Toyoda et al. 1995b) et l'epig•ne (epigen, EPG) (Strachan et al. 2001). Bien que 

l'homologie de sŽquence de ces ligands soit faible, tous poss•dent un motif conservŽ comprenant 

trois cystines (trois ponts disulfures) ainsi que plusieurs rŽsidus assurant une haute spŽcificitŽ lors 

de la reconnaissance de leurs rŽcepteurs (Figure 1.1A et 1.1B). Il est aussi probable que tous 
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adoptent une structure tertiaire tr•s similaire. Cette hypoth•se a ŽtŽ partiellement vŽrifiŽe puisque 

EGF (Ogiso et al. 2002), TGF-"  (Garrett et al. 2002; McInnes et al. 1998) et BTC (Miura et al. 

2002) poss•dent tous trois une structure tertiaire caractŽrisŽe par la prŽsence de trois boucles 

induites par la formation de trois ponts disulfures, tel que mis en Žvidence par les donnŽes 

expŽrimentales collectŽes par rŽsonance magnŽtique nuclŽaire (RMN) et par cristallographie au 

rayon X (Figure 1.1B) (Wilson et al. 2009). 

Chez les mammif•res, tous les ligands de la famille de EGF sont synthŽtisŽs sous forme 

de prŽcurseurs transmembranaires qui doivent •tre clivŽs de fa•on protŽolytique afin de libŽrer 

les facteurs de croissance bioactifs correspondants. Sous forme soluble, ces derniers interagissent 

directement, avec une plus ou moins grande affinitŽ, avec trois rŽcepteurs transmembranaires 

distincts : le rŽcepteur EGF (EGFR, aussi nommŽ ErbB1 ou HER1), ErbB3 (ou HER3) et ErbB4 

(ou HER4) (Yarden and Sliwkowski 2001). Un quatri•me rŽcepteur, ErbB2 (ou HER2), 

n'interagit directement avec aucun ligand connu mais participe de mani•re active avec les autres 

rŽcepteurs ˆ l'activation des diffŽrentes voies de signalisation par les ligands de la famille de EGF 

(Klapper et al. 1999). 

Les quatre rŽcepteurs ErbB poss•dent eux aussi une architecture semblable. Ce sont tous 

des enzymes allostŽriques dont la structure tertiaire se compose d'un domaine extracellulaire 

relativement grand (plus de 600 rŽsidus) reliŽ par un domaine transmembranaire ˆ un domaine 

cytoplasmique de plus de 500 rŽsidus. Ce dernier se compose d'une rŽgion proche de la 

membrane, d'un domaine possŽdant l'activitŽ enzymatique (plus prŽcisŽment une kinase 

spŽcifique aux tyrosines) (Hubbard and Miller 2007) et une rŽgion C-terminale rŽgulatrice 

(Ullrich et al. 1984; Warren and Landgraf 2006). 
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Figure 1.1 : La famille de EGF. 

A. Alignement des sŽquences dÕacides aminŽs des diffŽrents membres de la famille de EGF. Les 

6 rŽsidus cystŽines conservŽs qui forment les 3 ponts disulfures prŽsents au sein des ligands 

matures sont soulignŽs. B. Structure primaire de EGF. Les ponts disulfures sont reprŽsentŽs par 

des traits. C. Les ligands de la famille de EGF activent les rŽcepteurs de la famille ErbB. Un 

diagramme de Venn illustre les interactions des rŽcepteurs ErbBs avec les membres de la famille 

de EGF (dÕapr•s (Wilson et al. 2009)). 
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1.2.1.2 MŽcanisme d'activation des rŽcepteurs de la famille de EGF 

 

 Les Žtudes cristallographiques des structures quaternaires correspondant ˆ EGF (Ogiso et 

al. 2002) ou TGF-"  (Garrett et al. 2002) liŽs au domaine extracellulaire de ErbB1, ainsi que les 

structures des domaines extracellulaires de ErbB1, 2 et 3 en absence de ligand (Cho and Leahy 

2002; Cho et al. 2003; Ferguson et al. 2003; Garrett et al. 2003) ont permis de proposer un 

mod•le structural gŽnŽral dŽcrivant comment les rŽcepteurs ErbB sont activŽs par les ligands de 

la famille de EGF (Burgess et al. 2003). Plus spŽcifiquement, ces Žtudes cristallographiques ont 

rŽvŽlŽ que, tout comme les ligands, les domaines extracellulaires des rŽcepteurs ErbB1, 3 et 4 

prŽsentent des structures tertiaires tr•s similaires. Ils sont formŽs de quatre domaines distincts 

(numŽrotŽs de I ˆ IV) qui s'organisent pour adopter une conformation dite 'liŽe', stabilisŽe par de 

multiples interactions intra-catŽnaires entre les domaines II et IV (Figure 1.2A). Cette 

conformation 'liŽe' maintient les rŽcepteurs dans un Žtat inactif car elle inhibe de fa•on stŽrique 

les kinases de leur domaine cytoplasmique. Tel que mis en Žvidence pour les complexes 

EGF/ErbB1 et TGF-" /ErbB1, il a ŽtŽ proposŽ que les divers ligands de la famille de EGF 

interagissent avec les domaines extracellulaires de ErbB1, 3 et 4 selon une st# chiomŽtrie de 1:1. 

L'interaction ligand/rŽcepteur implique majoritairement les domaines I et III du rŽcepteur et se 

traduit par un rŽarrangement conformationnel majeur du complexe (Figure 1.2A). Au sein de la 

structure quaternaire, le domaine extracellulaire du rŽcepteur adopte alors une conformation 

beaucoup plus 'ŽtirŽe', exposant ainsi un site de son domaine II. Ce site, baptisŽ le 'bras de 

dimŽrisation', promeut alors l'assemblage de deux rŽcepteurs. La st# chiomŽtrie du complexe 

actif qui en rŽsulte est donc de deux rŽcepteurs pour deux ligands et, dans ce complexe, les 

ligands ne participent pas par contact direct au processus de dimŽrisation. 



12 

 

D'un point de vue structural, ErbB2 (le rŽcepteur orphelin) se dŽmarque des autres 

rŽcepteurs ErbB car sa conformation ressemble dŽjˆ ˆ la structure 'ŽtirŽe' du rŽcepteur ErbB1 

(lorsque liŽ ˆ EGF). Il a donc ŽtŽ proposŽ, et largement acceptŽ par la communautŽ scientifique, 

que ErbB2 interagit directement (c'est-ˆ -dire sans l'aide d'aucun ligand) avec un autre rŽcepteur 

ErbB dŽjˆ liŽ ˆ son ligand, afin de donner un complexe actif, composŽ d'un ligand et de deux 

rŽcepteurs. Bien que tr•s attrayant, ce mod•le doit cependant •tre corrigŽ pour prendre en compte 

les derni•res informations structurales relatives ˆ dEGFR (le seul rŽcepteur de la famille de EGF 

chez Drosophila melanogaster): le domaine extracellulaire de ce dernier adopte lui aussi une 

conformation 'ŽtirŽe' en absence de ligand (Alvarado et al. 2009) remettant ainsi en cause de 

fa•on implicite le caract•re orphelin de ErbB2.  

Comme soulignŽ rŽcemment par Lemmon (Lemmon 2009), notre comprŽhension du 

mŽcanisme de formation des complexes ligand/rŽcepteur de la famille de EGF n'est encore que 

superficielle ; le mod•le prŽsentŽ plus haut n'explique en rien le fait que deux populations 

distinctes d'ErbB1, caractŽrisŽes par des affinitŽs distinctes pour EGF (KD de 0,1 et de 10 nM) 

existent ˆ la surface cellulaire (Ullrich and Schlessinger 1990), ou encore que l'interaction de 

EGF avec son rŽcepteur ne puisse •tre reprŽsentŽe que par un mod•le de coopŽration nŽgative. 

De plus, le mod•le proposŽ n'identifie nullement quels dŽterminants structuraux favorisent la 

dimŽrisation homo- ou hŽtŽrotypique des diffŽrents rŽcepteurs, bien que de plus en plus d'Žtudes 

soulignent un r™le potentiel des domaines transmembranaire et cytoplasmique dans ce 

phŽnom•ne. 
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Figure 1.2 : L'activation des rŽcepteurs de la famille ErbB entraine la crŽation de sites de 

fixation pour de nombreux effecteurs. 

A. Un rŽarrangement conformationnel majeur du rŽcepteur de EGF est observŽ apr•s lÕinteraction 

initiale entre EGFR et son ligand, aboutissant ˆ la dimŽrisation du rŽcepteur (stÏchiomŽtrie finale 

de 2 :2). B. La phosphorylation de certains rŽsidus (dŽnotŽs Y-#) prŽsents sur les rŽcepteurs 

conduit au recrutement subsŽquent de nombreux partenaires. Ces partenaires sont schŽmatisŽs par 

des carrŽs de diffŽrentes couleurs. La plupart de ceux-ci se retrouvent en position C-terminale du 

rŽcepteur ˆ lÕextŽrieur du domaine ˆ activitŽ kinase (dÕapr•s Schulze et Wilson (Schulze et al. 

2005; Wilson et al. 2009)). 

 



14 

 

1.2.1.3 DimŽrisation homo- et hŽtŽrotypique des diffŽrents ErbB et phosphorylation des 

domaines cytoplasmiques. 

 

Deux traits caractŽristiques ressortent lorsque les Žtapes initiales de signalisation des 

rŽcepteurs ErbB sont examinŽes; ils expliquent en partie le vaste rŽpertoire des rŽponses 

cellulaires associŽes ˆ cette famille de rŽcepteurs. Premi•rement, ce syst•me prŽsente beaucoup 

de redondance: plusieurs ligands peuvent se lier au m•me rŽcepteur et plusieurs rŽcepteurs 

peuvent interagir avec le m•me ligand. Tel qu'illustrŽ ˆ la Figure 1.1C, EGF, TGF-" , BTC, HB-

EGF, AR, EPR, NRG2# et EPG ont tous la capacitŽ d'interagir avec ErbB1 alors que NRG# peut 

se lier ˆ ErbB1, 3 et 4. Deuxi•mement, en prŽsence des ligands adŽquats, les diffŽrents rŽcepteurs 

peuvent former pas moins de huit dim•res homo- (ErbB1 et 4) ou hŽtŽrotypiques.  

Au sein de ces dim•res activŽs, le domaine kinase de chacun des rŽcepteurs catalyse alors 

le transfert du groupement phosphate !  d'une molŽcule d'ATP sur la fonction hydroxyle des 

tyrosines du domaine cytoplasmique de l'autre rŽcepteur (Ushiro and Cohen 1980), selon un 

mŽcanisme appelŽ trans-auto-phosphorylation (Hubbard and Miller 2007; Schlessinger 2000; 

Zhang et al. 2006). Une exception existe cependant puisque ErbB3 ne poss•de aucune activitŽ 

kinase (Guy et al. 1994); son domaine cytoplasmique peut toutefois •tre phosphorylŽ par un autre 

ErbB engagŽ dans une interaction avec son ligand, ou m•me par ErbB2. Il est ˆ noter que les 

complexes ErbB2/ErbB3 composŽs ˆ la fois d'un rŽcepteur orphelin et d'un rŽcepteur n'ayant 

aucune activitŽ kinase donnent les plus fortes rŽponses cellulaires (Klapper et al. 2000). 

Notre description des mŽcanismes d'activation des divers ErbB peut de fa•on implicite 

conduire le lecteur ˆ conclure que la spŽcificitŽ des diffŽrents ligands pour les domaines 

extracellulaires des rŽcepteurs contr™le enti•rement l'assemblage des diffŽrents complexes, et 
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donc l'activation de voies de signalisation en rŽponse ˆ ces stimuli. Cette conclusion est 

cependant partiellement fausse (si ce n'est enti•rement) puisque plusieurs Žtudes ont rŽvŽlŽ que 

les diffŽrents rŽcepteurs ErbB existent dans un Žtat prŽdimŽrisŽ, quoique inactif en absence de 

ligand. C'est en effet le cas pour les dim•res ErbB1/ErbB1 (Martin-Fernandez et al. 2002; Moriki 

et al. 2001) et ErbB1/ErbB2 (Liu et al. 2007). Les conclusions de Tao et coll•gues sont encore 

plus drastiques puisque les travaux rŽcents de ce groupe de recherche sugg•rent que tous les 

rŽcepteurs ErbB sont dŽjˆ prŽdimŽrisŽs avant leur activation par leurs ligands respectifs (Tao and 

Maruyama 2008). Ces travaux ont m•me permis l'identification par les auteurs de deux dim•res 

(ErbB3/ErbB3 et ErbB3/ErbB4) dans le noyau de la cellule. Dans le m•me esprit, une Žtude de 

Clayton et al. sugg•re que les rŽcepteurs ErbB s'assemblent pour former non pas des dim•res 

mais des structures plus complexes (possiblement des tŽtram•res) (Clayton et al. 2005). Ainsi, 

l'Žtat d'oligomŽrisation des rŽcepteurs ErbB, avant leur activation par les ligands, pourrait 

contribuer de fa•on significative ˆ la formation de complexes actifs spŽcifiques, et donc au 

contr™le de la signalisation. 

La grande diversitŽ des complexes ligand/rŽcepteur au sein de la famille d'EGF d'une part, 

ainsi que, le vaste rŽpertoire d'effets biologiques qui leur sont attribuŽs pr•te ˆ croire, na•vement 

qu'entre les deux, un rŽseau complexe et spŽcifique soit initiŽ par le phŽnom•ne de trans-auto-

phosphorylation. Tel est le cas, comme l'ont rŽvŽlŽ un grand nombre d'Žtudes s'Žchelonnant sur 

les trente derni•res annŽes. A l'intŽrieur de la cellule, cette diversitŽ se traduit en premier lieu par 

le nombre important de sites de phosphorylation prŽsents sur chaque domaine cytoplasmique des 

rŽcepteurs ErbB. Chacun d'entre eux poss•de en effet entre 19 et 27 rŽsidus tyrosine (pour un 

total de 89) (Schulze et al. 2005) parmi lesquelles 9 ˆ 19 ont ŽtŽ identifiŽs comme site de 

phosphorylation (Kaushansky et al. 2008; Schulze et al. 2005) (Figure 1.2B). Cependant, jusqu'ˆ 



16 

 

prŽsent, le mŽcanisme par lequel la liaison d'un ligand (ˆ l'extŽrieur de la cellule) engendre la 

phosphorylation spŽcifique d'un groupe de tyrosines (de lÕautre cotŽ de la membrane) n'est 

qu'hypothŽtique. En se basant sur l'Žtude cristallographique de Zhang et coll•gues (Zhang et al. 

2006), Wilson a proposŽ rŽcemment que la structure quaternaire formŽe lors du recrutement des 

ligands par les domaines extracellulaires des rŽcepteurs contr™le l'orientation relative de leurs 

domaines cytoplasmiques et donc influence quels rŽsidus sont les plus susceptibles d'•tre 

phosphorylŽs (Wilson et al. 2009). 

 

1.2.2 Transduction des signaux par les rŽcepteurs ErbB phosphorylŽs 

 

Tel que mentionnŽ prŽcŽdemment, le patron de phosphorylation des domaines 

cytoplasmiques des rŽcepteurs ErbB est complexe. Cette complexitŽ trouve aussi Žcho dans le 

grand nombre de protŽines intracellulaires capables d'interagir directement ou indirectement avec 

chaque rŽcepteur ErbB. A cet Žgard, la phosphorylation des rŽsidus tyrosines au sein des 

domaines cytoplasmiques des diffŽrents ErbB engendre de nouveaux sites de liaison reconnus par 

les diverses protŽines du cytosol qui contiennent des domaines SH2 (Src-homology 2 domain) ou 

PTB (phosphotyrosine binding domain) (Hunter 2000); la spŽcificitŽ de ces interactions Žtant 

dictŽe par les rŽsidus entourant les tyrosines phosphorylŽes. Dans ce contexte, Jones et coll•gues 

ont rŽcemment dŽterminŽ les affinitŽs de 106 domaines SH2 et 41 domaines PTB (parmi les 109 

et 44 domaines SH2 et PTB identifiŽs dans les banques de donnŽes du gŽnome humain) pour 33 

peptides correspondant ˆ des sites de phosphorylation connus ou putatifs des quatre rŽcepteurs 

ErbB (Jones et al. 2006). Ce travail colossal (plus de 77500 interactions ŽtudiŽes) a permis aux 

auteurs d'identifier plus de 100 nouvelles interactions fortes (c'est-ˆ -dire caractŽrisŽes par des KD 
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allant du nM au µM et donc ayant de grande chance d'avoir lieu in vivo), en plus de confirmer les 

interactions dŽjˆ identifiŽes par plusieurs Žquipes scientifiques. Ces rŽsultats sugg•rent que la 

signalisation initiŽe par les rŽcepteurs s'appuie sur un rŽseau complexe d'interactions qui 

dŽpendent de la disponibilitŽ des diffŽrents partenaires (et plus particuli•rement de leur 

concentration locale), de leur affinitŽ relative pour les diffŽrents sites de liaison des rŽcepteurs, de 

leurs cinŽtiques d'interaction ainsi que de leur capacitŽ d'entrer en compŽtition les uns avec les 

autres lorsqu'ils interagissent avec un site phosphorylŽ donnŽ. 

Parmi les diffŽrentes protŽines directement recrutŽes par les rŽcepteurs ErbB, plusieurs 

enzymes (par exemple Src et PLC! ), facteurs de transcription (par exemple STAT1 et STAT5) ou 

protŽines jouant le r™le d'adaptateur (adaptor, par exemple Shc et Grb2) ont ŽtŽ identifiŽes 

(Figure 1.2B). Dans ce dernier cas, notons que les deux protŽines Grb2 et Shc (growth-factor-

receptor-bound-2 et Src-homology-2-containing) interagissent directement avec les rŽcepteurs 

ErbB et sont ˆ leur tour phosphorylŽes par ces derniers, crŽant ainsi de nouveaux sites pour le 

recrutement d'autres protŽines et donc multipliant les possibilitŽs du rŽseau de signalisation.  

Dans ce contexte, le cas de la protŽine SOS (son-of-the-sevenless) est intŽressant, puisqu'il 

rŽv•le que la redondance observŽe ˆ l'extŽrieur de la cellule pour des interactions ligand/rŽcepteur 

(voir section prŽcŽdente) est aussi prŽsente dans le cytosol. En effet, le recrutement de SOS par 

les domaines cytoplasmiques des ErbB peut s'effectuer de plusieurs mani•res: soit par le 

complexe ErbB/Grb2, soit par le complexe ErbB/Shc/Grb2 (dans les deux cas, SOS interagit 

directement avec Grb2). 
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Figure 1.3 : Transduction des signaux initiŽe par le rŽcepteur de EGF (EGFR). 

LÕinteraction de EGFR avec ses ligands entraine lÕactivation de nombreuses voies de 

signalisation cellulaire dont celles des MAPK, de la PI3K et de la PLC! . 
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Le recrutement de SOS constitue une des Žtapes clefs d'une des voies de signalisation 

fondamentales initiŽe par les rŽcepteurs ErbB ainsi qu'un grand nombre de RTK, ˆ savoir la voie 

des MAPK (mitogen-activated protein kinase). Cette voie de signalisation se base sur l'activation 

d'une cascade de phosphorylation impliquant plusieurs kinases et qui culmine par la 

phosphorylation de Erk1 et 2 (extracellular signal-regulated kinase, Figure 1.3). Dans leur Žtat 

phosphorylŽ, Erk1 et 2 peuvent migrer dans le noyau de la cellule o• elles catalysent alors la 

phosphorylation de facteurs de transcription, rŽgulant ainsi l'expression gŽnique. L'activation de 

la voie des MAPK par EGF a ŽtŽ reliŽe ˆ une augmentation de la prolifŽration pour les cellules 

PC12 de rat provenant de glandes surrŽnales, alors que son activation plus soutenue via NGF 

(nerve growth factor) promeut la diffŽrenciation cellulaire de ces m•mes cellules (Marshall 1995; 

Traverse et al. 1994). 

Deux autres voies de signalisation majeures sont aussi activŽes par les diffŽrents ErbB. La 

voie de la phosphoinositide 3-kinase (PI3K, Figure 1.3), reconnue pour favoriser la prolifŽration 

et la survie cellulaires (via l'inhibition des caspases responsables de l'apoptose), est l'une d'entre 

elles. L'enzyme PI3K de classe Ia catalyse la phosphorylation du phosphatidylinositol-3,4-

diphosphate (PIP2) pour produire du phosphatidylinositol-3,4,5-triphosphate (PIP3), un messager 

secondaire qui promeut la localisation de l'enzyme Akt (une kinase spŽcifique pour les thrŽonines 

et tyrosines) ˆ la membrane cellulaire o• cette derni•re est phosphorylŽe (Figure 1.3). 

L'activation de PI3K peut avoir lieu de diverses fa•ons : soit par une interaction directe entre la 

rŽgion cytoplasmique de ErbB3 et la sous-unitŽ p85 de PI3K ou, de fa•on indirecte, par un 

complexe protŽique comprenant ErbB1, Grb2 et Gab1 (Schlessinger 2004), illustrant une fois de 

plus la redondance omniprŽsente dans le mŽcanisme de transmission de l'information par la 

famille des ErbB. 
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Enfin, la voie de signalisation de la phospholipase C-!  (PLC! ) peut aussi •tre activŽe par 

recrutement direct de cette enzyme par ErbB1. Une fois activŽe par phosphorylation, 

PLC!  catalyse l'hydrolyse de PIP2 pour donner deux types de messagers secondaires :!$%inositol 

1,4,5-triphosphate (IP3) et le diacylglycŽrol (DAG). Le premier contr™le le relargage d'ions Ca2+ 

et donc l'activitŽ des enzymes calcium-dŽpendantes. Le deuxi•me est un cofacteur qui favorise le 

recrutement de PKC (protein kinase C), une kinase spŽcifique aux sŽrines et thrŽonines, prŽsente 

ˆ la membrane cytoplasmique (Figure 1.3). 

 

1.2.2.1 AttŽnuation des voies de signalisation des ErbB 

 

Toutes les protŽines recrutŽes par les diffŽrents ErbB n'ont pas un r™le positif lors de la 

propagation des signaux. En fait, plusieurs phosphatases (enzymes catalysant la 

dŽphosphorylation des protŽines) contiennent aussi des domaines SH2 et sont activŽes lorsque 

recrutŽes par les rŽcepteurs, modulant ainsi le niveau de phosphorylation de ces derniers ainsi que 

celui de leurs effecteurs principaux (den Hertog et al. 2008; Ostman and Bohmer 2001). Ce 

mŽcanisme de contr™le est commun ˆ la plupart des RTK et est crucial pour le contr™le des 

processus de migration et d'adhŽsion cellulaire, notamment au niveau vasculaire (Kappert et al. 

2005). Cependant, dans le cas de ErbB1, mais, de fa•on intŽressante pas pour les autres 

rŽcepteurs de la famille des ErbB, le mŽcanisme principal d'attŽnuation des signaux se base sur 

l'internalisation et la redirection des complexes ligand/rŽcepteur vers les compartiments 

endosomaux (Baulida et al. 1996).  
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Ainsi, une activation forte des voies de signalisation de ErbB1 par un apport constant de 

EGF est attŽnuŽe dans l'espace de quelques heures via l'internalisation des rŽcepteurs. Ce 

mŽcanisme requiert la formation de complexes spŽcifiques et riches en clathrine ˆ la surface 

cellulaire, le recrutement de plusieurs protŽines (dont Eps15) permettant l'invagination de la 

membrane et la formation de vŽsicules qui rejoignent les endosomes prŽcoces. L'environnement 

acide de ces vŽsicules alt•re l'interaction entre rŽcepteurs et ligands, permettant ainsi leur triage 

soit vers les lysosomes (voie de dŽgradation) soit vers la surface cellulaire (voie de recyclage). 

Dans ce contexte, il apparait que l'association entre ligands et rŽcepteurs est le principal facteur 

gouvernant le triage : EGF reste liŽ ˆ ErbB1 en milieu acide, ce qui favorise la dŽgradation alors 

qu'une interaction plus faible entre TGF-"  et ErbB1 (ˆ pH acide) favorise la dissociation du 

complexe et le recyclage des rŽcepteurs (French and Lauffenburger 1996; French and 

Lauffenburger 1997; French et al. 1994; French et al. 1995). 

 

1.2.2.2 IntŽgration des voies de signalisation 

 

ConsidŽrant la grande variŽtŽ des rŽponses cellulaires Žmanant de l'activation des ErbB, il 

peut sembler surprenant, a priori, que les diffŽrents complexes ligand/rŽcepteur formŽs ˆ la 

surface cellulaire convergent principalement vers l'activation des trois voies de signalisation 

majeures que nous venons de dŽcrire. Cette constatation est en effet difficile ˆ concilier avec les 

rŽsultats de multiples Žtudes in vitro et in vivo qui indiquent que les diffŽrents ligands et 

rŽcepteurs ont des r™les bien distincts au sein de l'organisme (Yarden and Sliwkowski 2001). Ce 

serait oublier l'incroyable diversitŽ des boucles de rŽtrocontr™les positifs et nŽgatifs qui rŽgulent 

la phosphorylation des diffŽrents effecteurs de ces voies (leur description exhaustive 
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outrepasserait le cadre de cette revue de littŽrature), l'influence du compartimentage cellulaire 

(voir section prŽcŽdente), les interconnexions Žtroites qui existent entre les diffŽrents ErbB ainsi 

que les Žchanges croisŽs (crosstalk) avec d'autres syst•mes de ligand/rŽcepteurs.  

Un des meilleurs exemples d'intŽgration des voies de signalisation activŽes par diffŽrents 

ErbB nous a ŽtŽ fourni rŽcemment par Li et coll•gues (Li et al. 2009). En effet, ces derniers ont 

montrŽ que PLC!1 se lie directement ˆ Rac1 (une GTPase de la famille de Rho) pour activer cette 

premi•re. Alors que l'importance de l'activation simultanŽe des voies de signalisation de PLC!  et 

de la famille des Rho GTPases Žtait connue dans les processus de remodelage du cytosquelette et 

de la migration cellulaires, Li et al. ont ainsi dŽmontrŽ que ces processus nŽcessitent une 

interaction directe entre les effecteurs de deux voies de signalisation distinctes, toutes deux 

activŽes par les rŽcepteurs ErbB.  

En ce qui a trait aux 'Žchanges croisŽs', le meilleur exemple rŽside dans les phŽnom•nes 

de transactivation engendrŽs par diffŽrentes classes de rŽcepteurs couplŽs aux protŽines G (G 

protein-coupled receptors ; GPCR). Les exemples les plus documentŽs sont les cas o• les GPCR 

sont capables d'utiliser les rŽcepteurs EGF comme partenaires en aval afin de gŽnŽrer des signaux 

mitogŽniques (Fischer et al. 2003).  Ce mŽcanisme de transactivation peut se rŽsumer ainsi : suite 

ˆ leur activation, les GPCR modulent la production et l'activitŽ de metalloprotŽases responsables 

du clivage de la forme transmembranaire de EGF et donc la libŽration de sa forme bioactive. EGF 

ainsi relarguŽ peut activer de fa•on locale les voies de signalisation qui lui sont propres (MAPK 

et PI3K) via l'activation de ses rŽcepteurs. Une action synergique entre les voies propres aux 

GPCR et aux rŽcepteurs ErbB est ainsi possible.  

Le cas de c-Src, une kinase spŽcifique pour les tyrosines, reconnue pour augmenter la 

transformation et la prolifŽration des fibroblastes et cellules ŽpithŽliales en rŽponse ˆ EGF est 
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plus ambigu. En effet, son r™le en aval de l'activation du rŽcepteur EGF, ou alternativement, en 

parall•le de l'activation de ce dernier est moins clair. L'association directe de c-Src avec ce 

rŽcepteur ErbB a ŽtŽ documentŽe pour les cellules ŽpithŽliales A-431 ; c-Src phosphoryle le 

domaine cytoplasmique du rŽcepteur EGF sur au moins quatre tyrosines distinctes. Alors que la 

phosphorylation de la tyrosine Y891 crŽe un site de liaison favorisant le recrutement de c-Src elle-

m•me, il a ŽtŽ suggŽrŽ que la phosphorylation de la tyrosine Y845 augmentait l'activitŽ kinase du 

rŽcepteur EGF et indirectement son potentiel mitogŽnique. Cependant c-Src catalyse aussi la 

phosphorylation de Y920, crŽant ainsi un site de liaison pour p85, une sous-unitŽ de PI3K, 

multipliant ainsi les interconnexions entre diffŽrentes voies de signalisation. 

 

La prise de conscience de toutes les interconnexions entre les voies de signalisation 

propres aux ErbB ainsi que les diffŽrents mŽcanismes de contr™le de ces voies ont incitŽ 

l'implŽmentation de nouvelles approches thŽoriques provenant du domaine de la biologie des 

syst•mes (system biology) afin de mieux comprendre, et possiblement prŽdire, les rŽsultats de 

l'activation des rŽcepteurs ErbB dans un contexte cellulaire dŽfini. Comme soulignŽ par Citri et 

Yarden (Citri and Yarden 2006), une telle approche est justifiŽe puisque les diffŽrentes esp•ces 

impliquŽes dans ces voies de signalisation constituent un rŽseau dit 'en n# ud de cravate' ou en 

forme de 'sablier' dont l'architecture ressemble fortement ˆ celles des syst•mes biologiques les 

plus robustes. Dans cette optique, la grande redondance observŽe ˆ chaque niveau de la 

signalisation ainsi que la nature modulaire de l'organisation du rŽseau lui conf•rent une grande 

robustesse (Citri et al. 2006). Cette approche a ŽtŽ adoptŽe par quelques laboratoires et a menŽ au 

dŽveloppement de plusieurs mod•les in silico, plus ou moins complexes (Aldridge et al. 2009; 

Lazzara and Lauffenburger 2009; Saez-Rodriguez et al. 2009; Samaga et al. 2009) (ne prenant en 



24 

 

compte que les voies de signalisation activŽes par ErbB1 (Schoeberl et al. 2002), par les quatre 

rŽcepteurs ErbB (Chen et al. 2009) ou encore les Žchanges croisŽs existants avec d'autres 

syst•mes rŽcepteur/ligand (Aldridge et al. 2009)). 

Les travaux de Schoeberl et coll•gues qui se basent sur i) l'utilisation d'un mod•le 

dynamique in silico dans lequel les diffŽrentes voies de signalisation activŽes par ErbB1 sont 

dŽcrites par un syst•me de 94 Žquations diffŽrentielles ordinaires (Schoeberl et al. 2002), ainsi 

que ii)  sur la mesure expŽrimentale des niveaux protŽiques cellulaires (technologie des 

micropuces ˆ protŽines) (Nielsen et al. 2003), sugg•rent fortement que la grande diversitŽ des 

rŽponses cellulaires observŽes d'un type cellulaire ˆ un autre, ne sont pas dues ˆ une diffŽrence de 

la topologie du rŽseau mais plut™t ˆ une diffŽrence de niveau d'expression de ces composants 

(Schoeberl et al. 2006). 

 

1.2.2.3 ConsidŽrations temporelles et spatiales de la signalisation par les ErbB 

 

Les donnŽes expŽrimentales recueillies sur l'activation des diffŽrentes voies de 

signalisation cellulaire par lÕaddition ponctuelle d'EGF soluble indiquent que les processus 

impliquŽs sont tr•s rapides et transitoires. Ces observations sont en accord non seulement avec 

les constantes cinŽtiques dŽterminŽes pour les diffŽrentes interactions macromolŽculaires 

impliquŽes dans les voies de signalisation dŽcrites prŽcŽdemment mais aussi avec les diffŽrentes 

prŽdictions Žtablies gr‰ce aux mod•les dynamiques in silico rŽcemment proposŽs (Schoeberl et 

al. 2002). A titre d'exemple, il a ŽtŽ prŽdit (Schoeberl et al. 2002) et vŽrifiŽ expŽrimentalement 

(Saso et al. 1997) que la phosphorylation de tous les rŽcepteurs ErbB1 prŽsents ˆ la surface 

cellulaire Žtait atteinte en 15 s pour une concentration de EGF soluble ajoutŽe de 10 nM. La 
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phosphorylation de Erk1 et 2 de la voie des MAPKs atteint son maximum 20 min apr•s addition 

de EGF (100 ng/mL) et n'est plus dŽtectable apr•s 2 h (pour les cellules PC12). Des profils tr•s 

similaires quant ˆ la phosphorylation de Erk 1 et 2 ont aussi ŽtŽ rapportŽs pour des cellules 

ŽpithŽliales de cornŽe apr•s ajout de 4 nM d'EGF (Wang et al. 2009; Xu et al. 2002), ou encore 

pour des fibroblastes dÕune lignŽe immortalisŽe 3T3 (Zhang et al. 2002). Dans cette m•me lignŽe, 

la phosphorylation de Akt (effecteur de la voie des PI3K) est aussi transitoire (durŽe de moins de 

30 min) (Zhang et al. 2002). D'un point de vue spatial, l'internalisation des complexes 

ligand/rŽcepteur ne marque pas la fin de leur capacitŽ ˆ activer la signalisation. En effet, plusieurs 

Žtudes ont dŽmontrŽ que les rŽcepteurs ErbB1 Žtaient toujours phosphorylŽs dans l'endosome 

(Kay et al. 1986; Lai et al. 1989a; Lai et al. 1989b; Wada et al. 1992). Ces rŽcepteurs, ayant acc•s 

aux diverses protŽines cytosoliques impliquŽes dans les voies de signalisation, notamment la voie 

des MAPK, pourraient prolonger l'activation de ces voies une fois les complexes ligand/rŽcepteur 

internalisŽs (Di Guglielmo et al. 1994).  

 

1.2.3 Autres facteurs de croissance et peptides utilisŽs 

 

De part les diffŽrentes applications envisagŽes en ingŽnierie tissulaire (rŽendothŽlisation 

du lumen et rŽŽpithŽlialisation de la partie abluminale des proth•ses vasculaires, dŽveloppement 

de substitut de cornŽe É), divers facteurs de croissance autres que ceux de la famille de EGF 

mais dont les rŽcepteurs appartiennent cependant ˆ la famille des RTK, ont dŽjˆ ŽtŽ immobilisŽs 

dans le but dÕinduire la rŽgŽnŽration de tissus ou dÕorganes spŽcifiques. Citons notamment les 

ligands des familles de VEGF (vascular endothelial growth factor) et FGF (fibroblast growth 

factor). 



26 

 

Les facteurs de croissance de la famille de VEGF sont des protŽines homodimŽriques de 

taille variant entre 34 et 42 kDa. Cinq isoformes composent la famille : VEGF121, VEGF145, 

VEGF165, VEGF189 and VEGF206 ; tous peuvent se lier ˆ deux rŽcepteurs distincts, VEGFR1 et 

VEGFR2 (Ferrara and Henzel 1989; Matsumoto and Claesson-Welsh 2001) essentiellement 

prŽsents ˆ la surface des cellules endothŽliales (Leung et al. 1989; Ribatti 2004). Ce facteur de 

croissance joue un r™le prŽpondŽrant durant lÕangiogŽn•se (Nissen et al. 1998; Ribatti 2004). Son 

immobilisation, le plus souvent de mani•re non orientŽe sur diffŽrents types de supports 

biocompatibles tel que le polytŽtrafluoroŽthyl•ne (PTFE), a maintenu sa capacitŽ ˆ promouvoir 

lÕadhŽsion, la migration et la prolifŽration des cellules endothŽliales (Backer et al. 2006; Crombez 

et al. 2005; Ito et al. 2005; Sharon and Puleo 2008; Shen et al. 2008; Steffens et al. 2004). 

FGF, quant ˆ lui, appartient ˆ une famille de facteurs de croissance composŽe de 23 

membres ayant des poids molŽculaire compris entre 17 et 34 kDa. Ces derniers interagissent avec 

diffŽrentes affinitŽs avec quatre rŽcepteurs transmembranaires distincts (FGFR1-4) (Baird et al. 

1986; Gospodarowicz et al. 1987; Gospodarowicz et al. 1986; Lobb et al. 1986; Maciag et al. 

1984; Shing et al. 1984; Squires et al. 1988). Ce facteur de croissance est lui aussi reconnu pour 

jouer un r™le majeur dans lÕangiogŽn•se (Browning et al. 2008; Zittermann and Issekutz 2006) ou 

dans les mŽcanismes de rŽparation suite ˆ une blessure (Virag et al. 2007; Zakrzewska et al. 

2008). FGF-2 est l'isoforme qui a essentiellement ŽtŽ utilisŽ dans des stratŽgies dÕimmobilisation. 

Son greffage sur des hydrogels ˆ base de gŽlatine ne semble pas altŽrer son activitŽ biologique et 

permet de promouvoir la formation de vaisseaux sanguins (Layman et al. 2008).  

Le tripeptide Arginine-Glycine-Acide aspartique (RGD) correspond  ̂ une sŽquence 

d'acides aminŽs prŽsente dans la fibronectine, un autre composant de la matrice extracellulaire. 

Ce petit motif est le plus efficace et le plus frŽquemment utilisŽ afin de favoriser lÕadhŽsion des 
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cellules en raison de son r™le de domaine de liaison aux rŽcepteurs cellulaires surfaciques 

(intŽgrines) (Jung et al. 2008; Pierschbacher and Ruoslahti 1984). Il a dÕailleurs ŽtŽ mainte fois 

utilisŽ avec succ•s afin de promouvoir lÕadhŽsion de cellules sur des biomatŽriaux. Par exemple, 

RGD greffŽ sur du polyŽthyl•ne tŽrŽphthalate (PET) ou de lÕacide polylactique (PLA) promeut 

lÕadhŽsion dÕostŽoblastes (Chollet et al. 2007; Ho et al. 2005). Dans la m•me optique, le peptide 

RGD immobilisŽ sur du dextrane carboxy-mŽthylŽ favorise lÕadhŽsion de cellules endothŽliales, 

et RGD liŽ ˆ des hydrogels ˆ base de polyŽthyl•ne glycol (PEG) augmente la migration des 

fibroblastes (DeLong et al. 2005).  

 

1.3 Les biomatŽriaux 

 

Les biomatŽriaux sont utilisŽs en mŽdecine depuis plusieurs dizaines dÕannŽe. Afin de 

tenir compte de l'essor et de la diversification accrue des domaines de l'ingŽnierie tissulaire, des 

nanotechnologies et de la mŽdecine rŽgŽnŽratrice, la dŽfinition dÕun biomatŽriau donnŽe en 1999 

par Williams, cÕest-ˆ -dire Ôun matŽriau placŽ ˆ lÕinterface dÕun syst•me biologique afin dÕŽvaluer, 

de traiter, dÕaugmenter ou de remplacer des tissus, des organes ou des fonctions de lÕorganismeÕ 

(Cannon et al. 2004) a du •tre modifiŽe en 2009. Cette derni•re consid•re quÕun biomatŽriau est 

une substance con•ue pour prendre une forme qui, seule ou dans le cadre d'un syst•me complexe, 

est utilisŽe pour diriger, par le contr™le des interactions avec des composants de syst•mes vivants, 

le dŽroulement de tout processus thŽrapeutique ou procŽdure diagnostique chez l'homme ou en 

mŽdecine vŽtŽrinaire (Williams 2009). Les biomatŽriaux se doivent d'•tre non toxiques et 

biocompatibles; cÕest-ˆ -dire capables de remplir une fonction dŽsirŽe dans le cadre dÕune thŽrapie 
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sans provoquer d'effets indŽsirables locaux ou systŽmiques pour le patient. Les biomatŽriaux 

doivent ainsi aider ˆ supporter des thŽrapies en engendrant une rŽponse cellulaire ou tissulaire 

spŽcifique et dŽsirŽe (voire optimale) afin dÕamŽliorer lÕissu de ce processus (Williams 2008). En 

fonction de leurs caractŽristiques (structure, propriŽtŽs chimiques), les biomatŽriaux ont des 

applications distinctes. Certains dÕentre eux ont dÕailleurs dŽjˆ ŽtŽ approuvŽs par la Food and 

Drug Administration (FDA) pour utilisation dans un contexte spŽcifique. Citons notamment le 

polyŽthyl•ne tŽrŽphtalate (PET) composant du Dacron¨, le polym•re de polylactide-co-glycolide 

(composant du Dermagraft� ) ou des matŽriaux dÕorigine naturelle comme le collag•ne 

(composant de lÕApligrafª). Dans les sections suivantes, les diffŽrentes familles de biomatŽriaux 

seront prŽsentŽes succinctement ; nous nous intŽresserons plus particuli•rement aux diffŽrentes 

familles de polym•res employŽs dans le cadre de stratŽgies basŽes sur lÕimmobilisation de 

macromolŽcules biologiques. Il est toutefois important de souligner que cette revue des diffŽrents 

biomatŽriaux n'est pas exhaustive ; les mŽtaux ou les cŽramiques nÕy seront pas abordŽs. 

 

1.3.1 Les polym•res dÕorigine naturelle 

 

La plupart des polym•res dÕorigine naturelle utilisŽs comme biomatŽriaux sont des 

composants de la matrice extracellulaire (Seeherman and Wozney 2005) et sont de facto 

biocompatibles. Ils peuvent •tre regroupŽs en deux catŽgories : les polym•res dÕorigines 

protŽique et polysaccharidique (Malafaya et al. 2007).  
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1.3.1.1 Les polym•res dÕorigine protŽique 

 

Le collag•ne, qui est le composant majeur de la matrice extracellulaire, joue un r™le 

structural de prime importance dans les tissus des mammif•res (Lee et al. 2001; Malafaya et al. 

2007; Yoon and Fisher 2006). Il en existe plus de 20 types connus ; le collag•ne de type I Žtant le 

plus abondant et le plus utilisŽ pour des applications en gŽnie biomŽdical (Malafaya et al. 2007). 

Le collag•ne est composŽ de trois chaines polypeptidiques comprenant chacune un motif rŽpŽtŽ 

'glycine-A-B' (o• A et B dŽsignent des acides aminŽs correspondant le plus souvent ˆ des 

prolines ou hydroxyprolines). Ces cha”nes sÕentrelacent pour former une hŽlice. Ce polym•re 

participe ˆ la rŽgulation de lÕadhŽsion cellulaire, ˆ la migration, ˆ la prolifŽration et ˆ la 

diffŽrenciation de tissus conjonctifs comme la peau, les tendons et les os (Lee and Mooney 2001; 

Malafaya et al. 2007). Le collag•ne a souvent ŽtŽ utilisŽ en ingŽnierie tissulaire en raison de ses 

propriŽtŽs attrayantes (biodŽgradabilitŽ, biocompatibilitŽ et faible antigŽnicitŽ) et parce quÕil est 

aisŽment modifiable par voie chimique (Lee and Mooney 2001). Du collag•ne couplŽ ˆ de 

lÕhydroxyapatite a, par exemple, dŽjˆ ŽtŽ proposŽ comme substitut osseux (Chajra et al. 2008). 

Afin dÕaider la prolifŽration de certains types cellulaires ˆ sa surface, des facteurs de croissance 

ont dŽjˆ ŽtŽ fixŽs sur ce biomatŽriau. Par exemple, lÕimmobilisation du facteur de croissance 

vasculaire endothŽlial (VEGF) sur du collag•ne favorise la prolifŽration de cellules endothŽliales 

humaines de tissus ombilical (Markowicz et al. 2005). Il a Žgalement ŽtŽ utilisŽ sous diffŽrentes 

formes (gels, billes) en tant que rev•tement biocompatible ou comme substitut de tissus mous qui 

peut protŽger et jouer un r™le d'Žchafaudage pour les tissus endommagŽs (Lee and Mooney 2001; 

Malafaya et al. 2007).  
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La gŽlatine, quant ˆ elle, est un polym•re naturel dŽrivŽ du collag•ne. Elle correspond ˆ 

un polym•re protŽique obtenu par traitements acide et basique du collag•ne. Par consŽquent, ses 

propriŽtŽs sont similaires ˆ celles de ce dernier (biocompatibilitŽ, biodŽgradabilitŽ). Le collag•ne 

a toutefois un plus fort degrŽ antigŽnique comparŽ ˆ la gŽlatine en raison de lÕaltŽration de sa 

conformation tridimensionnelle par des traitements chimiques. La gŽlatine est plus 

communŽment utilisŽe pour des applications pharmaceutiques et biomŽdicales (Malafaya et al. 

2007). En ingŽnierie tissulaire, la gŽlatine est habituellement employŽe sous forme de 

microsph•res intŽgrŽes dans des hydrogels pour permettre ainsi le relargage de facteurs de 

croissance tels que le facteur de croissance transformant # (TGF#) ou des fibroblastes (FGF) 

(Holland et al. 2003; Holland et al. 2005; Holland et al. 2004). La gŽlatine peut Žgalement •tre 

directement utilisŽe sous forme dÕhydrogel et la fixation de protŽines dÕadhŽsion telles que la 

fibronectine ˆ sa surface favorise le recrutement et la prolifŽration cellulaire (Ito et al. 2003). 

La fibrine est produite ˆ partir du fibrinog•ne et est connue pour amŽliorer les interactions 

cellulaires. Elle est utilisŽe en tant que transporteur pour la livraison de molŽcules 

biologiquement actives aux cellules et a ŽtŽ utilisŽe sous forme de gels apr•s immobilisation de 

facteurs de croissance (FGF-2, VEGF, NGF (nerve growth factor : facteur de croissance des 

cellules nerveuses)) pour la rŽparation des os ou de la peau (Malafaya et al. 2007). La fibrine est 

Žgalement utilisŽe dans des stratŽgies dÕencapsulation. En effet, il a ŽtŽ rapportŽ que des cellules 

encapsulŽes dans des gels de fibrine produisent dÕavantage de collag•ne (Grassi et al. 2002; 

Neidert et al. 2002) et dÕŽlastine (Long and Tranquillo 2003) que des cellules encapsulŽes dans 

des gels de collag•ne. 

 



31 

 

1.3.1.2 Les polym•res polysaccharidiques 

 

Parmi ceux-ci, le chitosane, un copolym•re linŽaire composŽ de D-glucosamines liŽs en " 

(1Ð4) et de N-acŽtyl-glucosamines (Figure 1.4) obtenu apr•s N-dŽsacŽtylation (>50%) de chitine 

naturelle (Huang et al. 2005), est de plus en plus ŽtudiŽ depuis les dix derni•res annŽes. Le 

chitosane est caractŽrisŽ par son degrŽ de dŽsacŽtylation (DD) et sa masse molŽculaire. 

GŽnŽralement, le DD du chitosane commercial est compris entre 70 et 95% et sa masse 

molŽculaire comprise entre 10 et 10000 kDa (George and Abraham 2006). Ses propriŽtŽs 

(biodŽgradabilitŽ, effets biologiques) sont tr•s dŽpendantes du rapport N-acŽtyl-glucosamine / D-

glucosamine (Liu et al. 2002). Ce polym•re est biocompatible, poss•de un faible degrŽ 

dÕantigŽnicitŽ et favorise lÕadhŽsion et la croissance cellulaire (Muzzarelli 1993; Prasitsilp et al. 

2000; Risbud et al. 2001). L'effet du pH sur sa solubilitŽ explique en grande partie l'engouement 

pour ce polym•re : le chitosane est soluble ˆ des pH plus bas ou avoisinant 6,5 alors qu'il forme 

un gel hydratŽ ˆ de plus hauts pH, notamment ˆ pH physiologique (Chenite et al. 2001). Il faut 

Žgalement noter que le DD agira sur la solubilitŽ du polym•re, puisque plus le chitosane sera 

dŽsacŽtylŽ, moins il sera soluble (Filion et al. 2007; Varum et al. 1994). Le chitosane est utilisŽ 

en mŽdecine rŽgŽnŽratrice pour des applications variŽes telles que la rŽparation du cartilage 

(Hoemann et al. 2005), la livraison de protŽines (Wu et al. 2009) ou d'acides nuclŽiques (ADN et 

ARN) (Lai and Lin 2009). Toutes ses propriŽtŽs favorisent son utilisation en ingŽnierie tissulaire, 

entre autres pour le relargage de facteurs de croissance prŽalablement immobilisŽs tels que EGF 

(Demolliens et al. 2008; Wu et al. 2009). 
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Figure 1.4 : ReprŽsentation des unitŽs rŽpŽtŽes de divers polym•res polysaccharidiques. 
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LÕagarose est un polysaccharide isolŽ extrait dÕalgues rouges. Ce polym•re est composŽ 

de 3,6 anhydro-! -L-galactose et de " -D-galactose (Figure 1.4) (Lee and Mooney 2001; Yoon and 

Fisher 2006). LÕagarose est couramment utilisŽ sous forme dÕhydrogel pour cultiver plusieurs 

types cellulaires in vitro (Vinall et al. 2002) ainsi que dans le cadre de la rŽparation du cartilage 

en raison de ses effets bŽnŽfiques sur les chondrocytes (expression de collag•ne de type II et de 

protŽoglycanes) (Hung et al. 2003; Rahfoth et al. 1998; Vinall et al. 2002). LÕagarose a Žgalement 

ŽtŽ utilisŽ en tant matrice pour la rŽgŽnŽration nerveuse (Dillon et al. 1998; Yoon and Fisher 

2006). LÕalginate est Žgalement extrait dÕalgues brunes. Ce polym•re est un polyanion composŽ 

dÕunitŽs monomŽriques rŽpŽtŽes de " -D-mannuronate et d'! -L-guluronate (Figure 1.4). La 

proportion respective de ces unitŽs influence ses propriŽtŽs chimiques et physiques. Tout comme 

le chitosane, la solubilitŽ de l'alginate varie en fonction du pH et ce polym•re est souvent utilisŽ 

sous forme dÕhydrogels pour le relargage de molŽcules actives. Son utilisation dans un contexte 

de rŽparation du cartilage (Jenniskens et al. 2006; Masuda et al. 2006) ou de la promotion de 

lÕangiogŽn•se (Gaissmaier et al. 2005; Malafaya et al. 2007; Tilakaratne et al. 2007) a ŽtŽ 

rapportŽe. 

La chondro•tine-sulfate est un polym•re de la matrice extracellulaire qui se compose 

dÕunitŽs disaccharidiques rŽpŽtŽes dÕacide D-glucuronique et de N-acŽtyl-galactosamine sulfatŽ 

en position 4 ou 6 (Figure 1.4). Ce polym•re appartient ˆ la famille des glycosaminoglycanes 

(GAG) que l'on retrouve dans le cartilage, le liquide synovial, les os ou les valves aortiques 

(Malafaya et al. 2007). La chondro•tine-sulfate est donc non-immunog•ne et promeut la 

prolifŽration, la diffŽrenciation et la migration de nombreux types cellulaires (chondrocytes, 

cellules endothŽliales vasculaires, myoblastesÉ) (Lippiello 2003; Malafaya et al. 2007). La 



34 

 

chondro•tine-sulfate a notamment ŽtŽ utilisŽe afin de promouvoir la rŽparation du cartilage apr•s 

lÕimmobilisation de TGF#1 (Chou et al. 2006) ainsi qu'en tant que rev•tement bioactif amŽliorant 

lÕadhŽsion et la prolifŽration cellulaires. 

 

1.3.2 Les matrices acellulaires 

 

Les matrices acellulaires utilisŽes dans un contexte d'ingŽnierie tissulaire sont d'origines 

diverses, le plus souvent porcine ou humaine (Pariente et al. 2005). Avant utilisation, les rŽsidus 

cellulaires sont tout dÕabord ŽliminŽs apr•s des traitements chimiques et physiques afin d'enlever 

tout composant antigŽnique et donc d'emp•cher tout risque de rŽaction inflammatoire. Ces 

matrices sont gŽnŽralement bien acceptŽes par le corps humain (Adams and Steinmann 2007) et 

ont dÕailleurs dŽjˆ ŽtŽ utilisŽes pour la rŽparation de tissus urogŽnitaux, des os ou de la peau 

(Chai et al. 2007; Chen et al. 1999; El-Sabban et al. 2007). Leur utilisation pour promouvoir la 

nŽovascularisation (apr•s immobilisation de facteurs de croissance tels que VEGF) a dŽjˆ ŽtŽ 

testŽe (Cartwright et al. 2006). 

 

1.3.3 Les polym•res synthŽtiques utilisŽs dans les applications vasculaires 

 

Les polym•res synthŽtiques reprŽsentent une bonne alternative aux polym•res naturels car 

leur production ˆ grande Žchelle est aisŽe et le contr™le de leurs propriŽtŽs mŽcaniques et 

physico-chimiques, ainsi que leur fonctionnalisation de surface, est possible (Yoon and Fisher 

2006). Cependant, leur dŽgradation potentielle peut mener ˆ des rŽactions indŽsirables 
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(Gunatillake and Adhikari 2003; Thomson et al. 1995). Les polym•res synthŽtiques les plus 

communs dans les domaines de l'ingŽnierie tissulaire et de la mŽdecine rŽgŽnŽratrice sont les 

polyesters mais l'utilisation de polyanhydrides (Brem et al. 1995), polyphosphaz•nes (Gunatillake 

and Adhikari 2003; Laurencin et al. 1996) ou polyurŽthanes (Zdrahala and Zdrahala 1999) est 

Žgalement rapportŽe. 

 

1.3.3.1 Les polyesters 

 

Les polyesters tels que le polyŽthyl•ne tŽrŽphtalate (PET) (Figure 1.5) sont frŽquemment 

utilisŽs dans les applications biomŽdicales en raison de leurs propriŽtŽs physico-chimiques 

(Gunatillake and Adhikari 2003; Puskas and Chen 2004). Le PET est un polym•re 

thermoplastique crŽŽ ˆ partir de la condensation dÕŽthyl•ne glycol avec de lÕacide tŽrŽphtalique 

ou du dimŽthyl-tŽrŽphtalate (Puskas and Chen 2004). Les propriŽtŽs physiques du PET (Puskas 

and Chen 2004) sont dŽterminŽes par son degrŽ de cristallinitŽ. Il s'agit d'un matŽriau solide ayant 

une rŽsistance ˆ la traction de 170-180 MPa et un module d'ŽlasticitŽ d'environ 14 GPa (Harper 

2000).  

Le PET a ŽtŽ tout dÕabord commercialisŽ par Dupont en 1930 en tant que Dacron¨. Le 

Dacron¨ a notamment ŽtŽ utilisŽ pour la rŽalisation de greffons vasculaires afin de permettre la 

reconstruction de vaisseaux sanguins (Puskas and Chen 2004). Il poss•de de tr•s bonnes 

propriŽtŽs mŽcaniques mais ne peut •tre considŽrŽ comme un Žlastom•re (Puskas and Chen 

2004). Il est gŽnŽralement utilisŽ sous forme tissŽe ou tricotŽe afin dÕamŽliorer sa rŽsistance ˆ la 

torsion et dÕobtenir ainsi de meilleurs rendements au niveau de la flexibilitŽ. La durŽe de vie 

approximative de ces greffons vasculaires nÕest cependant que de deux ans, leur utilisation 
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nŽcessite le plus souvent une chirurgie additionnelle afin de les remplacer (Bakker et al. 1990; 

Tomizawa 1995). Dans le cadre des implants vasculaires (Tableau 1.1), le PET permet 

notamment une bonne rŽtention de cellules endothŽliales lorsque ces derni•res sont soumises ˆ 

des forces de cisaillement (Wong et al. 2006). Cependant, lÕutilisation de ce matŽriau en tant que 

proth•se artŽrielle a souvent ŽtŽ directement associŽe ˆ des Žchecs prŽcoces et tardifs des greffes 

en raison de complications telles que des hŽmorragies, des anŽvrismes et surtout de la dilatation 

des greffons qui affectent la conformitŽ (compliance) du biomatŽriau (Bakker et al. 1990; Puskas 

and Chen 2004). L'allongement et la dŽgradation de ce polym•re peuvent Žgalement provoquer 

une dŽformation permanente de celui-ci entra”nant donc sa dilatation (Puskas and Chen 2004). 

Ces facteurs ne sont que quelques-uns des mŽcanismes physiques et chimiques impliquŽs dans 

les processus de dŽgradation liŽs aux greffes en polyester. La modification de leur structure 

chimique pourrait amŽliorer leurs futures utilisations dans le domaine biomŽdical (Bakker et al. 

1990) car leurs surfaces sont gŽnŽralement hydrophobes et ne favorisent pas la fixation des  

cellules (Jiao and Cui 2007). Il a ŽtŽ souvent proposŽ de modifier la surface de ces polym•res 

pour permettre lÕintroduction de groupements fonctionnels tels que des amines primaires. 

LÕimmobilisation de composŽs bioactifs gr‰ce ˆ ces fonctions permettrait d'augmenter la rŽponse 

cellulaire (Jaumotte-Thelen et al. 1996; Lee et al. 2003; Zhu et al. 2008). Certaines molŽcules 

telles que le collag•ne ont dÕailleurs dŽjˆ ŽtŽ fixŽes sur ce matŽriau afin de le rendre plus 

impermŽable (Bisson et al. 2002; Marois et al. 1996). Dans un contexte vasculaire, la fixation de 

collag•ne peut aider ˆ stimuler la croissance cellulaire mais Žgalement ˆ retarder le dŽp™t de 

plaquettes (lors du processus de guŽrison dans des mod•les canins par exemple) (Chlupac et al. 

2009; Guidoin et al. 1996). De plus, il a ŽtŽ dŽmontrŽ que la fixation de collag•ne ne stimule pas 

davantage la cascade de la coagulation quÕune approche plus conventionnelle basŽe sur 

lÕutilisation de Dacron¨ seul (De Mol Van Otterloo et al. 1991). La fonctionnalisation de ce 
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matŽriau avec des molŽcules biologiquement actives peut ainsi amŽliorer ses propriŽtŽs pour 

diffŽrentes approches in vivo. 

 

1.3.3.2 Les polym•res fluorŽs 

 

Le polym•re fluorŽ le plus utilisŽ est le polytŽtrafluoroŽthyl•ne (PTFE) mieux connu sous 

le nom de tŽflon (Figure 1.5). Le PTFE est synthŽtisŽ ˆ partir de tŽtrafluoroŽthyl•ne sous pression 

avec un catalyseur (peroxyde) en prŽsence dÕexc•s de vapeur pour Žliminer la chaleur dŽgagŽe 

par la rŽaction (Puskas and Chen 2004). Le tŽflon est un polym•re linŽaire, sa structure 

hautement compacte donne une molŽcule tr•s rigide, son point de fusion cristallin est ŽlevŽ et il 

poss•de une bonne stabilitŽ thermique (Puskas and Chen 2004). Ces propriŽtŽs Žlastiques 

diff•rent de celles du PET avec une rŽsistance ˆ la traction de 14 MPa et un module dÕŽlasticitŽ 

dÕenviron 0,5 GPa (Puskas and Chen 2004). Le PTFE est un matŽriau solide et souple possŽdant 

une excellente rŽsistance ˆ la chaleur et aux produits chimiques. Il est Žgalement un bon isolant 

Žlectrique et hautement hydrophobe (Puskas and Chen 2004). Ce biomatŽriau est utilisŽ pour la 

fabrication de proth•ses, notamment de greffons vasculaires (Tableau 1.1). Le PTFE a ŽtŽ brevetŽ 

en 1937 par Dupont sous le nom de Teflon¨ alors que le ePTFE (PTFE expansŽ) a ŽtŽ brevetŽ en 

1969 par Gore en tant que Gore-Teẍ  (Chlupac et al. 2009). Le ePTFE est un polym•re expansŽ, 

qui est fabriquŽ par un processus de chauffage, d'Žtirement et dÕextrusion (Chlupac et al. 2009). 

Le PTFE est relativement biostable, cÕest-ˆ -dire moins sujet ˆ la dŽtŽrioration dans un 

environnement biologique que le PET (Guidoin et al. 1993). De plus, la surface du PTFE est 

ŽlectronŽgative, ce qui diminue les possibles interactions avec les macromolŽcules sanguines. Il 

se compose de fibres et de nÏuds lui confŽrant une structure filamenteuse. Sa porositŽ est 
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dÕailleurs dŽcrite par la distance internodale (DIN) qui est habituellement comprise entre 30 et 90 

µm. 

La rŽponse de lÕorganisme au ePTFE de faible porositŽ (DIN de 30 µm) est similaire ˆ 

celle obtenue pour des biomatŽriaux constituŽs de Dacron¨. Apr•s implantation de greffons 

vasculaires en PTFE, de petits caillots de fibrine ou de matŽriaux amorphes riches en plaquettes 

se dŽveloppent ˆ leur surface au cours du temps et un rŽtrŽcissement de la lumi•re endothŽliale 

du vaisseau est observŽ apr•s leur implantation chez lÕhomme (Guidoin et al. 1993). CÕest 

pourquoi, la modification de leur surface pourrait amŽliorer leur biocompatibilitŽ. Par exemple, il 

a ŽtŽ montrŽ que lÕimmobilisation dÕhŽparine sur du ePTFE limite les cas de thrombose chez 

lÕhomme (Bosiers et al. 2006). Le greffage combinŽ de FGF-1 (fibroblaste growth factor-1) et 

dÕhŽparine sur du ePTFE amŽliore la capillarisation et lÕendothŽlisation de ce polym•re sans 

augmentation significative de lÕhyperplasie intimale dans un mod•le aortique canin (Chlupac et 

al. 2009; Gray et al. 1994). 
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Figure 1.5 : ReprŽsentation des unitŽs rŽpŽtitives du PET et du PTFE. 
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Tableau 1.1 : Avantages, inconvŽnients et efficacitŽ des diffŽrents types de PET et PTFE 

lorsque ces derniers sont utilisŽs pour la fabrication d' implants vasculaires (dÕapr•s 

(Chlupac et al. 2009)). 

 PET (Dacron) PTFE (TŽflon, Gore-Tex) 

 tissŽ tricotŽ Faible porositŽ 

(< 30 #m DIN) 

Forte porositŽ 

(> 45 #m DIN) 

Avantages Meilleure stabilitŽ, 
faible permŽabilitŽ, 

moins de 
saignements 

Grande porositŽ, 
Interposition de 

tissus et distension 
radiale 

BiostabilitŽ, pas 
de dilatation au 
cours du temps 

BiostabilitŽ, 

Meilleure 
apposition des 

tissus 

InconvŽnients Diminution de la 
compliance et 

l'incorporation de 
tissus, faible 

porositŽ, 
Effilochement sur 
les bords, risques 

d'infection 

Dilatation au cours 
du temps, risques 

d'infection 

Incorporation 
limitŽe, risques 

d'infection 

DŽsquamation 
nŽointimale 

tardive dans les 
90 #m DIN, 

risques 
dÕinfection 

GuŽrison Capsule interne 
fibrineuse, capsule 

extŽrieure de 
collag•ne, ”lots 

endothŽliaux rares 

Couverture 
luminale de 

fibrine, 
endothŽlium tr•s 

sporadique 

Formation de 
fibrine luminale 

et fixation de 
plaquettes, 

capsule de tissu 
conjonctif avec 

des cellules 
gŽantes entourant 

des corps 
Žtrangers 

Invasion des 
macrophages et 

des 
polynuclŽaires, 
migration des 
fibroblastes, 
angiogen•se, 

nŽo-intima plus 
Žpaisse, 

endothŽlialisation 
chez les animaux 
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1.3.4 Les polym•res synthŽtiques utilisŽs pour la gŽnŽration de cornŽes 

artificielles 

 

La gŽnŽration de cornŽe artificielle peut actuellement •tre effectuŽe de deux mani•res, soit 

par l'utilisation de kŽratoproth•ses, soit par le dŽveloppement dÕŽquivalents cornŽens gŽnŽrŽs par 

ingŽnierie. La grande disponibilitŽ de polym•res synthŽtiques fait des kŽratoproth•ses la voie 

actuellement privilŽgiŽe dans la majoritŽ des recherches actuelles. Cependant, ˆ long terme, la 

gŽnŽration dÕŽquivalents cornŽens par ingŽnierie tissulaire, imitant le comportement du tissu 

natif, et qui pourront •tre intŽgrŽs compl•tement et naturellement chez le patient jouera sžrement 

un r™le majeur dans les stratŽgies de traitement (Griffith et al. 2002). 

Les kŽratoproth•ses idŽales devraient •tre flexibles, composŽes dÕun noyau optique 

transparent entourŽ par une surface poreuse, et ce, afin de permettre la croissance de fibroblastes 

et le dŽp™t dÕune quantitŽ suffisante de collag•ne servant de point dÕancrage pour permettre 

lÕintŽgration de la proth•se dans le tissu h™te. La surface poreuse doit Žgalement •tre 

suffisamment rŽsistante pour permettre les sutures (Griffith et al. 2002). La surface postŽrieure de 

la proth•se devrait inhiber lÕattachement et la prolifŽration cellulaire afin dÕŽviter son 

opacification due ˆ la formation dÕune membrane rŽtroprosthŽtique (Griffith et al. 2002). Au 

contraire, la surface antŽrieure de la proth•se devrait •tre capable de promouvoir la croissance des 

cellules ŽpithŽliales ˆ confluence afin de fournir une protection naturelle contre les infections 

bactŽriennes (Klenkler et al. 2009). Cette Žtape est dÕailleurs problŽmatique pour les proth•ses 

actuellement dŽveloppŽes, car, en l'absence de la migration et de la croissance sur la surface 

antŽrieure des biomatŽriaux servant de proth•se (Legeais and Renard 1998), un risque de nŽcrose 
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du tissu stromal est possible, ce qui peut conduire ˆ l'extrusion de la proth•se de lÕÏil (Klenkler et 

al. 2008). 

Les matŽriaux utilisŽs pour la fabrication de la portion optique de cette proth•se se 

doivent d'avoir un indice de rŽfraction similaire ˆ celui de cornŽes normales et la partie optique 

doit permettre le transfert dÕoxyg•ne ainsi que la diffusion de nutriments (Sweeney et al. 1998). 

Aucun des matŽriaux utilisŽs lors de la fabrication de cette proth•se ne doit entrainer le 

dŽclenchement de rŽactions immunitaire ou inflammatoire. 

De nombreux polym•res synthŽtiques ont ŽtŽ ŽtudiŽs dans le but de dŽvelopper des 

kŽratoproth•ses. Plusieurs Žtudes se sont basŽes sur lÕutilisation dÕhydrogels, et plus 

spŽcifiquement du poly(2-hydroxyŽthyl mŽthacrylate) (pHEMA) (Hicks et al. 1997). La nature 

hydrophile de ce gel en fait un excellent candidat pour des applications en ingŽnierie tissulaire. 

Les bonnes propriŽtŽs de transparence et de transmission de la lumi•re ainsi que leur permŽabilitŽ 

aux nutriments sont autant dÕavantages que ces supports poss•dent pour des applications en 

ophtalmologie. Ce polym•re est acceptŽ dans 80% des cas pendant au moins un an par 

lÕorganisme (Myung et al. 2008). Bien que ces matrices aient ŽtŽ utilisŽes in vivo, un probl•me de 

calcification a pu •tre observŽ ce qui est un inconvŽnient majeur dans lÕoptique dÕune intŽgration 

ˆ long terme (Vijayasekaran et al. 2000). Cependant, ce type de supports prŽsente une faible 

permŽabilitŽ au glucose (Arica and Hasirci 1993) et ne supporte pas un recouvrement total par 

des cellules ŽpithŽliales (Myung et al. 2008). Bien que les raisons n'en soient pas encore bien 

comprises, des cas de rejet par lÕorganisme ont ŽtŽ rapportŽs (Myung et al. 2008).  

DÕautres kŽratoproth•ses basŽes sur lÕutilisation de PTFE en tant que surface poreuse et 

de polyvinyl pyrrolidone (PVP) recouvert de polydimŽthylsiloxane (PDMS) comme centre 

optique ont dŽjˆ ŽtŽ utilisŽes (Legeais and Renard 1998) en raison de la compatibilitŽ de ce 
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dernier d'un point de vue ophtalmologique (Langefeld et al. 2000; Lee et al. 1996), de ces bonnes 

propriŽtŽs mŽcaniques et de sa haute permŽabilitŽ ˆ lÕoxyg•ne (Klenkler et al. 2008; Lloyd et al. 

2001). Cependant, un probl•me majeur est rencontrŽ lors de l'utilisation de ce type de 

kŽratoproth•ses. En effet, il nÕest actuellement pas possible dÕobtenir des surfaces de PDMS 

permettant un recouvrement intŽgral par des cellules ŽpithŽliales (Klenkler et al. 2009; Klenkler 

et al. 2005). Etant donnŽ que ce polym•re ne contient pas de groupements fonctionnels ˆ sa 

surface, Klenkler et al. (Klenkler et al. 2008) ont proposŽ de fonctionnaliser ce polym•re avec le 

facteur de croissance EGF (apr•s traitement prŽalable de la surface par plasma) afin de 

promouvoir lÕadhŽsion, la prolifŽration et la migration de cellules ŽpithŽliales ˆ sa surface. En 

raison de leur stratŽgie basŽe sur le couplage de EGF par lÕintermŽdiaire dÕun bras espaceur en 

polyŽthyl•ne glycol (PEG, connu pour limiter lÕadsorption de molŽcules dÕadhŽsion), cette 

Žquipe nÕa pas ŽtŽ capable dÕobtenir une rŽŽpithŽlisation totale de ces surfaces. 

Finalement, le poly(mŽthyl mŽthacrylate) (PMMA) est le polym•re qui est actuellement le 

biomatŽriau le plus communŽment utilisŽ lors de greffes de cornŽes (Myung et al. 2008). Le 

PMMA est un plastique transparent mais impermŽable qui est la base de la kŽratoproth•se de 

Dohlman-Doane (Aquavella et al. 2005; Doane et al. 1996). Cette kŽratoproth•se a ŽtŽ utilisŽe 

pendant de nombreuses annŽes chez des patients ; elle peut •tre implantŽe de mani•re routini•re 

et conservŽe au site d'implantation avec un minimum de complications (Aquavella et al. 2005; 

Doane et al. 1996). Cependant, dans certains cas, tout comme pour les autres polym•res pouvant 

•tre utilisŽs dans les stratŽgies de greffes de cornŽes artificielles, certaines complications 

apparaissent, ˆ savoir, la formation dÕune membrane rŽtroprosthŽtique sur la face postŽrieure de 

la proth•se. Il faut Žgalement noter que tout comme les autres polym•res utilisŽs lors des greffes 

de cornŽe, lÕimplantation de ces proth•ses nŽcessite des chirurgies complexes. Ces derni•res sont 
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continuellement associŽes ˆ de forts risques de complications rŽsultant d'une biointŽgration sous-

optimale en raison de la rigiditŽ ou la faible mouillabilitŽ de la proth•se (Aquavella et al. 2005). 

 

En rŽsumŽ, pour des stratŽgies visant ˆ soutenir la rŽgŽnŽration tissulaire, lÕutilisation de 

matŽriaux dÕorigine naturelle, de matrices acellulaires ou de polyesters est actuellement la voie 

prŽfŽrŽe par de nombreuses Žquipes de recherche. Dans la grande majoritŽ des cas cependant, les 

propriŽtŽs de surface de ces matŽriaux ne sont pas adŽquates pour le site dÕimplantation. Ainsi, 

des modifications appropriŽes de leurs surfaces, sans toutefois altŽrer leurs propriŽtŽs 

mŽcaniques, sont mises en Ïuvre afin d'amŽliorer leur bio-reconnaissance par les cellules. Par 

exemple, lÕintroduction de groupements fonctionnels permettant lÕimmobilisation de 

biomolŽcules est une alternative souvent adoptŽe afin dÕamŽliorer les propriŽtŽs du biomatŽriau 

(Ratner 1995). Pour ce faire, diffŽrentes mŽthodes basŽes sur la chimie humide ou de traitement 

au plasma (Gauvreau et al. 2004) sont couramment mises en Ïuvre afin d'ajouter ˆ la surface des 

groupements fonctionnels (par exemple des fonctions amine ou carboxyl). Le greffage de 

molŽcules modifiant lÕadsorption non spŽcifique de protŽines tel que le polyŽthyl•ne glycol 

(PEG) ou le dextrane peut alors •tre envisagŽ en se servant de ces groupements fonctionnels 

(DeLong et al. 2005; Klenkler et al. 2005; Massia et al. 2000). Dans la section suivante, nous 

allons nous intŽresser plus particuli•rement aux mŽthodes existantes permettant lÕimmobilisation 

de protŽines ˆ la surface des biomatŽriaux. 
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1.4 StratŽgies et techniques utilisŽes pour l'immobilisation de 

protŽines  

 

Les stratŽgies dŽveloppŽes dans les domaines de lÕingŽnierie tissulaire et de la mŽdecine 

rŽgŽnŽratrice afin dÕimmobiliser des protŽines se sont essentiellement inspirŽes des techniques 

prŽcŽdemment mises au point dans les diffŽrents domaines de la biochimie que sont:  

i) la synth•se et la purification de protŽines,  

ii)  les tests analytiques basŽs sur lÕutilisation de plaques multi-puits (par exemple les ELISA, 

Enzyme-Linked Immunosorbent Assay), les micropuces ˆ protŽines (protein arrays) ou encore les 

biocapteurs.  

DiffŽrentes mŽthodes d'immobilisation sont adaptables au cas des biomatŽriaux, ˆ savoir 

lÕadsorption, le couplage covalent non orientŽ ou lÕimmobilisation orientŽe de macromolŽcules 

protŽiques. 

 

1.4.1 LÕadsorption de protŽines 

 

LÕadsorption de protŽines est la mŽthode la plus simple ˆ mettre en Ïuvre afin 

dÕimmobiliser des protŽines (Bilitewski 2006; Rusmini et al. 2007). Cette mŽthode est 

principalement basŽe sur lÕŽtablissement dÕinteractions intermolŽculaires non covalentes, 

principalement les interactions ioniques ou hydrophobes, entre la surface et les macromolŽcules 

solubles. Elle ne nŽcessite quÕune simple mise en contact entre les protŽines et le support. 

Cependant, trois limitations majeures sont inhŽrentes ˆ cette stratŽgie. Tout dÕabord, la 
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concentration de protŽines adsorbŽes est fonction de la capacitŽ de liaison de la surface et de la 

taille des protŽines. De plus, les surfaces obtenues sont hŽtŽrog•nes car ce type d'immobilisation 

est le plus souvent non contr™lŽ; la stabilitŽ des surfaces (la rŽtention des molŽcules d'intŽr•t) 

varie d'une molŽcule ˆ l'autre et dŽpend de lÕhydrophobicitŽ et de la charge de chacun des 

partenaires du couple biomolŽcule / surface. Enfin, lÕactivitŽ biologique des macromolŽcules 

ainsi fixŽes peut •tre affectŽe en raison du caract•re alŽatoire de la mŽthode d'immobilisation 

(Kuhl and Griffith-Cima 1996) (Figure 1.6 A1 et A3). Quoique difficilement contr™lable, cette 

stratŽgie de couplage a fait ses preuves : ainsi, afin de favoriser l'endothŽlialisation de proth•ses 

vasculaires, Crombez et al. ont rapportŽ l'immobilisation par adsorption de VEGF sur des 

surfaces de PTFE (Crombez et al. 2005) sur lesquelles de l'albumine sŽrique humaine (human 

serum albumine, HSA) avait ŽtŽ prŽalablement greffŽe de fa•on covalente. Dans cette Žtude, 

l'adsorption de VEGF a ŽtŽ attribuŽe principalement aux interactions Žlectrostatiques entre les 

deux molŽcules (charges positives et nŽgatives portŽes respectivement par VEGF et HSA ˆ pH 

physiologique).  
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Figure 1.6 : SchŽmatisation et comparaison des diffŽrentes stratŽgies permettant le greffage 

de protŽines. 

ReprŽsentation schŽmatique dÕun couplage alŽatoire (adsorption ou couplage covalent) 

(A, A1) et dÕune stratŽgie de couplage orientŽe (B, B1). Les ligands de faible poids molŽculaire 

sont capables dÕinteragir avec la plupart des protŽines immobilisŽes de mani•re non orientŽe 

(A2), alors que les ligands de hauts poids molŽculaires ne le peuvent pas en raison de 

lÕencombrement  stŽrique. Lorsque les protŽines sont immobilisŽes de mani•re orientŽe, quelque 

soit leur taille, les protŽines peuvent interagir de mani•re optimale avec les ligands (B2). Pour de 

futures applications impliquant des protŽines prŽsentes ˆ la surface cellulaire, la stratŽgie 

optimale semble •tre celle basŽe sur lÕimmobilisation orientŽe des protŽines qui peuvent alors 

interagir de mani•re optimale avec les rŽcepteurs ˆ la surface des cellules (B3) contrairement aux 

mŽthodes de greffage non-orientŽ (A3). 
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1.4.2 LÕimmobilisation non-orientŽe covalente des protŽines 

 

Le greffage covalent de protŽines peut •tre une alternative ˆ lÕadsorption afin de permettre 

leur fixation de mani•re stable. Habituellement, les stratŽgies employŽes se servent des 

groupements chimiques sur les cha”nes latŽrales des rŽsidus composant les protŽines: les amines 

primaires (lysine et groupement amine libre du premier rŽsidu de la protŽine), les thiols 

(cystŽine), les fonctions carboxyles (acides glutamique et aspartique, groupement carboxyliques 

libre du dernier rŽsidu de la protŽine) ou les alcools (sŽrine, thrŽonine, tyrosine) afin de crŽer un 

lien covalent entre les protŽines et le support (Bilitewski 2006; Rusmini et al. 2007). Plusieurs 

Žtudes rapportent aussi l'utilisation d'un bras espaceur entre le support et la protŽine afin de 

faciliter le greffage, comme le PEG (Klenkler et al. 2005).   

L'approche la plus frŽquemment employŽe en biotechnologie (Johnsson et al. 1991) et 

dans le domaine de lÕingŽnierie tissulaire est le couplage amine. Ce dernier repose sur l'activation 

des groupements carboxyliques (par exemple prŽsents sur le support) gr‰ce ˆ l'action combinŽe 

de l'hydrochlorure d'Žthyl-N!-(3-dimethylaminopropyl) carbodiimide et du N hydroxysuccinimide 

(EDC/NHS), qui favorisent la formation dÕun lien amide avec les amines primaires portŽes par la 

protŽine d'intŽr•t (De Crescenzo et al. 2008). Le couplage amine permet d'obtenir de hautes 

densitŽs de recouvrement (si la densitŽ des groupements fonctionnels sur la surface d'origine est 

assez ŽlevŽe). Cependant lÕhomogŽnŽitŽ des surfaces obtenues est fonction de la protŽine ˆ 

immobiliser: la prŽsence de plusieurs fonctions amine ˆ la surface de cette derni•re conduit en 

effet ˆ l'obtention de plusieurs populations de protŽines greffŽes (Figure 1.6A1 et 1.6A3). Ce 

manque de sŽlectivitŽ envers les diffŽrents groupements amines de la protŽine peut engendrer une 

perte de sa bioactivitŽ si la lysine utilisŽe pour le couplage est importante lors de l'interaction de 
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la protŽine avec son partenaire biologique. Un exemple probant d'une telle situation a ŽtŽ fourni 

par Vallieres et coll•gues pour le couplage covalent de la fibronectine (Vallieres et al. 2007). Plus 

prŽoccupant dans le contexte de cette th•se est le cas de TGF-"  et de EGF humains, tous deux 

contenant des rŽsidus lysines cruciaux lors de lÕinteraction de ces ligands avec le domaine 

extracellulaire de ErbB1 (De Crescenzo et al. 2000; O'Connor-McCourt et al. 1998). Dans le cas 

spŽcifique de EGF, le probl•me a le plus souvent ŽtŽ habilement contournŽ en utilisant 

l'homologue murin de ce ligand. Ce dernier ne poss•de aucun rŽsidu lysine (son couplage par la 

voie des amines ne peut s'effectuer qu'avec l'amine primaire de sa partie N-terminale) (Kuhl and 

Griffith-Cima 1996). Des rŽponses cellulaires ont dŽjˆ ŽtŽ observŽes en prŽsence d'EGF ainsi 

immobilisŽ. Par exemple, la prolifŽration de cultures primaires dÕhŽpactocytes de rats est 

stimulŽe en prŽsence d'EGF murin greffŽ de mani•re covalente alors que du EGF adsorbŽ 

nÕengendre aucune rŽponse cellulaire (Kuhl and Griffith-Cima 1996). La croissance dÕautres 

types cellulaires tels que des fibroblastes STO de souris ou de CHO (chinese hamster ovary) en 

prŽsence de EGF greffŽ de mani•re covalente a Žgalement ŽtŽ rapportŽe (Chen and Ito 2001; 

Gobin and West 2003).   

Une alternative ˆ l'utilisation de la chimie humide basŽe sur l'utilisation de EDC/NHS est 

la photoimmobilisation. Cette approche a ŽtŽ rapportŽe pour l'immobilisation covalente de EGF 

par Ito et coll•gues (Ito et al. 1996a); elle nŽcessite cependant l'ajout d'un radical azido-benzoyl-

oxysuccinimide sur les amines primaires du facteur de croissance (Chen et al. 1997; Ito et al. 

1996b).  

L'utilisation des fonctions thiol (portŽes par les cystŽines) est plus rare dans des stratŽgies 

de couplage covalent car, dans la grande majoritŽ des protŽines natives, les cha”nes latŽrales de 

ces rŽsidus sont engagŽes dans des ponts disulfures assurant la cohŽsion de la structure tertiaire 
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(c'est notamment le cas pour les ligands de la famille de EGF, voir Figure 1.1). LÕutilisation de 

fonctions thiol portŽes par les cystŽines a toutefois ŽtŽ rapportŽe mais nŽcessite le plus souvent de 

produire la protŽine d'intŽr•t en ajoutant un rŽsidu cystŽine ˆ sa structure primaire (Zhen et al. 

2004). De par la faible occurrence de cystŽines sous forme rŽduite dans les protŽines, cette 

approche, quoique laborieuse, garantit dans la plupart des cas une immobilisation covalente et 

orientŽe (Backer et al. 2006). 

Il est aussi ˆ noter que plusieurs bras espaceurs homo- ou hŽtŽro-bifonctionnels rŽagissant 

avec les groupements carboxyliques, amine ou m•me thiol sont disponibles dans les catalogues 

de spŽcialitŽ des principaux fournisseurs de produits chimiques. Ces derniers peuvent •tre utilisŽs 

pour modifier les propriŽtŽs intrins•ques de surface du matŽriau (hydrophobicitŽ, charge ...) tout 

en garantissant une plus grande mobilitŽ rotationnelle des molŽcules ainsi immobilisŽes de fa•on 

covalente. 

 

1.4.3 LÕimmobilisation orientŽe de protŽines 

 

LÕimmobilisation orientŽe de protŽines repose le plus souvent sur lÕinteraction spŽcifique 

existant entre une Žtiquette dÕaffinitŽ (tag) et un support adŽquatement traitŽ (Bilitewski 2006; 

Rusmini et al. 2007). La mise en Ïuvre de ce type d'approches nŽcessite donc, dans un premier 

temps, lÕadjonction de lÕŽtiquette dÕaffinitŽ choisie ˆ la protŽine dÕintŽr•t. Cette adjonction peut 

s'effectuer de mani•re chimique ou par biologie molŽculaire (c'est ˆ dire via l'expression d'une 

protŽine chim•re correspondant ˆ la protŽine intŽr•t ˆ laquelle l'Žtiquette a ŽtŽ fusionnŽe). 
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L'Žtiquette ajoutŽe par voie chimique la plus utilisŽe en biotechnologie est la biotine, 

capable d'interagir avec une tr•s forte affinitŽ (KD de l'ordre de 10-14 M) avec la streptavidine (De 

Crescenzo et al. 2008; Wilchek et al. 2006). La stratŽgie d'immobilisation comprend alors une 

premi•re Žtape o• la biotine est fixŽe de fa•on covalente sur la protŽine (le plus souvent par 

couplage amine), alors que la streptavidine est couplŽe de fa•on covalente ˆ la surface. 

L'immobilisation s'effectue alors par simple incubation de la protŽine biotinylŽe sur la surface 

prŽsentant de la streptavidine (Blackburn and Hart 2005; Lue et al. 2004). Puisque l'Žtape initiale 

d'ajout de la biotine repose le plus souvent sur la chimie des amines, les m•mes restrictions que 

celles ŽvoquŽes dans la section prŽcŽdente s'appliquent ˆ cette approche (Wilson and Nock 2002). 

Cependant, une sŽparation prŽliminaire (avant couplage) des diffŽrents composŽs biotinylŽs peut 

•tre effectuŽe par chromatographie en phase liquide ˆ haute performance, garantissant ainsi par la 

suite une meilleure homogŽnŽitŽ de surface (De Crescenzo et al. 2000). 

Les autres mŽthodes nŽcessitant la manipulation de l'ADN codant pour la protŽine 

s'inspirent des approches technologiques utilisŽes pour la purification de protŽines 

recombinantes. Citons notamment deux syst•mes majoritairement utilisŽs ˆ savoir le syst•me 

basŽ sur lÕinteraction entre la portion Fc de lÕimmunoglobuline G et la protŽine A ou G et le 

syst•me basŽ sur lÕinteraction existant entre une Žtiquette polyhistidine et des ions mŽtalliques 

(Nakaji-Hirabayashi et al. 2007; Ogiwara et al. 2005). 

Ces stratŽgies de greffage prŽsentent plusieurs avantages. En effet, elles nÕentrainent pas 

dans la plupart des cas dÕaltŽration de la conformation de la protŽine puisque la liaison entre la 

protŽine et la surface est assurŽe par la portion 'Žtiquette' de la protŽine de fusion. Par consŽquent, 

les surfaces obtenues sont homog•nes (Figure 1.6 B1 and 1.6B3) et les molŽcules immobilisŽes 
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sont bioactives, tant et autant que l'Žtiquette utilisŽe nÕinterf•re pas avec la bioactivitŽ de la 

protŽine (encombrement stŽrique ou mauvais repliement). 

 

1.4.3.1 Syst•me basŽ sur lÕinteraction entre une Žtiquette polyhistidine et des ions 

mŽtalliques 

 

LÕutilisation dÕŽtiquette composŽe dÕune sŽrie d'histidines (entre 6 et 12) est la mŽthode la 

plus utilisŽe dans la purification des protŽines. Il a pu •tre dŽmontrŽ que ce syst•me permettait 

aussi la capture de protŽines ˆ la surface de biocapteurs, et ce,  de mani•re stable et orientŽe 

(Wegner et al. 2003). Les protŽines comprenant une Žtiquette polyhistidine peuvent interagir avec 

des ions mŽtalliques divalents (Ni2+) capturŽes par une matrice dÕacide nitriloacŽtique (NTA) 

(Verbelen et al. 2007; Wegner et al. 2003). Ce syst•me a dÕailleurs ŽtŽ utilisŽ pour la conception 

de nouvelles plateformes protŽomiques (Haddour et al. 2005; Tinazli et al. 2005) mais aussi lors 

d'Žtudes d'ingŽnierie tissulaire in vitro : EGF ŽtiquetŽ avec une queue polyhistidine et immobilisŽ 

sur un support prŽtraitŽ pour prŽsenter une matrice Ni-NTA (Figure 1.7) promeut la 

diffŽrentiation et la prolifŽration de cellules souches neuronales pendant une pŽriode dÕau moins 

cinq jours (Nakaji-Hirabayashi et al. 2007). Cependant, le possible relargage dÕions mŽtalliques 

pourrait constituer un probl•me majeur pour des applications in vivo, en raison de leur possible 

toxicitŽ (Peters et al. 2007; Zhou et al. 2009). 
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1.4.3.2 Immobilisation des protŽines via le syst•ne Fc-protŽine A/G 

 

La protŽine G est une protŽine bactŽrienne associŽe ˆ lÕadhŽsion surface-cellule du groupe 

G et D des streptocoques. Elle prŽsente une forte affinitŽ pour les diffŽrentes sous-classes 

dÕimmunoglobulines humaines avec une constante thermodynamique de dissociation de l'ordre 

du nM (Goward et al. 1990; Turkova 1999). La protŽine A, quant ˆ elle, est une protŽine de 

surface extraite ˆ partir de la bactŽrie Staphylococcus aureus. Cette protŽine est connue pour 

avoir une capacitŽ unique pour se lier au domaine constant (Fc) des immunoglobulines G (IgG) 

(Das et al. 1985; Turkova 1999). La protŽine A est composŽe de 5 sous-unitŽs qui peuvent fixer 

chacune son propre Fc de mani•re stable (KD compris entre de 10-5 et 10-10 M) (Ogi et al. 2007). 

Du fait de la stabilitŽ du complexe protŽine A ou G / domaine Fc, son utilisation ˆ des fins 

d'immobilisation orientŽe est couramment rapportŽe. Par exemple, EGF-Fc (une protŽine chim•re 

correspondant ˆ EGF fusionnŽ au domaine Fc) a ŽtŽ immobilisŽ sur du polystyr•ne afin de 

stimuler les cellules ŽpithŽliales de l'Žpiderme (A-431) : une augmentation de lÕadhŽsion 

cellulaire ainsi qu'une activation soutenue des voies de signalisation et une modification du 

cytosquelette ont ŽtŽ observŽes (Ogiwara et al. 2006).  
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Figure 1.7 : ReprŽsentation schŽmatique de l'immobilisation orientŽe de EGF-His sur un 

support majoritairement constituŽ d'une matrice Ni-NTA (dÕapr•s (Nakaji -Hirabayashi et 

al. 2007)). 
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1.4.3.3 Immobilisation via d'autres domaines protŽiques 

 

LÕimmobilisation orientŽe des protŽines peut aussi •tre mise en Ïuvre gr‰ce ˆ lÕutilisation 

dÕŽtiquettes correspondant ˆ un domaine de liaison capable d'interagir de fa•on spŽcifique avec 

une autre protŽine ou une cha”ne saccharidique : parmi ceux-ci, citons les domaines de liaison ˆ la 

fibrine (fibrin-binding domain, FBD), ˆ la chitine, ˆ lÕhŽparine ou ˆ la cellulose (Cao et al. 2007; 

Chiang et al. 2009; Hwang et al. 2004; Jervis et al. 2005; Kim and Kiick 2007; Kitajima et al. 

2009) utilisŽs pour l'immobilisation stable et orientŽe de protŽines ˆ la surface de billes (Chiang 

et al. 2009), d'hydrogels (Kim and Akaike 2007) ou de gels de silice (Hwang et al. 2004). A titre 

d'exemple, une protŽine de fusion correspondant ˆ l'hormone de croissance (HGF) fusionnŽe au 

domaine FBD s'est avŽrŽe capable de stimuler la croissance de cellules endothŽliales une fois 

immobilisŽe via le domaine FBD (Kitajima et al. 2009).  

 

1.4.3.4 Immobilisation via lÕinteraction coiled-coil 

 

Les coiled-coils sont des domaines structuraux que lÕon retrouve au sein des protŽines ; ils 

sont composŽs de deux ˆ cinq hŽlices "  arrangŽes de fa•on parall•le ou antiparall•le. La structure 

coiled-coil est bien reprŽsentŽe dans la nature puisquÕil a ŽtŽ estimŽ que 2 ˆ 4% des acides aminŽs 

composant lÕensemble des protŽines lÕadoptent. Ce motif permet de contr™ler la dimŽrisation des 

protŽines (" -kŽratine, vimentine, laminine, facteurs de transcription myc, max, fos et jun) 

(Burkhard et al. 2001). Chaque cha”ne peptidique dans la structure coiled-coil est sous forme 

dÕhŽlice "  et est caractŽrisŽe par un motif rŽpŽtŽ, constituŽ de 7 acides aminŽs dŽnotŽs abcdefgn 

formant une heptade. Dans ce motif, les positions a et d sont normalement occupŽes par des 



56 

 

acides aminŽs hydrophobes alors que les autres positions sont occupŽes par des rŽsidus polaires. 

Puisque lÕangle formŽ par les rŽsidus successifs formant lÕhŽlice "  est dÕenviron 100¡, cet 

espacement de type 3-4 entre les rŽsidus hydrophobes dÕune m•me chaine peptidique coil, gŽn•re 

une bande continue de rŽsidus hydrophobes tout le long de lÕhŽlice. LÕassociation de ces rŽgions 

hydrophobes conduit ˆ la formation de la structure coiled-coil dans laquelle les rŽsidus 

hydrophobes se regroupent et sÕemboitent comme les dents dÕune fermeture Žclair (dÕo• lÕautre 

nom anglais de leucine zipper pour ce type de structure) (Crick 1953) (voir Figure 1.8). Les 

Žtudes structurales (RMN et cristallographie par rayon X) (Harbury et al. 1993; Kohn and Hodges 

1998; Lupas 1996; Muller et al. 2000) ainsi que les outils informatiques prŽdictifs (Berger et al. 

1995; Wolf et al. 1997) ont permis de mieux comprendre ce type de structure et de crŽer de 

nouveaux syst•mes coiled-coil non naturels. Parmi ceux-ci, les peptides E et K coils qui 

correspondent aux heptades EVSALEK et KVSALKE rŽpŽtŽes de trois ˆ cinq fois (Chao et al. 

1998; Chao et al. 1996) forment un complexe hŽtŽrodimŽrique stable et tr•s spŽcifique en raison 

des interactions ioniques impliquant les rŽsidus chargŽs (acide glutamique E et lysine K) qui 

flanquent le cÏur hydrophobe du complexe (Figure 1.8). Les applications des structures coiled-

coil E/K sont nombreuses dans les domaines de lÕingŽnierie des protŽines et de la biotechnologie. 

Certains chercheurs se sont en effet basŽs sur ces structures pour concevoir de nouveaux 

syst•mes dÕaccroche permettant notamment la capture orientŽe de protŽines ˆ la surface de 

biocapteurs (Chao et al. 1996; De Crescenzo et al. 2003a; De Crescenzo et al. 2004; Hart and 

Gehrke 2007; Shang and Geva 2007; Zhang et al. 2005), la purification de protŽines (Tripet et al. 

1996) et leur dŽtection par Western blot (Boucher et al. 2010), le ciblage de virus (Zeng et al. 

2008) ou encore lÕassemblage des domaines extracellulaires de certains rŽcepteurs pour la 

crŽation de nouveaux inhibiteurs (De Crescenzo et al. 2004). Ce syst•me est  
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Figure 1.8 : ReprŽsentation d'Edmundson (Helical Wheel) d'un hŽtŽrodim•re E/K dans un 

heptade par hŽlice est reprŽsentŽ en coupe. 

Les interactions de type hydrophobe entre les deux peptides sont indiquŽes par le cercle. Les 

fl•ches dŽnotent les interactions de type Žlectrostatique de chaque cotŽ du cÏur hydrophobe.  
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tr•s stable (lÕinteraction E/K est caractŽrisŽe par un KD de lÕordre du nM, (De Crescenzo et al. 

2003a) et tr•s spŽcifique ; il pourrait par consŽquent •tre utilisŽ pour immobiliser des protŽines 

dans le cadre de futures applications en ingŽnierie tissulaire. 
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CHAPITRE 2  OBJECTIFS ET ORGANISATION GƒNƒRALE DU 

DOCUMENT  

 

 

LÕimmobilisation de protŽines prŽsente un intŽr•t majeur dans le but de crŽer de nouveaux 

matŽriaux bioactifs permettant de promouvoir la rŽgŽnŽration de tissus et/ou dÕorganes. Deux 

stratŽgies principales sont actuellement utilisŽes pour fonctionnaliser ces matŽriaux: le greffage 

orientŽ ou non orientŽ de protŽines. LÕimmobilisation non orientŽe est gŽnŽralement basŽe sur la 

rŽaction entre des groupements fonctionnels prŽsents sur les chaines latŽrales des rŽsidus de la 

protŽine et les groupements prŽsents sur le matŽriau. La chimie employŽe met le plus souvent ˆ 

profit les fonctions amines de la protŽine, ce qui engendre dans la grande majoritŽ des cas, un 

couplage hŽtŽrog•ne. Les rŽsultats obtenus sont peu reproductibles et les protŽines ainsi greffŽes 

prŽsentent une activitŽ biologique diminuŽe; elles ne peuvent donc pas interagir de mani•re 

optimale avec les rŽcepteurs prŽsents ˆ la surface des cellules. Par consŽquent, lÕimmobilisation 

orientŽe de protŽines est lÕalternative favorisŽe. Pour ce faire, les stratŽgies employŽes sÕinspirent 

fortement des techniques utilisŽes pour la purification de protŽines en se basant notamment sur 

lÕutilisation dÕŽtiquettes telles que la partie Fc des immunoglobulines G ou les queues 

polyhistidines. Celles-ci ne doivent cependant pas altŽrer lÕactivitŽ biologique des protŽines 

ŽtiquetŽes ni nŽcessiter une interaction avec une matrice toxique. 

Par consŽquent, le dŽveloppement dÕune approche supprimant les inconvŽnients 

rencontrŽs lors de lÕimmobilisation orientŽe de protŽines sur des supports biocompatibles est 

nŽcessaire afin de promouvoir de fa•on optimale lÕadhŽsion, la migration et la prolifŽration 

cellulaire. Les travaux prŽsentŽs dans ce premier chapitre sont basŽs sur lÕutilisation de deux 
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peptides non naturels dŽnommŽs E coil et K coil afin de permettre le greffage orientŽ du facteur 

de croissance de lÕŽpiderme (EGF) sur un biomatŽriau. LÕobjectif Žtait donc de mettre au point 

une stratŽgie innovante permettant lÕimmobilisation orientŽe de ce facteur de croissance utilisŽ 

comme protŽine mod•le. La mŽthode expŽrimentale ne devait pas altŽrer la bioactivitŽ de la 

protŽine, elle devait •tre simple dans sa mise en Ïuvre, facilement reproductible et polyvalente 

cÕest-ˆ -dire transposable ˆ tout type de protŽines correctement ŽtiquetŽes. 

Les travaux prŽsentŽs dans le chapitre 3 de cette th•se ont ŽtŽ publiŽs dans le journal 

scientifique 'Tissue Engineering Part A' en 2008. Ces travaux se sont attachŽs ˆ Žtudier 

lÕinfluence des peptides coils sur la bioactivitŽ de EGF. LÕobjectif Žtait de dŽmontrer que les coils 

nÕinterferaient pas avec celle-ci et que lÕimmobilisation orientŽe de ce facteur de croissance Žtait 

possible. La bioactivitŽ de EGF ŽtiquetŽ par les coils en position N-terminale (Ecoil-EGF, Kcoil-

EGF) a ŽtŽ comparŽe ˆ celle de EGF ŽtiquetŽ avec un domaine Fc en position N- ou C-terminale 

(EGF-Fc et Fc-EGF) car lÕimmobilisation orientŽe de EGF via lÕinteraction Fc - protŽine A/G 

avait dŽjˆ ŽtŽ rapportŽe. Il a ainsi pu •tre dŽmontrŽ quÕen solution le Fc-EGF nÕest pas bioactif 

alors que le Ecoil-EGF, le Kcoil-EGF et le EGF-Fc le sont, le Ecoil-EGF Žtant aussi actif que la 

protŽine native et plus actif que les autres chim•res. Par consŽquent, ces rŽsultats ont permis de 

dŽmontrer que le type et la localisation de lÕŽtiquette ont un effet sur lÕactivitŽ biologique de la 

protŽine et que le syst•me coiled-coil est un syst•me de choix afin dÕimmobiliser des facteurs de 

croissance pleinement bioactifs. 

Les travaux prŽsentŽs dans le deuxi•me article de cette th•se (Chapitre 4) et publiŽs dans 

Bioconjugate Chemistry en 2009 se sont attachŽs ˆ immobiliser le Ecoil-EGF par interaction 

coiled-coil sur des surfaces de verre aminŽ. LÕobjectif Žtait de mettre au point une chimie 

permettant le greffage du K coil sur une surface aminŽe, dÕy immobiliser le Ecoil-EGF et de 
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mettre en Žvidence que notre stratŽgie de greffage Žtait plus efficace pour promouvoir la rŽponse 

de cellules Žpidermiques (A-431) que des stratŽgies basŽes sur lÕutilisation de EGF en solution ou 

de EGF immobilisŽ de mani•re non orientŽe. Une fois la stratŽgie de greffage du K coil optimisŽe 

sur du verre aminŽ, une forte augmentation de lÕadhŽsion des A-431 a ŽtŽ mise en Žvidence en 

prŽsence de Ecoil-EGF immobilisŽ contrairement aux autres conditions. Une augmentation de 

lÕintensitŽ et de la durŽe de la phosphorylation du rŽcepteur de EGF (EGFR) a Žgalement ŽtŽ 

dŽmontrŽe tŽmoignant de lÕefficacitŽ de lÕapproche coiled-coil comparativement ˆ une approche 

de greffage alŽatoire de EGF ou ˆ lÕutilisation de protŽines en solution. 

Dans le troisi•me article (Chapitre 5) soumis pour publication dans Biomaterials en 2010, 

un biomatŽriau (PET) a ŽtŽ utilisŽ comme support avec pour objectif dÕapprofondir l'Žtude des 

effets de lÕimmobilisation orientŽe de EGF sur le comportement de cellules ŽpithŽliales de cornŽe 

(HCE-2) ˆ des fins dÕapplication en ingŽnierie tissulaire. Apr•s avoir vŽrifiŽ quÕil Žtait possible 

de transposer le protocole dŽveloppŽ dans le chapitre 4 afin de greffer le K coil sur des surfaces 

aminŽes de PET, des tests cellulaires ont ŽtŽ effectuŽs. Des approches basŽes sur lÕutilisation de 

Ecoil-EGF immobilisŽ, de EGF physisorbŽ et de EGF en solution ont alors ŽtŽ comparŽes. Il sÕest 

avŽrŽ que notre approche est la plus efficace afin de promouvoir lÕadhŽsion, lÕŽtalement et la 

prolifŽration de cellules HCE-2. De plus, lÕŽtude de lÕactivation des voies de phosphorylation 

suite ˆ lÕinteraction de EGF avec son rŽcepteur a ŽtŽ reliŽe aux rŽponses cellulaires observŽes. 

Tous ces rŽsultats ont dŽmontrŽ lÕintŽr•t de lÕimmobilisation orientŽe de EGF ˆ des fins 

dÕapplication en ingŽnierie tissulaire. 
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CHAPITRE 3  LA BIOACTIVITƒ ET LÕ AFFINITƒ DU RƒCEPTEU R DU 

FACTEUR DE CROISSANCE DE LÕƒPIDERME ƒTIQUETƒ CONCU 

Ë DES FINS DÕAPPLICATION EN IN GƒNIERIE TISSULAIRE SONT 

DƒFINIES PAR LA NATU RE ET LA POSITION DE S ƒTIQUETTES  

 

3.1 PrŽsentation de lÕarticle  

 

 Cette section reprend lÕarticle intitulŽ "The bioactivity and receptor affinity of 

recombinant tagged-EGF designed for tissue engineering applications is defined by the 

nature and position of the tag" . LÕarticle a ŽtŽ publiŽ dans la revue Tissue Engineering Part A 

en 2008 (Vol. 14, No. 12, p.2069-2077). 

 La mise au point de stratŽgies simples permettant lÕimmobilisation orientŽe de facteurs de 

croissance est primordiale dans lÕoptique dÕune future application en ingŽnierie tissulaire. 

LÕapproche proposŽe dans le cadre de cette Žtude est basŽe sur lÕinteraction existant entre deux 

peptides complŽmentaires, le Ecoil et le Kcoil. Avant dÕenvisager dÕimmobiliser des protŽines 

ŽtiquetŽes coil sur des supports biocompatibles, il a ŽtŽ tout dÕabord nŽcessaire de vŽrifier que ces 

Žtiquettes nÕinterf•rent pas avec lÕactivitŽ des protŽines. Dans cette optique, lÕimpact de ces 

Žtiquettes (Ecoil et Kcoil) sur lÕactivitŽ biologique du facteur de croissance EGF a ŽtŽ ŽtudiŽ et 

comparŽ ˆ celle de la portion Fc des immunoglobulines G actuellement utilisŽe pour 

lÕimmobilisation orientŽe de EGF.  
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3.2.1 Abstract 

 

For tissue engineering applications, growth factor (GF) immobilization on cell culture 

scaffolds bears the potential to stimulate cell proliferation while minimizing costs associated to 

soluble GF supply. In order to evaluate the potential of a de novo designed heterodimerization 

peptide pair, namely the E and K coils, for epidermal growth factor (EGF) grafting on various 

scaffolds, production of coil-tagged EGF chimeras using a mammalian cell expression system as 

well as their purification have been performed. The influence of the type of coil (E or K) upon 

EGF bioactivity, assessed in an in vitro cell assay, was compared to that of the Fc domain of 

immunoglobulin G by monitoring phosphorylation of EGF receptor upon chimeric EGF 

exposure. Our results demonstrate that the type and the location of the tag have a strong impact 

on growth factor bioactivity (EC50 ranging from 5.5 to 63 nM). Additional surface plasmon 

resonance (SPR)-based biosensor experiments were conducted to test the ability of captured 

chimeric EGF to bind to their receptor ectodomain in vitro. These experiments indicated that the 

oriented coiled-coil-mediated immobilization of EGF was significantly more efficient than a 

random approach as coil-tagged EGF displayed enhanced affinities for artificially-dimerized EGF 

receptor ectodomain when compared to Fc-tagged EGF (apparent KD of 5 pM vs 16 nM). 

Altogether, our results highly suggest that coil-tagged chimeras represent an attractive avenue for 

the oriented immobilization of growth factors for tissue engineering applications and that 

HEK293 cells offer a robust platform for their expression in a bioactive form. 
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3.2.2 Introduction  

 

Bioengineered implants are becoming extremely promising with respect to the 

development of biocompatible scaffolds to promote and sustain tissue regeneration (Hoemann et 

al. 2005). Based on the well-documented effect of growth factors on cell survival, proliferation, 

differentiation and chemotaxis, several research groups have developed methodologies to 

immobilize them on solid supports with the ultimate goal of modulating cell growth and 

phenotype (Ito 1998; Kuhl and Griffith-Cima 1996; Merrett et al. 2003). Indeed, immobilization 

of epidermal growth factor (EGF), nerve growth factor (NGF) (Kapur and Shoichet 2004) or 

vascular endothelial growth factor (VEGF) (Backer et al. 2006) onto different supports (gold, 

polydimethylsiloxane, glass, polystyrene) (Chen et al. 1997; Ichinose et al. 2006; Kato et al. 

2005; Klenkler et al. 2005; Ogiwara et al. 2005; Wang and Bohn 2006) has already been 

reported. Two different approaches are commonly applied for protein grafting, i.e, non-oriented 

or oriented immobilizations. The non-oriented immobilization strategies are based on i) the 

interactions between a charged scaffold and the protein (Crombez et al. 2005) or ii)  the formation 

of covalent linkage between the growth factor and target scaffold using bifunctional reactive 

chemicals as well as by photoimmobilization (Chen et al. 1997; Ito 1998; Klenkler et al. 2005; 

Palsson et al. 2003; Wang and Bohn 2006). Although unambiguous effects on cell growth and 

phenotype have been reported with grafted ligands, it is likely that these immobilization methods 

are not optimal. That is, the surface grafting is often mediated in a random fashion by using 

reactive groups present on ligand amino acid side chains. The multiplicity of reactive groups 

results in heterogeneous ligand populations whose interactions with cell receptors may be 

affected by the tethering procedure and therefore this approach is poorly reproducible and 
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inefficient. Up to now, only few methods have described the oriented immobilization of growth 

factors. These methods are based on the use of different tags (such as Fc or polyhistidine) that 

offer the potential to be applied to both purification and tethering steps (Backer et al. 2006; Kato 

et al. 2005; Ogiwara et al. 2005). More recently, based on naturally occurring coiled-coil 

structures, a de novo heterodimeric coiled-coil system formed by two peptides (the E and K coils) 

was designed and characterized (De Crescenzo et al. 2003a; Tripet et al. 2002). The E-K coiled-

coil system has been demonstrated to be an excellent tool for various biotechnology and 

biomedical applications such as protein capture and delivery (De Crescenzo et al. 2003b); each 

peptide composing the E/K complex being defined by a seven amino-acid sequence comprising 

both hydrophobic and charged residues that are repeated five times (De Crescenzo et al. 2003a).  

EGF plays various important roles in the organism and is indeed a growth factor 

commonly used in tissue engineering applications (Gobin and West 2003). EGF is synthesized as 

a 130 kDa precursor that is then proteolytically processed to give a mature 53 amino acid-long 

polypeptide of 6 kDa (Bell et al. 1986; Mroczkowski et al. 1988) that contains 3 disulfide 

bridges. EGF mediates its biological function by promoting the oligomerization of EGF receptors 

(EGFR) present at the cell surface (Ferguson et al. 2003; Ogiso et al. 2002). Ligand-mediated 

receptor oligomerization initiates complex cascades of intracellular events resulting in a broad 

spectrum of phenotypic responses such as the proliferation and differentiation of epithelial or 

mesenchymal cells. Its role in neovascularization and chemotaxis in wound healing processes has 

also been demonstrated (Schultz et al. 1991). 

In order to evaluate the potential of the E/K coiled-coil system for EGF grafting on 

various scaffolds and surfaces used in tissue engineering applications, production of coil-tagged 

EGF chimeras using a mammalian cell expression system as well as their purification and 



67 

 

characterization have been performed. The influence of the type of coil (E or K) on EGF 

bioactivity was compared to that of the Fc domain of immunoglobulin G. We showed that the 

type and the location of the tag have a strong impact on growth factor bioactivity. Additional 

surface plasmon resonance (SPR)-based biosensor experiments indicated that the oriented coiled-

coil-mediated capture of EGF was significantly more efficient than a random approach. 

Altogether, our results highly suggest that coil-tagged chimeras represent an attractive avenue for 

the oriented immobilization of growth factors for tissue engineering applications and that Human 

Embryonic Kidney cells (HEK293) offer a robust platform for their expression in a bioactive 

form. 

 

3.2.3 Materials and Methods 

 

3.2.3.1 Chemicals and Reagents 

 

Chemicals and reagents used are linear 25 kDa polyethylenimine (PEI, Polysciences, 

Warrington, PA), prepared as previously described (Pham et al. 2005), Salmon testes DNA 

(stDNA) (Sigma, Oakville, ON), TN1 peptone (OrganoTechnie SA, Teknisciences, Canada), 

geneticin (GIBCO/BRL, Burlington, ON) and pluronic acid F-68 (F68) (SigmaÐAldrich, 

Oakville, ON). 

All the surface plasmon resonance (SPR) experiments were performed using a Biacore 

3000 and Biacore T100 biosensors. The thiol coupling kit containing N-hydroxysuccinimide 

(NHS), ethyl-N!-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), 2-(2-



68 

 

pyridyldithio) ethaneamine (PDEA) and CM4 sensor chips were purchased from Biacore Inc 

(Piscataway, NJ). 

 

3.2.3.2 Cells 

 

A human embryonic kidney 293 cell line stably expressing EBNA1 (293-6E) was 

maintained in suspension culture in shake flasks (110 rpm) in F17 medium (Invitrogen; 

Burlington, ON) supplemented with geneticin (25 #g/mL), glutamine (4 mM) and pluronic acid 

(0.1%) in a humidified incubator at 37¡C with 5% CO2. The A-431 cells were maintained in 175 

cm2 flasks in Dulbecco's modified Eagle's medium (Gibco) supplemented with 10% Foetal 

Bovine Serum (Invitrogen). 

 

3.2.3.3 Plasmids 

 

All t he vectors were derived from the pTT plasmid previously described (Durocher et al. 

2002). Four constructs (Figure 3.1) were used to express the EGF cDNA and tags (Ecoil, Kcoil, 

Fc). A codon-optimized human EGF cDNA containing a N-terminal Interleukin 2 signal peptide 

(IL2SP) was synthetized by GeneArt (Regensburg, Germany) and cloned in pTT vector as a NotI 

Ð BamHI fragments. 

1. Plasmid encoding Fc tag : pTT5-EGF was digested with NheI and BamHI, EGF cDNA 

was insert in pYD5 which encoded the human Immunoglobulin G Signal Peptide (IgGSP) 

and Fc (Figure 3.1). pYD11-EGF-Fc was constructed by PCR amplification of EGF 
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cDNA with forward (5Õ-AAAGGATCCATGAATTCTGACAGCGAGTGCCC-3Õ) and 

reverse (5Õ-AAATCTAGATCTCAGCTCCCACCACTTCAG-3Õ) primers. The PCR 

product was digested by BamHI and cloned in frame with pYD11 digested with BamHI 

and EcoRV (Figure 3.1). 

2. Plasmids encoding Ecoil or Kcoil tag : pTT5-E/Kcoil-EGF were constructed by PCR 

amplification of the Ecoil or Kcoil sequences with forward (5Õ-

AAAGGTACCATGGAGGTATCCGCTTTAGAGAAAG-3Õ for Ecoil sequence and 5Õ-

AAAGGTACCAAGGTATCCGCTTTAAAGGAG-3Õ for Kcoil sequence) and reverse 

(5Õ-

AAAGGTACCATGGTGATGGTGATGGTGATGATGCAATTCAGAGCCACCGCCA

CCGCTGCC-3Õ) primers. The PCR products were digested by KpnI and cloned in frame 

with pTT5-EGF digested with the same enzyme (Figure 3.1). 

Plasmids were amplified in DH5"  Escherichia coli grown in Circlegrow medium (Q-

Biogene, Carlsbad, ON) and purified using Maxi-Prep kits (Qiagen, ON). Plasmids were 

quantified following dilution in 50mM TrisÐHCl, pH 8.0, by measuring absorbance at 260 nm. 

The A260/A280 ratio was between 1.80 and 1.95 for all plasmids used for transient transfection. 

 

3.2.3.4 Transfection 

 

To express the various tagged EGF, 293-6E cells were first distributed in 6-well plates at 

1.67x106 cells/ml in 1.8 mL medium. The transfection mixture was then prepared as follow: 2 mg 

plasmids (95% pTT vector and 5% pTT-GFPq) were diluted in 100 mL F17 medium and 100 mL 
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Figure 3.1 : Expression plasmids for the production of the various tagged EGFs. 

Each plasmid encodes human EGF cDNA tagged with Ecoil and His-tag (pTT5-Ecoil-EGF 

plasmid), or with Kcoil and His-tag (pTT5-Ecoil-EGF plasmid) or with the Fc portion of an IgG 

(pYD5-Fc-EGF and pYD11-EGF-Fc plasmids). 
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F17 medium containing 4 mg 25 kDa linear PEI was added. The mixture was immediately 

vortexed and incubated for 15 min at room temperature prior to addition to the cells. Cells were 

fed 24 h post-transfection (hpt) with 0.5% TN1 peptone (w/v, final) (Pham et al. 2005). The 

supernatants were harvested 5 days post-transfection. 

 

3.2.3.5 Purification  

 

Production was performed in shake flasks. Each cell culture supernatant (500 mL) was 

harvested 120 hours post-transfection (hpt) and centrifuged to eliminate cells and debris. The 

supernatants were then filtered on 0.45 #m filters (Millipore, Mississauga, ON). Ecoil- and 

Kcoil-tagged EGF were purified by Immobilized Metal Ion Affinity Chromatography (IMAC) 

based on the interaction existing between metallic ion and the (His)8tag (Figure 3.1) whereas N- 

and C-terminally Fc-tagged EGF were purified by affinity chromatography based on the 

interaction existing between the Fc portion from Immunoglobulin G and protein A. 

 

E/Kcoil-tagged EGF : Fractogel EMD Chelate gravity flow columns (5 ml bed size) were 

charged successively with 4 column volumes (CVs) of 200 mM CoCl2, 5 CVs of water and 5 

CVs of PBS. After E/Kcoil-EGF loading, the columns were washed with 10 CVs of 50 mM 

NaH2PO4 pH 7.0, 300 mM NaCl and 25 mM imidazole, pH 7.0. E/Kcoil-EGF were eluted in 1 

mL fractions using the same buffer but containing 300 mM imidazole. 



72 

 

Fc-tagged EGF : The filtered supernatants were loaded onto a 2 mL protein A column 

(GE Healthcare). The columns were washed with 10 CVs of PBS. The Fc-tagged EGF were then 

eluted with 0.1 M citrate pH 3.6 in 1 mL fractions. 

The protein-containing fractions were detected with Bradford reagent, pooled and 

desalted on Econo-Pac¨  10 columns (Bio-Rad Laboratories) previously equilibrated with PBS 

according to the manufacturerÕs specifications and quantified by Bradford. To assess the purity 

level, proteins were analyzed by SDS-PAGE (4Ð12% NuPAGE Bis-Tris gradient gel) followed 

by Coomassie staining. 

 

3.2.3.6 In vitro cell assay 

 

Bioactivity of the purified constructs was investigated by testing EGF-induced 

autophosphorylation of EGF receptor (EGFR) in A-431 cells. Consequently, A-431 cells were 

distributed in 6-well plates at 0.5 x 106 cells/mL, 2 mL/well. 18 hours later, the cells (80-90 % 

confluence) were treated with tagged EGF (final concentrations ranging from 0 to 1 #M) for 5 

min in a humidified incubator at 37¡C with 5% CO2. Cells were then washed twice with PBS 

supplemented with sodium-orthovanadate (1mM, Sigma) and lysed (lysis buffer supplemented 

with 0.1 mM Na3VO4, 20 mM #-glycerophosphate, 10 mM Na4P2O7¥10 H2O and 0.5 #M 

microcystin). Commercially-available untagged EGF (R&D Systems, Minneapolis, MN) was 

used as a positive control. 
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3.2.3.7 SDSÐPAGE and Western blot analyses 

 

Cells from one well of a 6-well plate were lysed in 300 ml of lysis buffer (50 mM HEPES 

pH 7.4, 150 mM NaCl, 1% Thesit, 0.5% sodium deoxycholate) and insoluble material remove by 

centrifugation at 10,000 x g for 5 minutes at 4¡C. Samples (cell lysates or culture medium) were 

mixed 3:1 (v:v) with 4X NuPage sample buffer (Invitrogen) containing 50 mM DTT (for 

EGFR1) and heated to 70¡C for 10 min. Electrophoresis was performed using 4Ð12% Bis-Tris 

NuPage gels (Invitrogen) at 200 volts in MES SDS (Tagged EGF) or MOPS SDS buffer 

(EGFR1). Mark12 MW standard (Invitrogen) was applied to each gel to determine molecular 

weights. Protein purity was determined by staining with Coomassie blue R250. For Western 

blots, proteins were transferred to a 0.2 #m Protran nitrocellulose membrane (Schleicher & 

Schuell) using TrisÐglycine buffer for 1 h at 300 mA. The membrane was incubated in blocking 

reagent (Roche Diagnostics, Indianapolis, IN), and then probed with appropriate antibodies 

against EGF (Z-12) or phosphotyrosine (PY99) (Santacruz, CA) for 1 h. Detection was 

performed using BM Chemiluminescence Blotting Substrate (Roche Diagnostics) with a Kodak 

Digital Science Image Station 440cf equipped with Kodak Digital Science 1D image analysis 

software version 3.0 (Eastman Kodak, NY). 
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3.2.3.8 Surface Plasmon Resonance (SPR) assay 

 

The affinity of the various tagged EGF for the extracellular domain of EGFR artificially 

dimerized through the Fc portion of an IgG (EGFRED-Fc, R&D Systems, Minneapolis, MN) was 

studied by SPR. 

SPR experiments were conducted at 25¡C using HBS-T (10 mM HEPES pH 7.4, 150 mM 

NaCl, 3.4 mM EDTA, 0.05% Tween 20) for sample dilution and as running buffer. Cysteine-

tagged Kcoil and Ecoil peptides were independently and covalently immobilized onto CM4 

sensor chip surfaces using standard ligand thiol coupling procedure as previously described (De 

Crescenzo et al. 2003a). In addition to coil surfaces, mock surfaces were prepared using the same 

protocol by replacing coil injections with running buffer injections. 

N- and C-terminally Fc-tagged EGF were covalently immobilized onto CM5 sensor chip 

surfaces adapting standard amine coupling procedure as previously described (De Crescenzo et 

al. 2001) and mock surfaces were prepared using the same protocol by replacing Fc-tagged EGF 

injections by running buffer injections. 

 

EGFRED-Fc binding to covalently immobilized Fc-tagged EGF: 

Experiments were carried out at a flow rate of 50 #L/min. Artificially-dimerized EGF 

receptor ectodomain (EGFRED-Fc) was then injected at concentrations ranging from 5 to 80 nM, 

(in addition to HBS-EP buffer injections) in duplicate over EGF and control surfaces. 

Regeneration of the sensor chip surfaces was accomplished by HBS-EP (10 mM Hepes, pH 6.0, 
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150 mM NaCl, 3.0 mM EDTA, 0.05% surfactant P20) buffer injection until original baseline 

levels were reached. 

 

EGFRED-Fc binding to captured coil-tagged EGF:  

Experiments were carried out at a flow rate of 50 #L/min. Coil-tagged EGF were captured 

(100 Resonance Units, RUs) on surfaces on which their coil partner had been previously 

immobilized. After EGF capture via coiled-coil interactions, the artificially-dimerized EGF 

receptor ectodomain (EGFRED-Fc, R&D Systems, Minneapolis, MN), was then injected over 

coil-tagged EGF and control surfaces (60 s). Regeneration of the sensor chip (i.e. removal of both 

EGFRED-Fc and coil-tagged EGF) was accomplished by 2 pulses of guanidium-HCl (25 mL at 

100 mL/min). This cycle was repeated by capturing the same amount of coil-tagged EGF, 

followed by injection of the artificially-dimerized EGF receptor ectodomain at concentrations 

ranging from 1.25 to 50 nM (duplicate), in addition to buffer. For coil-tagged EGF interactions 

with the artificially-dimerized EGF receptor ectodomain (EGFRED-Fc), sensorgrams were 

globally analyzed using a simple binding model including a mass transport limitation step, 

available in the Biaevaluation 4.1 software package of the biosensors. 
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3.2.4 Results 

 

3.2.4.1 Cloning strategies and production of tagged EGF in HEK293 cells 

 

Plasmids corresponding to EGF tagged with i) the Ecoil or Kcoil sequences added to the 

N-terminus of EGF (denoted Ecoil- and Kcoil-EGF, respectively); or with ii)  the Fc portion from 

immunoglobulin G added to the N- or C-terminus of EGF (denoted Fc-EGF and EGF-Fc, 

respectively), were generated (Figure 3.1). In order to ease subsequent purification, constructs 

were designed to favor chimeric protein secretion by adding sequences corresponding to signal 

peptide of the interleukin-2 (IL2SP, Figure 3.1) or of immunoglobulin G (IgGSP, Figure 3.1). 

 

293-6E cells were then transfected in 6-well plates (2 mL) with each expression vector as 

described in Materials & Methods. One day post-transfection, TN1 tryptone was added to the cell 

medium in order to increase protein productivity (Pham et al. 2005). Western Blots analyses were 

performed to verify expression. EGF chimeras were found to be efficiently secreted (Figure 3.2, 

compare signal intensity for cell supernatants versus related cell lysates). 
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Figure 3.2 : Small-scale expression of tagged EGF in 293-6E cells. 

Presence of the various EGF fusion proteins was tested in the culture medium and cell lysate 5 

days post-transfection by Western Blotting. The same volume (15 #L) of cell extract and culture 

medium was loaded in each lane. 
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3.2.4.2 Purification of various tagged EGF 

 

For each construct, production was then performed in 500-mL flasks in serum free 

medium to facilitate subsequent purification. Due to the presence of the (His)8 tag, Ecoil-EGF 

and Kcoil-EGF were purified by immobilized metal affinity chromatography (IMAC). Fc-EGF 

and EGF-Fc were purified by protein A affinity chromatography. Results for the purification of 

the different tagged EGF are shown in Figure 3.3. The purification was efficient for each 

construct with a yield of 4.0, 0.6, 7.2 and 4.3 mg per liter of medium for Ecoil-EGF, Kcoil-EGF, 

Fc-EGF and EGF-Fc, respectively. 

 

3.2.4.3 In vitro cell assays 

 

To test the bioactivity of the different fusion proteins corresponding to tagged EGF, we 

evaluated their ability to induce EGF receptor phosphorylation upon EGF binding in an in vitro 

cell assay. Increasing quantities of purified EGF constructs were added to A-431 cells that are 

known to express high levels of EGF receptor (Yarden et al. 1985). Cells were lysed 5 minutes 

after EGF addition and the phosphorylation level of EGF receptor was quantified by Western blot 

using anti-phosphotyrosine antibody (Figure 3.4a). Ecoil-EGF, Kcoil-EGF and EGF-Fc 

efficiently induced EGF receptor phosphorylation whereas no phosphorylation was observed for 

Fc-EGF (Figure 3.4b). Ecoil-EGF was found to be as active as untagged EGF (EC50 of 5.5 and 

4.3 nM, respectively) while EGF-Fc and Kcoil-EGF had EC50 of 17 and 63 nM, respectively 

(Figure 3.4b). 
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3.2.4.4 Binding of the artificially di merized EGF receptor ectodomain (EGFRED-Fc) to 

immobilized tagged EGF 

 

In order to complement our in vitro cell assay results, the interactions of both N- and C-

terminally Fc-tagged EGF with an artificially dimerized version of the extracellular domain of 

EGF receptor (EGFRED-Fc) was then studied in real time by surface plasmon resonance (SPR). 

EGF-Fc and Fc-EGF were covalently immobilized (2,800 and 3,900 RUs, respectively) onto 

different biosensor surfaces through their amine groups in a non-oriented fashion. Several 

concentrations of the artificially-dimerized EGF receptor ectodomain (EGFRED-Fc) ranging 

from 5 to 80 nM were then injected in duplicate over both C- and N-terminally tagged EGFs as 

well as over related control surfaces. Control-corrected sensorgrams related to these series of 

experiments are shown in Figure 3.5a and 3.5b, respectively. In the case of EGF-Fc (Figure 3.5a), 

the receptor ectodomain binding was detected at concentrations as low as 5 nM. Also, at the 

biosensor surface, the receptor ectodomain/EGF-Fc complex was found to be stable. That is, a 

global analysis of the corrected sensorgrams shown in Figure 3.5a indicated that the interaction 

was characterized by an apparent kinetic dissociation constant of (1.11 ± 0.01) $ 10-4 s-1. The 

apparent thermodynamic dissociation constant, KD, for EGFRED-Fc/EGF-Fc interactions was in 

the low nanomolar range (16 ± 0.5 nM).  
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Figure 3.3 : Production and purification of tagged EGFs.  

SDS-PAGE analysis of Ecoil-EGF (A), Kcoil-EGF (B), Fc-EGF (C) and EGF-Fc (D) purified by 

affinity chromatography as described in the Materials and Methods section. The gel was stained 

with Coomassie-blue R250. 
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Figure 3.4 : In vitro cell assays. 

A-431 cells were treated with various concentrations of untagged- (control) or tagged-EGF 

ranging from 0 to 1 #M for 5 min. Cells were then lysed and autophosphorylation of EGF 

receptor was monitored by Western Blot using a chemiluminescent substrate (A). The 180 kDa 

band immunoreactive to anti-pTyr antibody (corresponding to EGFR) was quantified using a 

Kodak 440cf imager (n=3 for commercial EGF and Ecoil-EGF and n=2 for Kcoil-EGF and Fc-

tagged EGF) (B). 
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In contrast, when EGFRED-Fc, injections were performed over N-terminally immobilized 

Fc-tagged EGF, a weaker signal was recorded with Fc-EGF as compared to EGF-Fc (3 RUs vs 

28 RUs with 80 nM EGFRED-Fc, compare Figure 3.5a and 3.5b). Numerical analysis of this sets 

of sensorgrams was not possible as a visual inspection of the EGFRED-Fc/Fc-EGF binding 

clearly indicated that the interactions were transient, i.e. characterized by extremely fast 

dissociation rates and very low affinity (KD >> 100 nM). 

 

3.2.4.5 Binding of the artificially dimerized  extracellular domain of EGF receptor, 

EGFRED-Fc, to immobilized coil-tagged EGF 

 

 Our SPR kinetic study was complemented by monitoring the interactions of the 

artificially-dimerized EGF receptor ectodomain (EGFRED-Fc) with surface immobilized coil-

tagged EGF. As opposed to the coupling strategy, we used in the case of Fc-tagged EGF, coil-

tagged EGFs were non-covalently captured at the biosensor surface in an oriented fashion. This 

was achieved through coiled-coil interactions. In a first step, E and K coil peptides harbouring an 

engineered cysteine at their N-termini were covalently immobilized using thiol chemistry over 

different biosensor surfaces (400 RUs of each coil). Injections of coil-tagged EGF over surfaces 

on which the appropriate coil partner had been immobilized resulted in its non-covalent but stable 

capture (Figure 3.6). Interactions of captured EGF with the artificially-dimerized EGF receptor 

ectodomain (EGFRED-Fc) were then monitored by injecting the latter over coil-tagged EGF and 

related mock surfaces. 

 The control-corrected sensorgrams corresponding to ectomain injections 

(concentrations ranging from 0.25 to 10 nM) over 100 RUs of captured Ecoil-EGF and Kcoil-
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EGF were similar (Figure 3.6). However, the amplitude of the signal corresponding to 

ectodomain net accumulation at the end of the injection for the highest concentration differed by 

20 % (410 versus 360 RU of accumulated material over captured Ecoil-EGF and Kcoil-EGF, 

respectively). Of interest, both interactions were characterized by similar fast on-rates and 

extremely low off-rates (Table 3.1), resulting in almost equal apparent KD (44 ± 5 and 55 ± 7 pM 

for Ecoil-EGF and Kcoil-EGF, respectively, see Table 3.1).  

��

3.2.5 Discussion 

 

 Production of EGF in E. coli had been previously reported to lead to high final 

concentration in EGF but mainly present in inclusion bodies (87 mg/L of culture medium (Lee et 

al. 2000)). The restoration of EGF bioactivity was however reported to require labor-intensive 

and time-consuming refolding steps (Lee et al. 2000). EGF expression in mammalian systems has 

also been reported by Mroczkowski and colleagues in NIH 3T3 cells (Mroczkowski 1991; 

Mroczkowski et al. 1988). In that specific case, however, EGF was expressed in its precursor 

form and was found as membrane-associated as well as in the conditioned medium. 

 In order to obtain fully bioactive tagged EGF (for subsequent immobilization on 

scaffolds) as well as to avoid downstream processing steps such as refolding and precursor 

cleavage, we thus set up an experimental strategy aiming at secreting high levels of bioactive 

tagged EGF. The latter is based on the use of HEK293 cells, combined with PEI-mediated 

transfection, as we previously reported excellent yields for the expression of various bioactive 

proteins using this approach (Pham et al. 2005). 
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Figure 3.5 : Control -corrected sensorgrams corresponding to Fc-tagged EGF interactions 

with EGFRED-Fc.  

Increasing concentrations of EGFRED-Fc ranging from 5 to 80 nM were injected in duplicate 

over biosensor surfaces coated with EGF-Fc (A) or Fc-EGF (B).  
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Figure 3.6 : Control -corrected sensorgrams corresponding to EGFRED-Fc interactions 

with captured E or Kcoil -EGF.  

Increasing concentrations of EGFRED-Fc ranging from 0.25 to 10 nM were injected in duplicate 

over 100 RU of Ecoil-EGF (A) or Kcoil-EGF (B) previously captured to biosensor surfaces via 

coiled-coil interactions.  
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Table 3.1 : Kinetic and thermodynamic parameters corresponding to the interactions of 

EGFRED-Fc with captured Ecoil-EGF and Kcoil-EGF shown in Figure 3.6. 

Parameters  Ecoil-EGF Kcoil-EGF 

kon (M
-1s-1) (0.745 ± 0.003) x 106 (1.19 ± 0.05) x 106 

koff (s
-1) (3.3 ± 0.3) x 10-5 (6.5 ± 0.4) x 10-5 

KD (pM) 44 ± 5 55 ± 7 

Values correspond to average value ± the standard deviation of two independent experiments. 

��

��

��

 Expression vectors coding for various versions of tagged EGF were thus generated 

using mature EGF cDNA. Two types of tags were also selected, based on their potential use for 

peptide or protein immobilization in the field of tissue engineering. Those correspond to i) de 

novo designed coils (Ecoil or Kcoil) (De Crescenzo et al. 2003a) since we already demonstrated 

that the E/K coiled-coil system is efficient for protein capture on three-dimensional surfaces (De 

Crescenzo et al. 2003b) and since functionalization of hydrogels with a similar peptide-based 

heterodimeric system had been recently reported (Willcox et al. 2005) and ii)  the Fc portion of 

immunoglobulin G (Ogiwara et al. 2005). For each version of tagged EGF, expression vectors 

were designed in order to allow efficient secretion. This was achieved by inserting cDNA coding 

for Interleukin-2 or Immunoglobulin G signal peptides upstream of the EGF cDNA (IL2SP and 

IgGSP, Figure 3.1). Our approach was validated as we found that both IL2SP and IgGSP 

efficiently promoted secretion of coil-tagged and Fc-tagged EGF chimera, respectively (Figure 
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3.2). After production (500-mL scale), EGF chimeras present in conditioned serum-free media 

were purified by a single affinity purification step (Figure 3.3), yielding 0.6 to 7.2 mg of highly 

pure tagged EGF per liter of medium. In the case of Fc-tagged EGF chimera, the capacity of Fc-

tagged protein to form covalent dimer (Coe et al. 2001) was also confirmed by Western blotting 

and Coomassie blue staining detection performed after SDS-PAGE in non-reducing and reducing 

conditions, respectively (Figures 3.2 and 3.3). 

 The bioactivity of each EGF fusion protein was then evaluated in an in vitro cell assay 

examining their ability, when in solution, to promote phosphorylation of EGF receptor present at 

the surface of A-431 cells. In vitro cell assay results unambiguously demonstrated that purified 

Ecoil-EGF was as active as our positive control (i.e. untagged commercially available EGF, 

Figure 3.4) as both untagged and Ecoil-tagged EGF were characterized by similar EC50 in that 

assay (4.3 and 5.5 nM, respectively). In contrast, Fc-EGF was not able to promote 

phosphorylation in the same assay. This finding is in excellent agreement with our SPR results 

indicating that captured Fc-EGF was not able to bind efficiently to EGF receptor ectodomain 

(Figure 3.5b) while EGF-Fc was (Figure 3.5a). The other tagged versions of EGF were all 

characterized by higher EC50 values than that of Ecoil-EGF (17 and 63 nM for EGF-Fc and 

Kcoil-EGF, respectively), indicating non-optimal bioactivity of the EGF portion of these fusion 

proteins (Figure 3.4). Thus, the type of tag (Ecoil, Kcoil or Fc) as well as its location within the 

chimera (N or C-terminal) has a strong influence on the bioactivity of the latter. Such a negative 

impact on bioactivity may be attributed to the high pI (10.36) of the Kcoil moiety that may 

interact non-specifically with cell-surface heparan sulphate proteoglycans, thus reducing its 

effective concentration in the medium. Neutralization of the Kcoil with free Ecoil prior to its 

addition to the cells should be performed to confirm this hypothesis.  
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 Finally, additional SPR experiments demonstrated the usefulness of the E/K coiled-coil 

system in tissue engineering for achieving optimal ligand tethering (Figure 3.6) as both Ecoil- 

and Kcoil-EGF, when captured to biosensor surfaces via coiled-coil interactions, were 

demonstrated to bind to the artificially dimerized extracellular domain of EGF receptor in a 

highly stable fashion (dissociation rates of 3.3 x 10-5 and 6.5 x 10-5 s-1, Table 3.1) with strong 

apparent affinities (KD of approx. 50 pM, Table 3.1). Of interest, a comparison of EGF receptor 

ectodomain interactions with oriented Kcoil-EGF (Figure 3.6a) to those with EGF-Fc (Figure 

3.5a) further highlights the benefit of an oriented capture approach of EGF. That is, even though 

higher molar amounts of EGF-Fc were immobilized for SPR experiments (3,900 RUs of 

immobilized EGF-Fc corresponds to 40 x 10-15 mol/mm2 while 100 RUs of Kcoil-EGF 

corresponds to 6 x 10-15 mol/mm2) and even though EGF-Fc was found to be more active in vitro 

(see above), injections of the EGF receptor moiety resulted in a higher accumulation and in the 

formation of a more stable EGF- receptor complex on the Kcoil-EGF surface (optimized capture) 

versus EGF-Fc surface (random coupling) (compare accumulation and stability in Figures 3.5a 

and 3.6a). 

In conclusion, the present study highly suggests that combining the Ecoil tag to an 

efficient mammalian expression system (transient gene expression in HEK293 cells cultured in 

serum-free medium) allows for the rapid production, purification and efficient capture of 

bioactive EGF that can be immobilized onto various Kcoil-supports. Furthermore, our strategy 

can be readily applied to other growth factors. In that respect, the use of the Ecoil tag would 

significantly ease the grafting of any growth factor since only one type of support preparation 

(e.g., Kcoil-functionalization) would be compatible with any Ecoil tagged protein. This concept 
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sharply contrasts with current approaches relying on direct chemical coupling, which is a trial-

and-error process dependent on the physiochemical properties of each individual protein. 
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CHAPITRE 4  LE FACTEUR DE CROISSANCE DE LÕƒPIDERME 

IMMOBILISƒ PAR LÕINT ERMƒDIAIRE DE LÕINTE RACTION 

COILED -COIL INDUIT LA PHOSP HORYLATION DES 

RƒCEPTEURS PRƒSENTS Ë LA SURFACE DES CELLULES 

 

 

4.1 PrŽsentation de lÕarticle  

 

 Cette section reprend lÕarticle intitulŽ "Epidermal growth factor tethered through 

coiled-coil interactions induces cell surface receptor phosphorylation"  qui a ŽtŽ publiŽ dans 

la revue Bioconjugate Chemistry en 2009 (Vol. 20, No. 8, p.1569-1577). 

 

 LÕimmobilisation orientŽe de la protŽine Ecoil-EGF via lÕinteraction coiled-coil nŽcessite 

la fixation prŽalable du coil K sur un support. Dans cet article, le greffage covalent du coil K et 

lÕimmobilisation orientŽe de la protŽine Ecoil-EGF via lÕinteraction coiled-coil ont pu •tre 

caractŽrisŽs par ellipsomŽtrie et mesures de lÕangle de contact. LÕefficacitŽ de la chimie utilisŽe a 

Žgalement ŽtŽ testŽe en utilisant un biocapteur dont le principe de dŽtection est basŽ sur la  

rŽsonance plasmonique de surface. Des essais cellulaires basŽs sur lÕutilisation de cellules 

Žpidermiques (A-431) ont permis de comparer notre stratŽgie de fixation de EGF ˆ des approches 

basŽes sur lÕutilisation de EGF en solution ou de EGF immobilisŽ de mani•re non orientŽe.  
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4.2.1 Abstract 

 

We have elaborated and validated a novel approach for the oriented tethering of proteins 

such as the epidermal growth factor (EGF) on aminated surfaces. The grafting reactions were 

optimized to generate dense and homogeneous EGF layer. Impact of EGF orientation on A-431 

cellular response was investigated. Our results demonstrate that, in sharp contrasts to responses 

obtained with soluble EGF supply or with randomly grafted EGF, oriented immobilization of 

EGF via a de novo-designed coiled-coil capture system lead to a sustained phosphorylation of A-

431 cell surface EGF receptors. Our results thus indicate that oriented protein immobilization via 

coiled-coil interactions is an efficient and versatile method to control tethering of bioactive 

molecules for future applications in the field of regenerative medicine and tissue engineering. 

 

4.2.2 Keywords 

 

EGF, E/K coiled-coil interactions, Surface characterization, Cell culture 

 

4.2.3 Introduction  

 

The development of new materials with potential to serve as two- and three-dimensional 

scaffolds for tissue engineering and regenerative medicine purposes has undergone rapid 

expansion (Little et al. 2008). Advances in surface chemistry, much of it propelled by plasma-

based polymer modification (Merrett et al. 2003; Vallieres et al. 2007) and chemical modification 
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methodologies (Nakajima et al. 2007; Vallieres et al. 2007) have opened interesting avenues for 

controlling protein binding as well as cell adhesion and differentiation (Lerouge et al. 2007). 

Another level of tailoring may also be added to this new class of materials by tethering specific 

macromolecules including peptides (Hadjizadeh et al. 2007) or proteins (Kuhl and Griffith-Cima 

1996) in order to synergistically enhance material intrinsic properties.  

In that endeavour, immobilization of the epidermal growth factor (EGF) has already been 

reported (Elloumi et al. 2006; Fan et al. 2007; Ichinose et al. 2006; Klenkler et al. 2005; Kuhl and 

Griffith-Cima 1996; Ogiwara et al. 2005; Ogiwara et al. 2006; Stefonek and Masters 2007). EGF 

is known to promote the oligomerization and activation of EGF receptors (EGFR) present at the 

cell surface (Ogiso et al. 2002) which ultimately leads in a broad spectrum of phenotypic 

responses such as the proliferation and differentiation of many cell types, including epithelial and 

mesenchymal cells. The role of soluble EGF in neovascularization and chemotaxis in wound 

healing processes has also been documented (Barrientos et al. 2008). Recently, EGF has also 

been proposed as a promising candidate for ex vivo expansion of mesenchymal stem cells as well 

as neuronal stem cells, two attractive cell sources for tissue engineering applications (Fan et al. 

2007; Nakaji-Hirabayashi et al. 2009). Of interest, EGF immobilization has been demonstrated to 

enhance EGF mitogenic effect on CHO cells when compared to its soluble form (Chen et al. 

1997). On the same note, tethered EGF gradient surfaces were also shown to induce accelerated 

and polarized migration of keratinocytes, a key issue in wound closure mechanism (Stefonek and 

Masters 2007).  

The most frequent method for tethering human or murine EGF on solid supports relies on 

covalent immobilization through the reactive amine groups present at the EGF N-terminus or on 

its lysine side-chain (at position 28 and 48 for human EGF, no lysine in murine EGF) or by 
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photoimmobilization. Although unambiguous effects on cell growth and phenotype have been 

reported with these approaches, it is likely that these immobilization methods are not efficiently 

transposable to growth factors harboring multiple lysine residues. That is, random amine 

coupling may not be optimal since it may negatively impact protein internal conformation, 

relative molecular orientation and spatial homogeneity, leading to diminished or even totally 

abrogated bioactivity (Kuhl and Griffith-Cima 1996). These concerns have led to the 

development of alternative strategies for oriented tethering of proteins on various substrates 

(Nakaji-Hirabayashi et al. 2007; Ogiwara et al. 2005). For EGF, most of them rely on the design 

of an EGF fusion protein comprising the Fc region of immunoglobulin G (IgG) or a His tag for 

their capture onto solid supports that have been previously functionalized with Protein A/G or 

nitrilotriacetate (NTA), respectively (Nakaji-Hirabayashi et al. 2009; Ogiwara et al. 2005). The 

use of a hydrophobic tag has also been reported for EGF immobilization on hydrophobic supports 

(Elloumi et al. 2006). 

In a previous study (Boucher et al. 2008), we have highlighted the potential of a new 

capture system based on de novo-designed peptides, i.e., the E and K coils (Chao et al. 1996; De 

Crescenzo et al. 2003a). These two distinct and unstructured 35 amino acid-long peptides form a 

stable heterodimeric E/K coiled-coil complex upon binding (De Crescenzo et al. 2003a). This 

coiled-coil system was demonstrated to be efficient for the stable and oriented capture of coil 

tagged proteins (De Crescenzo et al. 2003a), including fully-bioactive N-terminally coil-tagged 

EGF that had been produced in mammalian cells (Boucher et al. 2008) or in bacteria (Le et al. 

2009). 

The aim of this work was to further investigate the extend to which coiled-coil oriented 

immobilization of EGF would promote EGFR activation and, in turn, modulate cell response. 
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Silicon surfaces with native oxide overlayer (Si/SiO2) harboring primary amines through 3-

aminopropyltriethoxysilane (APTES) functionalization, were used to characterize and optimize 

the oriented covalent immobilization of Kcoil peptides and the subsequent capture of Ecoil-

tagged EGF proteins (Ecoil-EGF). Dry thickness and water contact angle measurements were 

achieved to evaluate the amount of end-grafted molecules and the macroscopic homogeneity of 

the grafted layer, respectively. The optimized experimental conditions were then applied to cell 

culture-compatible amino-coated glass surfaces. Our study was then complemented by culturing 

A-431 cells on these Ecoil-EGF derivatized surfaces. This cell line was selected as a model 

system since A-431 response to EGF is well documented. Our in vitro cellular assays 

demonstrated that oriented EGF immobilization lead to a strong and sustained EGFR 

autophosphorylation as compared to that observed with randomly immobilized or soluble EGF. 

Altogether, our results demonstrated that the E/K coiled-coil system is an interesting alternative 

for the oriented immobilization of EGF, and by extension, of any growth factor, for future 

applications in the fields of tissue engineering and regenerative medicine. 

 

4.2.4 Materials and Methods 

 

4.2.4.1 Chemicals and Reagents 

 

Native silicon wafers (Prime Si P/Boron) were obtained from University Wafer (South 

Boston, MA), and amino-coated glass slides (10 x 10 mm) were from Erie Scientific Co. 

(Portsmouth, NH). Anhydrous 3-aminopropyltriethoxysilane (APTES, 99% purity), 
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ethylenediamine, cysteine (99+% purity), glutaric anhydride (95% purity) and sodium chloride 

(99.99% purity) were purchased from Sigma-Aldrich Canada Ltd. (Oakville, ON). Succinimidyl 

6-[30-(2-pyridyldithio)-propionamido]hexanoate (LC-SPDP, 95+% purity) was obtained from 

Pierce Biotechnology, Inc. (Rockford, IL). Hydrogen peroxide (30% v/v), chlorhydric acid (37% 

v/v), chloroform (99.8% purity), sulfuric acid (98% purity), dimethylsulfoxide (DMSO, 99+% 

purity) and toluene (99.5% purity) were purchased from VWR International Inc (Mont-Royal, 

Qc). All solvents were distilled under strict anhydrous conditions prior to use. MilliQ quality 

water (18.2 M$ .cm; total organic compounds (TOC) = 4 ppb) was generated with a Millipore 

Gradient A 10 purification system. Cysteine-tagged Kcoil peptides were synthesized as 

previously described (De Crescenzo et al. 2003a). Untagged human EGF was purchased from 

R&D Systems (Minneapolis, MN). All the surface plasmon resonance (SPR) experiments were 

performed using a Biacore 3000 instrument (GE Healthcare, Baie dÕUrfe, Qc). CM4 sensor chips 

and the amine coupling kit containing N-hydroxysuccinimide (NHS), ethyl-NÕ-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC), ethanolamine, were also purchased 

from GE Healthcare. 

 

4.2.4.2 Cell Culture 

 

A human embryonic kidney (HEK) 293 cell line stably expressing EBNA1 (293-6E) was 

maintained in shake flasks (110 rpm) in F17 medium (Invitrogen, Burlington, ON) supplemented 

with glutamine (4 mM), geneticin (25 #g/mL) and pluronic acid (0.1%) in a humidified incubator 

at 37¡C with 5% CO2. The A-431 cells were maintained in 175 cm2 flasks in Dulbecco's modified 
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Eagle's medium (GIBCO/BRL, Burlington, ON) supplemented with 10% Foetal Bovine Serum 

(Invitrogen, Burlington, ON) in 5% CO2 incubator until 85-90% confluence. 

 

4.2.4.3 E/Kcoil -EGF Production 

 

As previously described (Boucher et al. 2008), Ecoil- and Kcoil-EGF were produced in 

HEK 293-6E cells and purified by immobilized metal ion affinity chromatography (IMAC). 

Protein concentration was determined by Bradford method and analysed by SDS-PAGE. Purified 

Ecoil-EGF was then stored at -80¡C until use. Note that the bioactivity of Ecoil-EGF was assayed 

in solution as described in (Boucher et al. 2008) and was found to be equal to that of untagged 

EGF. 

 

4.2.4.4 Surface Preparation 

 

All glassware was carefully cleaned by overnight immersion in a bath of KOH-saturated 

isopropyl alcohol followed by intensive rinsing with MilliQ water. Glassware was dried in a 

clean oven at 120 ¡C under atmospheric pressure. Prior to layers grafting, silicon and amino-

coated glass surfaces were washed to remove any adsorbed organic compounds. The silicon 

surfaces (10 x 10 mm) were cleaned according to the Piranha procedure, i.e. the surfaces were 

immersed in a 3:1 mixture of sulfuric acid and hydrogen peroxide for 10 min at 100¡C. After 

intensive rinsing with MilliQ water, the surfaces were dried in air at room temperature and then 

introduced in a dried Schlenk. To ensure anhydrous conditions, two cycles of vacuum/dry argon 
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Figure 4.1 : Schematic illustration of the chemical grafting procedure.  

End-grafting of APTES on silicon surfaces was followed by chemical immobilization of 

cysteine-tagged Kcoil peptides on APTES-coated surfaces using LC-SPDP as linker. 
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were performed in the Schlenk. The amino-coated glass surfaces (10 x 10 mm) were cleaned in 

an ultrasonic bath for 1 min in distilled chloroform and then dried in air at room temperature. 

 

4.2.4.5 Grafting Procedures 

 

APTES Grafting on Silicon Surfaces. APTES layers were generated on silicon surfaces 

using a silanization procedure as previously reported (Liberelle et al. 2008). Briefly, APTES was 

first dissolved in anhydrous toluene at a concentration of 10 mM. The solution was injected 

through a 0.2 #m PTFE filter in dry Schlenk tubes each containing one silicon surface. After a 

reaction time of 3 h at room temperature, the surfaces were taken out from the Schlenk tubes, 

dried in air for 1 min, and placed in an oven at 120 ¡C for 1.5 h. Then, the surfaces were rinsed 

by soaking them in freshly distilled toluene for 5 min. 

Kcoil Peptides Grafting on APTES-coated Silicon and Glass Surfaces. Kcoil peptides 

were immobilized onto APTES-coated surfaces via LC-SPDP linker (Ichinose et al. 2006). The 

surfaces were covered with 150 mL of 2 mM LC-SPDP in 100 mM phosphate buffer (10% 

DMSO) for 2 h at room temperature. The surfaces were rinsed by soaking them in MilliQ water 

for 5 min. Then, the thiol-reactive surfaces were covered with 150 mL of 10 mM cysteine-tagged 

Kcoil peptides (5 heptad repeats (De Crescenzo et al. 2003a)) in 10 mM phosphate buffer for 2 h 

at room temperature. The surfaces were finally rinsed by soaking them in 10 mM phosphate 

buffer (pH 7.4) and in MilliQ water. Unreacted LC-SPDP sites were blocked using 150 mL of 50 

mM cysteine solution (1M NaCl in 0.1 M sodium acetate, pH 4.0) followed by rinsing with 

MilliQ water. 
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Ecoil-EGF Grafting and Degrafting. To immobilize the Ecoil-EGF on covalently 

attached Kcoil peptides, the Kcoil-grafted surfaces were covered with 150 mL of 600 nM Ecoil-

EGF for 2 h at room temperature. The surfaces were finally rinsed by soaking them in 10 mM 

phosphate buffer (pH 7.4) and MilliQ water for 5 min. The detachment of the coil-tagged EGF 

from the surface was performed by soaking the surfaces in a 5M guanidium hydrochloride 

solution, followed by rinses in 10 mM phosphate buffer (pH 7.4) and MilliQ water for 5 min 

each. 

Non-Oriented EGF Grafting. Untagged EGF was covalently grafted onto APTES-coated 

surfaces using disuccinimide glutarate (DSG) as linker. A glutaric acid solution was prepared by 

dissolving glutaric anhydride in 10 mM phosphate buffer (pH 7.4) to reach a final concentration 

of 0.1 mM. Reactive DSG molecules were obtained by mixing 200 #L of 200 mM EDC and 200 

#L of 50 mM NHS in 2 mL of the glutaric acid solution. 150 #L of the freshly prepared reactive 

DSG solution was then deposited on the APTES-coated surfaces for 45 min at room temperature. 

The surfaces were rinsed in MilliQ water for 5 min, dried in air, and were reacted with 150 mL of 

600 nM untagged EGF in MilliQ water (pH 5.5) for 2 h at room temperature. 

 

4.2.4.6 SPR assays 

 

SPR experiments were conducted at 25¡C using HBS-T (10 mM HEPES pH 7.4, 150 mM 

NaCl, 3.4 mM EDTA, 0.05% Tween 20) as running buffer. 

 Kcoil Immobilization on Sensorchip. All the steps of the immobilization procedure were 

carried out at a flow rate of 5 mL/min. The carboxylic groups of CM4 sensorchips were activated 

by the injection of 50 mL of a mixture containing 0.05 M NHS and 0.2 M EDC. The NHS ester 
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groups were reacted with 50 mL of 1M ethylenediamine to introduce amino groups on the 

sensorchip surface (thus mimicking amino-coated glass surfaces). Remaining reactive NHS ester 

groups were blocked by injecting ethanolamine (50 mL of 1M ethanolamine). The amino groups 

were reacted with LC-SPDP (50 mL of 2 mM in 100 mM phosphate buffer, 10% DMSO) to end-

graft cysteine-tagged Kcoil (30 mL of 10 mM Kcoil in 100 mM phosphate buffer). Finally, 

freshly prepared cysteine solution (150 mL of 50 mM cysteine in 0.1 M sodium acetate, 1M 

NaCl, pH 4.0) was injected to block any unreacted LC-SPDP sites.  

E/Kcoil-EGF Immobilization. Ecoil-EGF proteins were injected 3 times at 10 nM, 100 

nM and 500 nM for 2 min at a flow rate of 10 #L/min. Regeneration of the sensorchip (i.e. 

removal of Ecoil-EGF) was accomplished by 2 pulses of guanidium hydrochloride (50 #L, 100 

#l/min, 5M). Finally, 100 nM Kcoil-EGF was injected for 2 min at 10 #L/min (control).  

 

4.2.4.7 Contact Angle Measurements 

 

Contact angle measurements were performed using a FTA200 Dynamic Contact Angle 

Analyzer (First Ten Angstrom Inc., Portsmouth, VA). All measurements were carried out in 

equilibrium static mode using MilliQ quality water as the probe liquid. Equilibrium contact 

angles q correspond to the mean values of measurements performed at three different locations 

on at least two different surfaces. Data analysis was performed using the FTA32 Video software. 
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4.2.4.8 Ellipsometric Measurements 

 

Thickness measurements on silicon surfaces were performed with an automatic M2000 

ellipsometer (J.A. Woollam Co. Inc., Lincoln, NE). Data were acquired in the wavelength range 

of 245Ð1650 nm. All measurements were carried out at an angle of incidence of 75¡, with air as 

the ambient medium, at room temperature and at a normal relative humidity (ca 50%). The 

assumed refractive index of the grafted films was n = 1.465 (Wettero et al. 2002). Effective 

thickness was computed as the difference between the thickness of modified and unmodified 

surface. Three measurements were taken on each surface and repeated for at least two samples to 

obtain average values. 

 

4.2.4.9 Immobilized EGF quantification 

 

MicroBCA protein assay kit (Pierce Biotechnology Inc, Rockford, IL) was used to 

determine the EGF surface density by comparing the EGF concentration in the solution before 

and after immobilisation. The microBCA reaction mixture (50 mL) was added to protein solution 

(50 µL) in a 96-well plate. Absorbance was measured using a Victor v3TM spectrophotometer 

(562 nm, Perkin-Elmer, Woodbridge, ON) after a 2 h incubation at 37¡C. Bovine serum albumin 

was used as standard. 
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4.2.4.10 Stimulation of A-431 Cells 

 

EGF is known to induce a rapid tyrosine phosphorylation of EGF receptor present at the 

A-431 cell surface (Hunter and Cooper 1981). To test physiological activity of immobilized EGF, 

five hours before experiment, A-431 cells were washed with DMEM medium without serum. 

Cells were then trypsinized for 5 min at 37¡C, washed by centrifugation and resuspended in 

DMEM. A-431 cells were distributed in 24-well plates containing one glass surface at 0.3 x 106 

cells/mL, 1 mL/well and kept at 37¡C in a 5% CO2 incubator. Five hours after inoculation, Ecoil-

EGF was added at 4 nM in the wells corresponding to unmodified glass surfaces (control). This 

soluble Ecoil-EGF concentration was selected since we previously demonstrated that the EC50 

related to the phosphorylation of A-431 cell surface EGFR by soluble untagged and Ecoil-tagged 

EGF was close to 4 nM (Boucher et al. 2008). 

Adhesion assays. Medium was removed 5 h after inoculation and immobilized cells were 

washed 3 times with DMEM (serum-free). Cells were observed using inverted microscope 

Axiovert S100TV (Carl Zeiss Canada, North York, ON). Images were processed with a QICAM 

Fast 1394 camera (QImaging) and cell count was operated using Northern Eclipse image 

acquisition software (Empix imaging).  

 

4.2.4.11 Phosphorylation Assays by Western Blot 

 

DMEM medium was removed and A-431 cells were washed three times with PBS 

supplemented with sodium-orthovanadate (1mM, Sigma) and extracted with lysis buffer (50 mM 

HEPES pH 7.4), 150 mM NaCl, 1% Thesit, 0.5% Na Deoxycholate, CompleteTM protease 



 

 

108 

inhibitor cocktails (Roche, Laval, QC)) supplemented with 0.1 mM Na3VO4, 20 mM #-

glycerophosphate, 10 mM Na4P2O7.10 H2O and 0.5 #M microcystin) 5 min, 2h, 3h and 4h after 

inoculation for wells corresponding to unmodified glass surfaces and 2h, 3h, 4h and 5h for wells 

corresponding to EGF-functionalized surfaces. Insoluble material was removed by centrifugation 

at 10,000 x g for 5 min at 4¡C. Western blotting experiments were then performed as previously 

described (Boucher et al. 2008). Briefly, samples were mixed with 4X NuPAGE sample buffer 

(Invitrogen) containing 50 mM DTT and heated to 70¡C for 10 min. Electrophoresis was 

performed at 200 volts and proteins transferred to nitrocellulose membranes (Schleicher & 

Schuell) for 1 h at 300 mA. Membrane were incubated in blocking reagent (Roche Diagnostics, 

Indianapolis, IN), and then probed with phosphotyrosine (PY99) (Santacruz, CA) for 1 h. 

Detection was performed using BM Chemiluminescence Blotting Substrate (Roche Diagnostics) 

with a Kodak Digital Science Image Station 440cf equipped with Kodak Digital Science 1D 

image analysis software version 3.0 (Eastman Kodak, NY). 

 

4.2.4.12 Statistical analysis 

 

Values are given as mean value ± standard deviation. Statistical analysis was performed 

by independent two-sample t-test with equal variances. Value of P<0.05 and P<0.001 was 

considered to be statistically significant and are identified by * and **, respectively. 
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4.2.5 Results 

 

4.2.5.1 Immobilization of EGF on surfaces 

 

Silicon substrates with native oxide overlayer (Si/SiO2), whose surface chemistry is 

comparable to that of glass, were used to optimize the grafting reactions since high optical 

contrast at the Si/SiO2 interface improved the sensitivity of ellipsometric thickness and contact 

angle measurements. Once optimized on silicon wafers, the experimental conditions for the 

grafting reactions were then applied to commercially available amino-coated glass surfaces.  

Our oriented EGF immobilization strategy consisted in end-grafting cysteine-tagged 

Kcoil peptides on APTES-coated surfaces using a LC-SPDP linker (Figure 4.1). Ecoil-EGF 

proteins were then captured to the Kcoil-modified surface via reversible coiled-coil interaction 

(Boucher et al. 2008). 

The APTES, LC-SPDP, and Kcoil layers that were successively grafted on silicon 

surfaces were each characterized using ellipsometric and contact angle measurements as reported 

in Figure 4.2. APTES was self-assembled in solution under strict anhydrous conditions to avoid 

cross-polymerization of the ethoxysilane groups that might have lead to surface heterogeneities 

and multilayer formation. APTES-deposited layers were heated to promote condensation 

reactions with the surface and crosslinking of monolayer film. Grafted APTES layers appeared 

thin and homogeneous with an ellipsometric thickness of 0.9 ± 0.1 nm and a water contact angle 

of 50 ± 2¡ (Figure 4.2, condition a). The bifunctional LC-SPDP linker was then grafted onto the 

surface via a chemical reaction between its amine-reactive N-hydroxysuccinimide ester and the 
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Figure 4.2 : Characterization of the (a) APTES, (b) LC-SPDP, and Cysteine-tagged Kcoil 

layers grafted on silicon surfaces. 

The dark and the light grey bars correspond to dry thickness and contact angle measurements, 

respectively. The cysteine-tagged Kcoil peptides were reacted on LC-SPDP-coated surfaces at (c) 

pH 3.0, (d) pH 4.5, (e) pH 5.5, (f) pH 7.4, and (g) pH 8.5. As a comparison, the characterization 

of Kcoil incubation on APTES-coated surfaces (without LC-SPDP addition), at pH 7.4 is also 

presented (h). The reference was set as (0 nm, 0¡) for a cleaned silicon surface. The successive 

grafting reactions were performed as described in the ÒMaterials and MethodsÓ section. 
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free amino groups of APTES to form a stable amide bond. The resulting films displayed a 

thickness of 1.2 ± 0.1 nm and a water contact angle of 61 ± 1¡ (Figure 4.2, condition b). The 

other extremity of the LC-SPDP linking agent was terminated in a pyridyl disulfide group that 

was reacted with thiol groups of cysteine-tagged Kcoil peptides to form a disulfide bond. In order 

to maximize the Kcoil grafting density, the influence of the pH of the reaction (from 3.0 to 8.5) 

was studied (Figure 4.2, conditions c to g). Maximal dry thickness and contact angle values were 

obtained for Kcoil peptides reacted at pH 7.4 (Figure 4.2). Of interest, when the same reaction 

was performed in the absence of LC-SPDP linker, a minor variation of the surface characteristics 

was observed when compared to the APTES layer (+ 0.1 nm and +1¡ for dry thickness and 

contact angle measurements, respectively, Figure 4.2, compare conditions a and h). This strongly 

suggested that non-specific adsorption of Kcoil peptides on the surface was negligible.  

After Kcoil grafting, cysteine was used to block the unreacted pyridyl disulfide group of 

LC-SPDP in order to prevent the attachment of undesired molecules containing thiol groups. No 

significant changes in the thickness and the water contact angle were observed after cysteine-

mediated LC-SPDP deactivation (Figure 4.2, compare conditions b and f with Figure 4.3, 

conditions e and a, respectively). Kcoil-functionalized surfaces were shown to be able to recruit 

Ecoil-EGF (Figure 4.3). The resulting film was characterized by a net thickness increase of 0.8 

nm and a water contact angle of 61¡. The reversibility of the E-K coiled-coil interaction was 

demonstrated by washing bound Ecoil-EGF with 5M guanidium hydrochloride. This lead to total 

thickness and contact angle measurements varying from 3.7 nm and 61¡ to 3.2 nm and 68¡, 

respectively (Figure 4.3 conditions b and c). The high specificity of Ecoil-EGF binding to Kcoil 

surfaces was also demonstrated since Kcoil-EGF addition onto Kcoil-functionalized surfaces did  

 



 

 

112 

 

 

 

Figure 4.3 : Sequential grafting of Ecoil-EGF via coiled-coil interactions. 

The dark and the light grey bars correspond to dry thickness and contact angle measurements, 

respectively. (a) APTES + LC-SPDP + Kcoil + Cysteine, pH 7.4, (b) Ecoil-EGF capture on (a), 

(c) Ecoil-EGF removal after capture (as in b) with guanidium hydrochloride (5M). In contrast to 

Ecoil-EGF, (d) Kcoil-EGF does not bind to Kcoil-functionalized surface (a). As negative 

controls, the deposition of (f) cysteine-tagged Kcoil peptides, and (g) Ecoil-EGF proteins on (e) 

LC-SPDP layers that had been blocked by cysteine are reported. The reference was set as (0 nm, 

0¡) for a cleaned silicon wafer surface. The successive grafting reactions were performed as 

described in the ÒMaterials and MethodsÓ section. 
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Figure 4.4 : Control -corrected sensograms corresponding to Ecoil-EGF capture via E/K 

coiled-coil interactions by SPR. 

Kcoil peptides were immobilized on CM4 sensorchips using the same chemistry strategy (i.e. 

LC-SPDP as linkers) as for silicon wafers and glass surfaces. Ecoil-EGF was then injected three 

times at 10 nM (A), 100 nM (B) and 500 nM (C). After surface regeneration with 2 pulses of 

guanidium hydrochloride (D1,2), 100 nM Kcoil-EGF were injected (E). 
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not lead to any thickness or contact angle variations (Figure 4.3, condition d). Finally, cysteine-

tagged Kcoil or Ecoil-EGF were incubated on LC-SPDP layers previously blocked by cysteine 

molecules, as reported in Figure 4.3 (conditions f and g). In both cases, thickness and contact 

angle values were similar to those measured prior each incubation (Figure 4.3, condition e), once 

again demonstrating that non-specific adsorption was negligible. 

The efficiency of the grafting procedure was also evaluated by using a Surface Plasmon 

Resonance instrument (Figure 4.4). In order to further demonstrate the adequacy of our chemical 

strategy, carboxymethylated dextran sensorchip surfaces (CM4) were first chemically modified to 

present amine groups at their surface (hence mimicking amine groups present on our glass 

surfaces). Cysteine-tagged Kcoil was covalently immobilized (950 arbitrary Resonance Units, 

RUs) on these surfaces using LC-SPDP linker. After Kcoil oriented covalent coupling, Ecoil-

EGF was then injected three times (10 nM, 100 nM and 500 nM) on Kcoil-functionalized and 

mock (no immobilized Kcoil on amines) surfaces. This resulted in the net accumulation of 90, 

420 and 870 RUs of proteins, respectively. As expected, SPR experiments also demonstrated that 

the Ecoil-EGF/Kcoil complexes were stable as almost no dissociation occurred during each 

buffer injection following each Ecoil-EGF injection. The kinetic profile corresponding to the first 

Ecoil-EGF injection was found comparable to that already observed when the Kcoil had been 

covalently coupled using standard thiol-coupling chemistry (Boucher et al. 2008). After Ecoil-

EGF dissociation (promoted by injections of guanidium hydrochloride) no Kcoil-EGF binding 

was observed. This absence of interaction between Kcoil and Kcoil -EGF cannot be attributed to 

any damage to surface-bound Kcoil by guanidium hydrochloride since we already demonstrated 

that guanidium hydrochloride promoted E/K coiled-coil dissociation without affecting surface-
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bound Kcoil capacity to subsequently recruit Ecoil-tagged proteins (Boucher et al. 2008). This 

once again confirmed the high specificity of the E/K coiled-coil interaction (Figure 4.4). 

Altogether, these results unambiguously demonstrated that Ecoil-EGF had been immobilized on 

APTES-coated surface via stable and specific E/K coiled-coil interactions. 

In order to further validate our coiled-coil-based strategy and to compare its efficiency to 

that of random coupling procedures, EGF proteins were also immobilized on APTES-coated 

silicon surfaces using disuccinimide glutarate (DSG) as linker. This lead to thickness and contact 

angle measurements varying from 1.0 ± 0.1 nm and 30 ± 2¡ (after DSG treatment) to 3.0 ± 0.1 

nm and 55 ± 2¡ (after EGF coupling). 

 

4.2.5.2 Quantification of immobilized EGF 

 

600 nM of Ecoil-EGF were incubated on a Kcoil-coated silicon wafer surface, resulting in 

the stable capture of 115 ± 8 pmol/cm2 of Ecoil-EGF (surface density was quantified in a 

MicroBCA assay). This surface density is at least two times higher than what previously reported 

with other protocols for oriented EGF immobilization (Nakaji-Hirabayashi et al. 2007; Ogiwara 

et al. 2005). Combined to dry protein thickness measurements, we then estimated the variation of 

Ecoil-EGF surface density induced by varying Ecoil-EGF concentration during incubation 

(Figure 4.5). Assuming that the Ecoil-EGF/Kcoil interaction followed a Langmuirian isotherm, 

an apparent thermodynamic dissociation constant (KD) of 13 nM was determined for the Ecoil-

EGF/Kcoil interaction (Figure 4.5). In parallel, covalent coupling of untagged EGF was 

performed on APTES-coated silicon wafer surface using DSG as linker. This resulted in the 

covalent capture of 330 ± 87 pmol/cm2 of untagged EGF.  
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Figure 4.5 : Variation of captured Ecoil-EGF density with Ecoil-EGF concentration during 

incubation. 

Various concentrations of Ecoil-EGF ranging from 0,6 to 600 nM were incubated on Kcoil-

coated silicon wafer surfaces, as described in the ÒMaterials and MethodsÓ section, before dry 

thickness measurements. Surface density (pmol/cm2) was deduced from the maximum Ecoil-EGF 

value determined using MicroBCA assay (see text for details). Each black dot corresponds to 

values obtained for 3 independent measurements while the dotted line corresponds to data fitting 

using a simple Langmuirian isotherm (KD = 13 nM). 
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Figure 4.6 : Phosphorylation of A-431 cell surface EGF receptors. 

The phosphorylation of EGF receptors on A-431 cells was monitored at different times by 

Western blot (A) on native surface, random immobilized EGF and oriented immobilized Ecoil-

EGF (same membrane), (B) on immobilized Ecoil peptide and (C) on native surfaces with 

soluble Ecoil-EGF. The 180 kDa band immunoreactive to anti-pTyr antibody (corresponding to 

EGFR) was captured using a Kodak 440cf imager. 

 

 

 

 



 

 

118 

4.2.5.3 EGF receptor phosphorylation assays 

 

EGF mediates its biological effects by binding to EGF receptors (EGFR). Ligand/receptor 

complex formation leads to cell surface receptor tyrosine autophosphorylation (Schlessinger 

2002). Levels of EGFR phosphorylation were assayed for A-431 cells, at different times, by 

Western Blot analysis. Results corresponding to cells that had been grown on different Kcoil-

coated surfaces or on native glass surfaces are presented in Figure 4.6. As expected, no 

phosphorylation of EGFR was observed for native surfaces or for Kcoil-functionalized surfaces 

to which Ecoil peptide had been captured (Figure 4.6). Of salient interest, we observed that Ecoil-

EGF, when immobilized via coiled-coil interactions, induced a sustained phosphorylation of 

EGFR for at least 5h (Figure 4.6). This observation sharply contrasted with EGFR 

phosphorylation induced by soluble Ecoil-EGF (autophosphorylation was not detectable after 3 

hours, Figure 4.6). The influence of EGF orientation, i.e. random versus coiled-coil-oriented, on 

EGFR phosphorylation was also demonstrated (Figure 4.6) since EGFR phosphorylation was 

more intense with coiled-coil oriented EGF compared to randomly coupled EGF.  

 

4.2.5.4 In vitro  adhesion assays 

 

 The effect of immobilized EGF on A-431 cell adhesion was also assayed. A-431 cells 

were incubated on native or Kcoil-coated surfaces (in the presence or absence of soluble EGF), 

on Ecoil peptides or Ecoil-EGF that had been tethered on Kcoil-coated surfaces and on 

covalently immobilized EGF surfaces (random immobilization; Figure 4.7). An increase of the  
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Figure 4.7 : Images of attached cells after 5 hours of incubation for adhesion assays. 

A-431 cells were incubated during 5 hours on glass surfaces harbouring (a) native amino groups, 

or coated with (b) grafted Kcoil peptide layer, (c) Ecoil peptides bound to grafted Kcoil peptide 

layer, (d) Ecoil-EGF bound to grafted Kcoil peptide layer, (e) randomly immobilized EGF layer, 

and (f) native amino groups with an injection of soluble Ecoil-EGF (4 nM). Differences were 

significant for p < 0.05 (*) and p < 0.001 (**).  
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cell adhesion (+ ca 65%) was observed for coiled-coil immobilized Ecoil-EGF whereas a lower 

increase was observed in presence of soluble Ecoil-EGF (+ ca 35%). In contrast, no significant 

differences with negative control were observed for surfaces harboring randomly immobilized 

EGF (Figure 4.7). These results demonstrate that modified glass surfaces on which Ecoil-EGF 

had been immobilized via coiled-coil interactions promoted initial A-431 cell adhesion. 

 

4.2.6 Discussion 

 

The development of biocompatible surfaces to promote and sustain tissue regeneration 

presents a great interest for many biomedical applications, including the promotion of the wound 

healing processes around stent grafts after endovascular aneurysm repair (Lerouge et al. 2007) or 

the attachment of epithelial cells to polymeric corneal devices (Klenkler et al. 2005). 

Immobilization of specific proteins, such as growth factors, is now acknowledged to improve the 

potential of these engineered surfaces in stimulating the recruitment of cells, their adhesion and 

proliferation (Hadjizadeh et al. 2007; Ichinose et al. 2006; Nakaji-Hirabayashi et al. 2007; 

Ogiwara et al. 2005). In that context, we have developed a versatile and cell culture-compatible 

strategy for the oriented immobilization of proteins on surfaces harboring primary amine 

functionalities. Our experimental approach takes advantage of a de novo-designed 

heterodimerizing peptide system composed of the Ecoil and Kcoil pair. This grafting system has 

already been used as a tool for different biotechnology applications such as protein capture on 

biosensor surfaces (De Crescenzo et al. 2003b), controlled protein dimerization (De Crescenzo et 

al. 2004; Nakaji-Hirabayashi et al. 2009) or virus targeting (Le et al. 2009). For the first time, we 

here make the proof of concept that the E/K coiled-coil system can be used for protein capture, 
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aiming at enhancing material properties with the ultimate goal of developing tailored materials 

for tissue engineering and regenerative medicine applications. 

In that effort, we first optimized Kcoil covalent and oriented immobilization on APTES-

functionalized silicon wafers and characterized using dry thickness and water contact angle 

measurements. Low standard deviations in the measurements indicates that the successive grafted 

layers are homogeneous and that our protocols highly reproducible (Figure 4.2). Non-specific 

adsorption on Kcoil-functionalized surfaces was negligible (Figure 4.2 and 4.3). Therefore, as 

previously described (De Crescenzo et al. 2003a), the protein immobilization via E/K coiled-coil 

interactions is highly specific, mostly due to the importance of both ionic and hydrophobic 

interactions during E/K coiled-coil complex formation. Furthermore, additional SPR experiments 

on sensorchips mimicking the functionalities displayed on our surfaces, unambiguously 

demonstrates that covalently immobilized Kcoil is able to recruit Ecoil-EGF in a highly stable 

fashion (Figure 4.4), once again, in excellent agreement with previous studies in which we 

applied a different Kcoil coupling chemistry (Tripet et al. 2002; Tripet et al. 1996). 

Our optimized grafting conditions were then successfully applied to glass surfaces for cell 

culture. The amount of immobilized EGF was quantified for surfaces supporting the highest EGF 

grafting density, i.e. 115 and 330 pmol/cm2 for the coiled-coil oriented capture and non-oriented 

covalent immobilization, respectively. Dry thicknesses of EGF layers for the corresponding 

surfaces were of 0.7 and 2.0 nm as measured on silicon wafers (Figure 4.3), thus supporting that 

dry thickness is directly related to the amount of immobilized EGF (Liberelle and Giasson 2007). 

Ellipsometric measurements were performed on Kcoil-grafted silicon wafers in order to evaluate 

the influence of soluble Ecoil-EGF concentration upon EGF surface density during the grafting 

process (Figure 4.5). Our results underline that varying the concentration of added soluble Ecoil-
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EGF allows for the controllable modulation of EGF density on Kcoil-derivatized surfaces. The 

apparent thermodynamic dissociation constant (KD) between grafted Kcoil peptides and Ecoil-

tagged EGF proteins was in the low nanomolar range, in good agreement with previously 

reported KD (De Crescenzo et al. 2003b). 

In order to evaluate the full potential of our grafting strategy, in vitro cellular assays were 

performed with A-431 cell line. Of interest, after 5 hours of incubation with A-431 cells, we 

noticed an increase of ca 10%, 20% and 65% for A-431 cell adhesion for surfaces derivatized 

with Kcoil alone, Kcoil/Ecoil complexes and Kcoil/Ecoil-EGF, respectively. In contrast, no 

increase in cell adhesion was observed for randomly grafted EGF (Figure 4.7), more likely due to 

the loss of EGF bioactivity that may have resulted from the random coupling procedure and the 

absence of linker, as already reported by Kuhl and colleagues (Kuhl and Griffith-Cima 1996). 

Altogether, our results suggest that our immobilization strategy per se has a positive effect on cell 

attachment, a desirable property in tissue engineering. Our results are also in excellent 

agreements with previous observations by Ogiwara et al. that cultivated 3T3 cells and A-431 cells 

on surfaces where i) bioactive EGF fused to the Fc region of an antibody (EGF-Fc) had been 

photo-immobilized (Ogiwara et al. 2005) and ii)  EGF had been chemically immobilized via an 

engineered p-azido phenylalanine at its C-terminus, respectively (Ogiwara et al. 2006). More 

specifically, in both studies, cell adhesion was observed to moderately increase with soluble EGF 

supply (when compared to negative control) while immobilized EGF surfaces were shown to 

further increase cell adhesion in an integrin-independent fashion. Of interest, the authors noticed 

differences in A-431 cell phenotype whether EGF receptors were activated with soluble or 

tethered EGFs. Cells adhering to tethered EGF were characterized by filipodia structures whereas 
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cells exposed to soluble EGF displayed lamellipodia structures, hence suggesting that the signal 

transduction pathways activated in both cases were slightly different.     

Cell exposure to immobilized EGF has been reported to sustain EGF-induced  

autophosphorylation of cell surface EGFR when compared to soluble EGF (Ito et al. 1997; 

Ogiwara et al. 2006). This effect has been attributed to ligand internalization impediment and/or 

to limited degradation of the EGF-EGFR complexes. Our results support these conclusions and 

further illustrate the advantage of oriented EGF capture. Indeed, a more intense EGFR 

autophosphorylation is observed with coiled-coil-captured EGF (oriented approach, 115 

pmol/cm2) when compared to that corresponding to EGF that has been covalently immobilized in 

a random fashion (330 pmol/cm2) (Figure 4.6). 

Altogether, our results demonstrate our coiled-coil based capture approach offers several 

advantages when compared to previously reported systems for oriented protein immobilization, 

in terms of protein bioactivity, surface density and grafting process. First, coil tags do not affect 

EGF bioactivity since soluble N- or C-terminally coil-tagged EGF were shown to be behave as 

EGF in various in vitro cell assays (Le et al. 2009; Nakaji-Hirabayashi et al. 2009). This sharply 

contrast with the negative effect of an Fc tag that totally abrogated EGF bioactivity when 

positioned at the N-terminus of EGF (Boucher et al. 2008). Second, we observed a maximal EGF 

surface density for tethered Ecoil-EGF of 115 pmol/cm2 (Figure 4.5); this is at least two times 

higher than previously reported values for tagged EGF grafting, i.e. 16 pmol/cm2 for 

immobilization via the Fc portion of immunoglobulin G and 52 pmol/cm2 for immobilization via 

polyhistidine tags (Nakaji-Hirabayashi et al. 2007; Ogiwara et al. 2005). Oriented protein layers 

may thus be generated over a wider range of surface density with our coiled-coil-based strategy. 

Furthermore, the length of the coiled-coil motif, in combination with that of LC-SPDP provides 
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coiled-coil tethered EGF with enough mobility, a critical factor for optimal EGF signaling 

(Boucher et al. 2008; Kuhl and Griffith-Cima 1996). This is likely dictated by the 2:2 overall 

stoichiometry of the signaling-competent ligand/receptor complex (Nakaji-Hirabayashi et al. 

2009; Ogiso et al. 2002). 

At last, our coiled-coil-based approach is sequential and versatile: stable Kcoil layers can 

be produced several days before grafting with any Ecoil-tagged protein. As opposed to protein A 

or G, Kcoil-derivatized surfaces can be treated with strong acidic, basic or chaotropic solutions as 

Kcoil on its own is unstructured and can thus withstand these treatments (De Crescenzo et al. 

2003a). Moreover, our proposed strategy is simple in its implementation and allows for the 

oriented immobilization of every coil-tagged protein on any aminated surface.  

 

4.2.7 Conclusion 

 

We here report a new approach for oriented immobilization of growth factors on aminated 

surfaces based on a coiled-coil interaction. This method relies on a sequential grafting process 

based on the covalent grafting of a homogeneous Kcoil peptide layer and on the subsequent 

capture of Ecoil-tagged proteins. The first step can be realized in dry and non-sterile environment 

several days before protein immobilization whereas the second step allows for a specific and 

stable immobilization of the Ecoil-tagged protein over a wide range of grafting density. 

Consequently, this easy and versatile approach could be applied to specifically tailor any type of 

biomaterials.  
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CHAPITRE 5  RƒPONSE DES CELLULES ƒPITHƒLIALES HUMAIN ES 

DE LA CORNƒE AU FAC TEUR DE CROISSANCE DE LÕƒPIDERME 

IMMOBILISƒ VIA LÕINT ERACTION COILED -COIL  

 

 

5.1 PrŽsentation de lÕarticle 

 

 Cette section reprend lÕarticle intitulŽ "Human corneal epithelial cell response to 

epidermal growth factor tethered via coiled-coil interactions"  qui a ŽtŽ soumis pour 

publication dans la revue Biomaterials en mars 2010. 

 

 Dans ce chapitre, nous proposons dÕimmobiliser de mani•re orientŽe le facteur de 

croissance de lÕŽpiderme EGF via lÕinteraction coiled-coil sur un biomatŽriau, le polyŽthyl•ne 

tŽrŽphtalate (PET), et dÕŽtudier les effets de cette immobilisation sur le comportement de cellules 

ŽpithŽliales humaines de la cornŽe (HCE-2). Dans un premier temps, le greffage du coil K sur du 

PET prŽalablement traitŽ au plasma a ŽtŽ caractŽrisŽ par XPS. Les consŽquences de 

lÕimmobilisation de EGF sur le comportement cellulaire ont ensuite ŽtŽ ŽtudiŽes. Nous avons 

ainsi pu mettre en Žvidence que lÕimmobilisation orientŽe du Ecoil-EGF promeut lÕadhŽsion, la 

prolifŽration et lÕŽtalement des HCE-2 comparativement ˆ des approches basŽes sur lÕadsorption 

de EGF ou sur lÕaddition de EGF en solution. Une Žtude sommaire de lÕactivation des voies de 

signalisation cellulaire a Žgalement dŽmontrŽ que la voie des MAP kinases (phosphorylation de 

Erk1/2) Žtait favorisŽe.  
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5.2.1 Abstract 

 

The development of new strategies for protein immobilization to control cell adhesion, 

growth and differentiation is of prime interest in the field of tissue engineering. Here we propose 

a versatile approach based on the interaction between two de novo designed peptides, E and K 

coils, for oriented immobilization of epidermal growth factor (EGF) on polyethylene 

terephthalate (PET) films. After amination of PET surfaces by ammonia plasma treatment, K coil 

peptides were covalently grafted in an oriented fashion using succinimidyl 6-[30-(2-

pyridyldithio)-propionamido]hexanoate (LC-SPDP) linker, and the K coil-functionalized films 

were characterized by X-ray photoelectron spectroscopy (XPS). Bioactivity of Ecoil-EGF 

captured on K coil-functionalized PET via coiled-coil interactions was confirmed by EGF 

receptor phosphorylation analysis following cell attachment to the surface. We also demonstrated 

cell biological effects where tethered EGF enhanced adhesion, spreading and proliferation of 

human corneal epithelial cells to a higher extent than with EGF that was physically adsorbed or 

present in solution. Tethered EGF effects were most likely linked to the prolonged activation of 

both mitogen-activated protein kinase and phosphoinositidine 3-kinase pathways. Taken together, 

our results indicate that coiled-coil-based oriented immobilization is a powerful method to 

specifically tailor biomaterial surfaces for specific tissue engineering applications.  
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5.2.2 Keywords 

 

Surface modification; plasma; EGF; coiled-coil interactions; XPS; cell adhesion, proliferation, 

human corneal epithelial cells 

 

5.2.3 Introduction  

 

Eye diseases affecting the cornea are one of the major causes of blindness worldwide. 

Whether the underlying cause is trachoma or corneal ulceration, an eye that is blind from corneal 

scarring or vascularization usually remains blind throughout the individualÕs life (Whitcher et al. 

2001). To resolve this issue, corneal transplantation is imperative, however due to the limited 

availability of potential donors, the development of artificial cornea has become a subject of 

intense investigation. Corneal devices should ideally support epithelialization over the entire 

anterior surface of the prosthetic device to provide a natural protection against bacterial infection 

(Klenkler et al. 2009). However, the generation of a layer of epithelial cells remains a persistent 

challenge. The absence of migration of epithelial cells over the material interface (Legeais and 

Renard 1998) can result in stromal tissue necrosis and eventual extrusion of the device from the 

eye (Klenkler et al. 2008). The development of new strategies allowing for both migration and 

proliferation of epithelial cells on implanted eye devices is thus highly desired (Chirila 2001).  

In this context, epidermal growth factor (EGF) is a promising candidate to stimulate the 

formation of an epithelial layer. In mammals, EGF is synthesized as a membrane-spanning 
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precursor molecule that is proteolytically processed to become fully active. In its soluble active 

form, EGF is a 6-kDa protein that directly interacts with several cell surface receptors from the 

ErbB receptor tyrosine kinase family. EGF exerts its activity by promoting the formation of 

signaling-competent receptor homo- or hetero-dimers at the cell surface. EGF-mediated receptor 

dimerization triggers receptor cytoplasmic domain autophosphorylation, in turn leading to the 

activation of two major signaling pathways, i.e., the mitogen-activated protein kinase (MAPK) 

and the phosphoinositidine 3-kinase (PI3K) pathways. EGF has been demonstrated to be directly 

implicated in almost all fundamental cellular processes, including survival, proliferation, 

migration, differentiation and metabolism regulation, and in different cell lines. Interestingly, in 

the case of damaged corneal epithelium, EGF has been shown to be absolutely required to induce 

cell motility, a key component of the epithelial response for repair (Zieske et al. 2000). 

Material surface properties (e.g., hydrophobicity, porosity, topography) are key factors to 

be controlled for optimal implant integration; in the context of a corneal device, material 

properties may be further enhanced by grafting appropriate growth factors such as EGF at its 

surface, as outlined by Klenkler and Sheardown (Klenkler and Sheardown 2004). Towards this 

end, covalent grafting of EGF on various supports such as glass (Kuhl and Griffith-Cima 1996) 

or polydimethylsiloxane (PDMS) (Huo et al. 2009; Klenkler et al. 2005) substrates through the 

use of PEG linkers have been reported with clear effects on cell growth, while adsorbed EGF 

showed no biological activity (Kuhl and Griffith-Cima 1996). Nonetheless, covalent grafting 

combined with the use of a PEG linker presents several caveats. Indeed, in a recent study, 

Klenkler and colleagues (Klenkler et al. 2008) reported that the formation of a confluent layer of 

corneal epithelial cells could not be achieved using an EGF-tethering strategy based on PEG, 

most likely because PEG limits the adsorption of adhesion molecules. Furthermore, covalent 
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coupling strategies that rely on the use of reactive amine groups present at the EGF N-terminus or 

on its lysine side-chain (at position 28 and 48 for human EGF) have been shown to negatively 

impact EGF bioactivity (Lee and Park 2002; O'Connor-McCourt et al. 1998; Ogiwara et al. 

2005). Alternative strategies exploring other types of linkers while at the same time promoting 

the oriented immobilization of EGF, should therefore be examined. 

In the current study, we have immobilized a chimeric protein (Ecoil-EGF) corresponding 

to human EGF fused at its N terminus to a de novo designed peptide, namely E coil, in order to 

promote EGF tethering in an oriented fashion through the interaction of the E coil peptide moiety 

with its interacting peptide partner, i.e., K coil peptide. The E/K peptides have been shown to 

form a stable heterodimeric complex in a highly specific fashion (De Crescenzo et al. 2003a). 

This coiled-coil heterodimerizing pair has been previously used in many applications such as 

virus retargeting (Zeng et al. 2008), protein purification and detection (Boucher et al. 2010; 

Tripet et al. 1996), or protein capture on glass (Boucher et al. 2009) and biosensor surfaces (De 

Crescenzo et al. 2004). In this work, X-ray photoelectron spectroscopy (XPS) was used to 

characterize each step leading to the covalent grafting of K coil peptides on ammonia plasma-

treated polyethylene terephthalate (PET) through the use of a small linker (LC-SPDP, Figure 

5.1). Ecoil-EGF capture on K coil -derivatized PET surfaces was then achieved by simple 

incubation. Subsequent in vitro cellular assays demonstrated that oriented tethered EGF promoted 

human corneal epithelial adhesion, spreading and proliferation. Interestingly, immobilized EGF 

led to a prolonged phosphorylation of EGF receptor (EGFR) and to a prolonged activation of 

EGF-triggered signaling pathways, when compared to a supply of soluble EGF or to physically 

adsorbed EGF. Therefore, oriented immobilization of EGF via coiled-coil interactions shows 

great promise for the development of improved corneal implants. 
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5.2.4 Materials and Methods 

 

5.2.4.1 Chemicals and Reagents 

 

Cysteine (99+% purity) and sodium chloride (99.99% purity) were purchased from 

Sigma-Aldrich Canada Ltd. (Oakville, ON). Succinimidyl 6-[30-(2-pyridyldithio)-

propionamido]hexanoate (LC-SPDP, 95+% purity) was obtained from Pierce Biotechnology, Inc. 

(Rockford, IL). Cysteine-tagged K coil peptides were synthesized by the peptide facility at 

University of Colorado (Denver, CO). Untagged recombinant human EGF (carrier-free) was 

purchased from R&D Systems (Minneapolis, MN).  

 

5.2.4.2 Ammonia plasma treatment 

 

Polyethylene terephthalate (PET) film samples (50 µm-thick DuPont Mylar¨ , DuPont 

Teijin Films, Hopewell, VA) were aminated with covalently-bound nitrogen (N) groups, 

preferably primary amines, C-NH2, by exposing the films to ammonia (NH3) plasma treatment, 

adapting the procedure described in (Girardeaux et al. 1996). Briefly, plasma treatments were 

carried out for 15 min in a cylindrical aluminium/steel vacuum chamber of approximately 20 cm 

in diameter and 20 cm in height. A turbo-molecular pump, backed by a two-stage rotary vane 

pump was used to evacuate the chamber to a base pressure of < 10-4 Pa (7.5 x 10-5 mTorr), as 

measured by a Pirani gauge. A flow of anhydrous ammonia (99.99%, Air Liquide, Canada) was 

then fed into the chamber using an electronic flow meter/controller (Vacuum General Inc.), 

through a Ôshower headÕ gas distributor (10 cm in diameter) at the top of the chamber. The 
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ammonia flow rate was kept constant at 20 standard cm3/min (sccm). During plasma treatment, 

the operating pressure was set and maintained constant at 80 Pa (600 mTorr) by a ÔbutterflyÕ 

throttle valve combined with a capacitive pressure gauge (Baratron, MKS Instruments). The 

capacitively coupled radiofrequency (r.f., 13.56 MHz) plasma was generated with the help of a 

power supply (ENI) and an automatic impedance matching network (Advanced Energy), 

connected to a 10-cm diameter powered electrode / sample holder in the center of the chamber, 

the walls acting as the grounded electrode. The distance between the bottom of the shower head 

(see above) and the r.f.-driven electrode was 15 cm. The power fed to the plasma was 10 W, 

resulting in a negative d.c. bias voltage at the powered electrode, VB= -40 V. 

 

5.2.4.3 Grafting Procedures 

 

K coil peptides grafting on aminated PET. K coil peptides were immobilized on aminated 

PET surfaces by adapting the experimental protocol described in (Boucher et al. 2009). Aminated 

PET samples (1.13 cm2) were first covered with a 2-mM LC-SPDP solution (100 µL) for 2 h at 

room temperature, to allow for LC-SPDP amine-reactive N-hydroxysuccinimide ester covalent 

binding to free -NH2 groups on the aminated PET surfaces (Figure 5.1). The surfaces were then 

extensively rinsed with MilliQ water and incubated with cysteine-tagged K coil peptides (10 mM, 

100 µL) for 2 h at room temperature, in order to form a covalent disulfide bond between the 

pyridyl disulfide group of LC-SPDP and the thiol group of cysteine-tagged K coil peptide. After 

rinsing in MilliQ water, blockade of unreacted LC-SPDP pyridyl disulfide groups was achieved 

with 50 mM cysteine solution (1M NaCl in 0.1 M sodium acetate, pH 4.0) for 45 min (100 µL). 
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Each surface was finally rinsed by extensive soaking in 10 mM phosphate buffer saline (PBS, pH 

7.4) and MilliQ water.  

Ecoil-EGF grafting. K coil -functionalized PET samples were used untreated or after 

preincubation in a 1% (w/v) human serum albumin (HSA) solution (Sigma-Aldrich) for 1 h. 

Ecoil-EGF was then captured by simple incubation (600 nM, 100 µL) for 1 h at room 

temperature. The surfaces were then thoroughly rinsed by soaking in 10 mM PBS and MilliQ 

water for 5 min.  

Direct adsorption of EGF. For the sake of comparison, untagged EGF (600 nM in PBS) 

was also directly adsorbed onto several aminated PET surfaces (1 h incubation at room 

temperature). The surfaces were then rinsed in 10 mM PBS (pH 7.4) and MilliQ water for 5 min. 

 

5.2.4.4 X-ray photoelectron spectroscopy 

 

Modified PET surfaces (including those corresponding to each step of our 

functionalization protocol) were characterized with regard to their elemental chemical 

compositions (in atomic %) and chemical bond types, by X-ray photoelectron spectroscopy 

(XPS) analyses (survey-, as well as C, N and O high-resolution spectra, respectively), performed 

in a VG ESCALAB 3MkII instrument, using non-monochromatic Mg Ka radiation (12 kV, 

18mA). None of the samples exhibited any evidence of X-ray induced damage during those 

room-temperature XPS measurements. XPS spectra were acquired at 0¡ emission angle, normal 

to the sample surface, and possible charging was corrected by referencing all peaks to the carbon 

(C1s) peak at binding energy, BE = 284.7 eV, in accordance with the literature (Beamson and 

Briggs 1992; Girardeaux et al. 1996). Quantification of the constituent elements was performed 
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using broad-scan spectra and Avantage v4.12 software (Thermo Electron Corp., Waltham, MA) 

by integrating the areas under relevant peaks after a Shirley-type background subtraction, and 

using sensitivity factors from the Wagner table. C1s, N1s and O1s spectra were deconvoluted by 

using Full Width at Half Maximum (FWHM) factors of 1.6, 1.7, and 1.8, respectively. 

Deconvoluted C1s peak positions (C-C, C-O, and C=O) of chemical bonds in pristine PET were 

kept constant for each subsequent analysis, in order to identify any new functional groups added 

after surface modification. Ammonia (NH3) plasma-treated surfaces corresponding to LC-SPDP 

addition only, as well as to LC-SPDP addition followed by K coil grafting, were extensively 

washed (2 mL milli-Q water, 5 times in addition to previous washes) to remove any possible 

traces of unreacted chemical that could affect XPS measurements. 

Derivatization with TFBA. The surface-near concentrations of primary amine groups, [-

NH2], created by NH3 plasma treatments, were determined by the method of Favia et al. (Favia et 

al. 1996), using the highly-selective derivatization reaction of 4-(trifluoromethyl) benzaldehyde 

(TFBA, 98%, Aldrich) vapor with %NH2 groups. By way of this reaction TFBA is covalently 

linked via imine bonds, following which [%NH2] values can readily be deduced from the fluorine 

concentrations, [F], determined by XPS. To account for carbon atoms being added to the surface 

as a result of the derivatization reaction, we used correction formulas presented in (Truica-

Marasescu and Wertheimer 2008). The reaction was carried out in a small glass desiccator vessel 

into which a tiny amount of TFBA liquid was dripped onto a ~1 cm deep layer of 2 mm diameter 

glass beads. The plasma-treated PET was placed on a microscope glass slide on the layer of glass 

beads, whereby direct contact between the modified sample surface and liquid TFBA could be 

avoided. The desiccator was then placed in an oven at 45¡C for 3 h, which we determined to be 
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the minimum reaction time needed to convert all near-surface amine groups, in accordance with 

previously reported experiments (Truica-Marasescu and Wertheimer 2008). 

Solubility tests. Possible decreases in nitrogen- and ÐNH2 concentrations, [N] and [NH2], 

of plasma-treated PET films after their immersion in PBS buffer solution were investigated by 

XPS with and without chemical derivatization with TFBA. The samples were covered with ca. 

100 mL of PBS for 2 h, then washed 5 times with milli-Q water, and then dried before 

derivatization and XPS measurements. 

 

5.2.4.5 Quantification of grafted EGF 

 

Quantification of grafted EFG was performed with the ELISA human EGF kit (DuoSet¨ 

development system, R&D Systems). The surface density of EGF was determined by comparing 

its concentration in solution before and after immobilisation (n=4). According to the 

manufacturer's protocol, absorbance of Streptavidin-HRP was measured using a Victor v3TM 

spectrophotometer (450 nm, Perkin-Elmer, Woodbridge, ON) after a 10-min incubation at room 

temperature. EGF concentrations were determined using a standard calibration curve prepared 

with serial dilutions of human recombinant EGF or Ecoil-EGF as standards. 
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Figure 5.1 : Schematic diagram of the chemical grafting procedure used for coiled-coil 

mediated EGF tethering. 

After amination of PET by NH3 plasma treatment, cysteine-tagged K coil peptide was covalently 

bound to PET via LC-SPDP linker. Human serum albumin (HSA) treatment was then performed 

to prevent non-specific adsorption of EGF during subsequent steps. Ecoil-EGF was immobilized 

onto K coil-functionalized PET surfaces via coiled-coil interactions. 
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5.2.4.6 Cell culture 

 

A-431 cells and human corneal epithelial cells (HCE-2) were maintained in 175 cm2 

flasks at 37¡C with 5% CO2 in Dulbecco's modified Eagle's medium (GIBCO/BRL, Burlington, 

ON) supplemented with 10% Foetal Bovine Serum (Invitrogen, Burlington, ON) or keratinocyte-

serum free medium (KSFM) supplemented with 0.05 mg/ml bovine pituitary extract (BPE), 5 

ng/ml epidermal growth factor (EGF) (Invitrogen), 500 ng/ml hydrocortisone and 0.005 mg/ml 

insulin (Sigma-Aldrich), respectively, until 85-90% confluence was reached. Prior to the 

inoculation of HCE-2 cells, culture vessels were pre-coated with a mixture of 0.01 mg/ml 

fibronectin (BD Biosciences, Bedford, MA), 0.03 mg/ml bovine collagen type I (BD 

Biosciences) and 0.01 mg/ml bovine serum albumin (Sigma-Aldrich). 

 

5.2.4.7 Production of Ecoil-EGF 

 

Ecoil-EGF was produced in HEK 293-6E cells and purified by immobilized metal-ion 

affinity chromatography (IMAC) as previously described (Boucher et al. 2008). Protein 

concentration was determined by the Bradford method and analyzed by SDS-PAGE. Purified 

Ecoil-EGF was then stored at -80¡C until use. 

 

5.2.4.8 Cellular assays 

 

A-431 inoculation. A-431 cells were washed with PBS and incubated overnight in 

DMEM medium without serum. Cells were then trypsinized for 5 min at 37¡C, washed by 



 

 

143 

centrifugation and re-suspended in DMEM without serum. A-431 cells were distributed at 0.3 x 

106 cells/mL, 1 mL/well, in 24-well plates containing PET surfaces on which EGF had been 

coiled-coil captured (with or without HSA pre-treatment) or adsorbed.  

HCE-2 inoculation. HCE-2 cells were washed with PBS and incubated overnight in 

KSFM without supplemental EGF and bovine pituitary extract. Cells were then trypsinized for 5 

min at 37¡C, washed by centrifugation and re-suspended in serum-free medium complemented 

with hydrocortisone. HCE-2 cells were distributed at 0.3 x 106 cells/mL for adhesion and at 0.05 

x 106 cells/mL for proliferation assays (1 mL/well) in 24-well plates containing native PET, K 

coil-functionalized PET, EGF-functionalized surfaces as well as unmodified surfaces. In the latter 

case, cell culture medium was supplemented with soluble EGF. 

Adhesion and proliferation assays. KSFM was removed 2 h after HCE-2 cell inoculation 

for adhesion assays and 4, 24, 48, 72, 96 and 120 h after HCE-2 cell inoculation for proliferation 

assays. KSFM medium was changed at 24 h and 96 h for fresh medium complemented with 

bovine pituitary extract. To test the impact of soluble EGF addition on cell proliferation, EGF (4 

nM) was initially added to the medium; the subsequent EGF repletion, when changing the 

medium, was assayed for one condition, or not for another. Immobilized cells were washed 3 

times with KSFM. Cells were observed with an inverted microscope (Axiovert S100TV, Carl 

Zeiss Canada, North York, ON). Images were processed with a QICAM Fast 1394 camera 

(QImaging) and cell count was operated manually or using Northern Eclipse image acquisition 

software (Empix imaging).  

Cell lysis. DMEM or KSFM was removed 5 min, 2 h, 3 h, 4 h and 5 h after inoculation 

and A-431 or HCE-2 cells were washed three times with PBS supplemented with sodium-

orthovanadate (1mM, Sigma-Aldrich) and extracted with lysis buffer (50 mM HEPES pH 7.4, 
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150 mM NaCl, 1% Thesit, 0.5% Na Deoxycholate, CompleteTM protease inhibitor cocktail 

(Roche, Laval, QC)) supplemented with 0.1 mM Na3VO4, 20 mM #-glycerophosphate, 10 mM 

Na4P2O7.10 H2O and 0.5 #M microcystin). Insoluble material was removed by centrifugation at 

10,000 x g for 5 min at 4¡C. Protein phosphorylation was then analysed by Western blotting. 

 

5.2.4.9 Western blot analysis 

 

Western blotting experiments were then performed as previously described (Boucher et 

al. 2008). Briefly, samples were mixed with 4X NuPAGE sample buffer (Invitrogen) containing 

50 mM DTT and heated to 70¡C for 10 min. Electrophoresis was performed at 200 V and 

proteins transferred to nitrocellulose membranes (Schleicher & Schuell) for 1 h at 300 mA. 

Membranes were incubated in blocking reagent (Roche Diagnostics, Indianapolis, IN), and then 

probed with various antibodies (anti-phosphotyrosine (PY99, Santacruz Biotechnology, Santa 

Cruz, CA), anti-phospho-Erk1/2 or anti-Erk2 (Santacruz Biotechnology), anti-phospho-Akt or 

anti-Akt (New England Biolabs Ltd., Pickering, ON), anti-#-Tubulin (Sigma-Aldrich)) for 1h. 

Detection was performed using BM Chemiluminescence Blotting Substrate (Roche Diagnostics) 

with a Kodak Digital Science Image Station 440cf equipped with Kodak Digital Science 1D 

image analysis software version 3.0 (Eastman Kodak, NY). 
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5.2.4.10 Immunochemistry and Confocal Microscopy 

 

As previously described in the HCE-2 inoculation section, cells were distributed at 0.3 x 

106 cells/mL, 1 mL/well, in 24-well plates containing native PET, unmodified surfaces 

supplemented with untagged EGF, K coil-functionalized surfaces on which untagged EGF had 

been physically adsorbed and K coil-functionalized surfaces that had been blocked with HSA on 

which Ecoil-EGF had been immobilized via coiled-coil-mediated interactions. 24h after 

inoculation, HCE-2 cells were fixed in 4% paraformaldehyde in PBS, permeabilized in 0.4% 

Triton X-100 solution (SigmaÐAldrich) for 10 min and blocked in a 1% w/v bovine serum 

albumin (BSA)/PBS solution for 1 h. All samples were stained for actin with phalloidin-alexa 

488 (1/40, Invitrogen) in 1% w/v BSA in PBS. Samples were mounted in 16.7% (w/v) mowiol 4-

88 (Fluka), 33.3% (v/v) glycerol, 0.75% (w/v) n-propyl gallat in PBS. Confocal microscopy was 

performed using an Olympus Fluoview 1000 (Tokyo, Japan) equipped with a 1.4NA 40X 

objective. Alexa 488-labeled actin was excited with a 488 nm laser and visualized using a 520-

500 nm emission filter.  

 

5.2.4.11 Statistical analysis 

 

Values are given as mean value ± standard deviation. Statistical analysis was performed 

by independent two-sample t-test with equal variances. Values of P<0.05 and P<0.001 were 

considered to be statistically significant and are identified by * and **, respectively. 
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5.2.5 Results 

 

5.2.5.1 Covalent grafting of K coil on aminated PET surfaces - XPS and TFBA 

characterization 

 

The immobilization of K coil peptide on PET surfaces was conducted as a multistep 

process as schematically described in Figure 5.1. First, amine functionalization of PET films was 

performed by ammonia plasma treatment at room temperature. Amine-functionalized PET 

surfaces (hereafter designated ÒPET-NH2Ó) were then treated with hetero-bifunctional LC-SPDP 

linker, to subsequently graft cysteine-tagged K coil peptide in a covalent fashion via its unique 

thiol group present on its N-terminal residue. In order to validate each step of our experimental 

grafting protocol, the elemental chemical compositions of functionalized PET resulting from the 

different treatments (XPS survey-spectral measurement) as well as the corresponding high 

resolution XPS compositions of C1s, O1s and N1s were obtained (Table 5.1, Figure 5.2).  

In the case of untreated PET, XPS survey spectra revealed atomic percentages of C and O 

equal to 70.5% and 29.5%, respectively (Table 5.1). Furthermore, binding energies (BE) for each 

of the possible functional groups (compositions in percentages given between brackets) were 

determined from high-resolution XPS experiments: C1s peaks located at 284.7, 286.2 and 288.7 

eV representing C-C and C=C (59%), C-O (22%) and C=O (19%), respectively; O1s peaks 

located at 531.7 and 533.3 eV representing O-C=O (47%) and C-O (53%). 

Grafting of primary amines on PET film via plasma treatment was unambiguously 

confirmed, since PET-NH2 samples were characterized by the appearance of 13.7 atomic % N 

(Table 5.1), of which primary amine groups accounted for 30.5%, as determined by chemical 
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derivatization with TFBA (Table 5.1). This [-NH2] value was consistent with the deconvolution 

spectrum analysis of N1s (Figure 5.2). That is, the peak corresponding to BE= 398.3 eV most 

likely represented C-NH2 bonding (30.7%), while the other peaks corresponding to BE= 399.2 

and 399.9 eV could be attributed to C=N / C! N (54.3%) and N-C=O (15%), respectively. 

Altogether, XPS analysis and chemical derivatization with TFBA indicated that 4.2 at. % of 

primary amine groups had been generated on PET film surfaces via the NH3 plasma treatment. 

For PET-NH2, deconvolutions of C1s and O1s high-resolution XPS spectra were also obtained 

(Figure 5.2). A close inspection of the deconvoluted C1s spectrum revealed that plasma treatment 

resulted in the appearance of two new peaks when compared to untreated PET (peaks D and E, 

Figure 5.2) characterized by BE= 285.6 eV (C-NH2, 2.7%) and 287.1 eV (N-C=O, C=N, C! N, 

5.9%). For O1s, deconvolution revealed that plasma treatment led to the appearance of a new 

peak corresponding to BE= 530.2 eV (N-C=O, 6.3% ; Figure 5.2).  

PET-NH2 stability in PBS was then assayed. The [N] value was found to decrease from 

13.7 to 1.9 % following a 2-hour incubation in PBS, resulting in a final primary amine 

concentration [-NH2] of 1.3 at. %, again as determined by derivatization with TFBA. Altogether, 

our experimental results were in excellent agreement with those related the chemical composition 

and high resolution studies that had been previously reported in the literature (Girardeaux et al. 

1996), thus validating our XPS experimental protocols for subsequent analysis. 
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Table 5.1 : Elemental composition for: PET; PET aminated via plasma treatment; aminated 

PET that had been incubated for 2 h in PBS; aminated PET on which LC-SPDP had been grafted; 

and on which K coil had been grafted via LC-SPDP. [NH2]/[N] ratios (deduced from TFBA 

derivatization assays) are also listed (last column). 

Survey 
[NH 2]/[N] 

(%)  

 

C1s 

(at. %) 

O1s 

(at. %) 

N1s 

(at. %) 

S2p 

(at. %) 

deduced from 

TFBA assay 

PET 70.5 29.5 N/A N/A N/A 

PET-NH2 (plasma) 63.0 (±0.2) 23.3 (±0.2) 13.7 (±0.3) N/A 30.5 (±0.4) 

PET-NH2 (plasma 

then 2h in PBS) 
70.1 (±0.6) 28.0 (±0.7) 1.9 (±0.2) N/A 69.5 

PET-NH2 + LC-

SPDP 
68.7 (±0.5) 29.0 (±0.4) 2.0 (±0.1) 0.2 (±0.1) N/A 

PET-NH2 + LC-

SPDP + K coil 
67.7 (±0.1) 27.9 (±0.1) 3.9 (±0.1) 0.4 (±0.1) N/A 
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PET-NH2 surfaces, following LC-SPDP treatment, were characterized by the appearance 

of S (0.2 at. %) in their elemental composition (Table 5.1), strongly suggesting successful 

grafting, which was further supported by high-resolution XPS analyses. Indeed, LC-SPDP-

mediated modification correlated with i) a variation of the peak intensity at BE= 399.1 eV in the 

high-resolution N1s spectrum (C-N and aromatic C-N; Figure 5.2), ii) an increase of the C-N, C-

S signal at 285.2 eV in the high-resolution C1s spectrum, and iii) an increase of the N-C=O 

signal at a BE= 531.6 eV in the high-resolution O1s spectrum (Figure 5.2).  

After a 2-h incubation with K coil peptide, the overall [N] value was doubled (from 2.0 to 

3.9 at. %, see Table 5.1), while analysis by high-resolution XPS indicated an increase of i) N-

C=O bonds at a BE= 531.6 eV, ii) N-C=O and C-N-O at 286.8 eV and iii) N-C=O and C-N at 

399.5 eV, from O1s, C1s and N1s spectral deconvolutions, respectively (Figure 5.2). These 

results are consistent with the fact that K coils are nitrogen-rich peptides (one amide function per 

peptide bond, in addition to the primary amine on each lysine residue side-chain). Altogether, 

these results convincingly suggested that K coil peptide had been covalently attached to 

aminated-PET via LC-SPDP linker, in accord with the chemical route described in Figure 5.1. 
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Figure 5.2 : C1s (a), O1s (b) and N1s (c) spectral analyses of native PET (1), PET following 

plasma treatment (2), LC-SPDP covalent grafting (3), and final K coil covalent grafting (4). 

Assignments of possible chemical bonds and relative compositions in atomic percentages are 

indicated in each panel. 
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Figure 5.3 : HSA pre-treatment on K coil-functionalized PET surfaces prevents non-specific 

adsorption of EGF. 

A-431 cells were seeded on K coil-functionalized PET on which untagged EGF and Ecoil-EGF 

had been previously incubated for 1 h at 600 nM. Prior EGF incubation, the surfaces were treated 

for 1 h with HSA (right lanes). The phosphorylation of A-431 cell EGF receptors was monitored 

by Western blotting 2 h after A-431 seeding. The 180 kDa band immunoreactive to anti-pTyr 

antibody (corresponding to EGF receptor) was captured using a Kodak 440cf imager. 
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5.2.5.2 EGF display on K coil-derivatized PET surfaces - specificity of coiled-coil mediated 

EGF immobilizati on 

 

In our previous study (Boucher et al. 2008), coiled-coil mediated capture of Ecoil-EGF 

onto K coil-derivatized glass surfaces was demonstrated to be highly specific, most likely due to 

the generation of an optimal surface coverage with grafted K coil peptides. In order to judge 

whether such was the case for our K coil-functionalized PET surfaces, the following experiments 

were then performed: K coil-functionalized PET surfaces were first placed in contact with either 

fully bioactive Ecoil-EGF or untagged EGF (control), to promote EGF capture via coiled-coil 

interactions and to test to which extent the latter interaction was specific, respectively. After 

thorough rinsing to eliminate any excess EGF, A-431 cells which are known to over-express high 

amounts of EGF receptor at their surface (Hunter and Cooper 1981), were inoculated onto the 

various PET surfaces. Levels of EGFR phosphorylation were then assayed by Western blot 

analysis, as described in the materials and methods section. The same experiment was also 

performed by adding a one-hour human serum albumin (HSA) incubation step prior to addition 

of coil-tagged or untagged EGF. As can been seen in Figure 5.3, in the absence of HSA 

pretreatment, EGFR phosphorylation levels were observed to be of equal intensity for both E 

coil-tagged and untagged EGF (see lanes 1-3), indicating that EGF binding to K coil-

functionalized PET occurred, to some extent, in a non-specific manner. Interestingly, HSA 

pretreatment resulted in the total abrogation of EGFR phosphorylation on surfaces where 

untagged EGF had been incubated (Figure 5.3, lane 4), whereas a strong increase in EGFR 

phosphorylation was observed with HSA pretreated surfaces that had been incubated with Ecoil-

EGF (Figure 5.3, lane 6). These findings thus indicated that HSA treatment did not block the 

oriented immobilization of Ecoil-EGF via coiled-coil interactions, while efficiently abrogating its 
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non-specific adsorption onto K coil-functionalized PET. EGF surface density was then 

determined by ELISA assays as described in the materials and methods section. Incubation of 

600 nM of Ecoil-EGF following HSA pretreatment resulted in the capture of 46.9 ± 9.5 pmol/cm2 

of Ecoil-EGF whereas the same concentration of untagged EGF onto unblocked K coil-

functionalized PET resulted in the non-specific adsorption of 253.5 ± 38.7 pmol/cm2. 

 

5.2.5.3 Sensitivity of HCE-2 cells to soluble untagged EGF - dose-response assay 

 

In order to better characterize HCE-2 cell response upon soluble EGF supply, and thus 

determine which concentration of soluble EGF to be used as control for adhesion and 

proliferation assays, increasing concentrations of soluble EGF were added to HCE-2 cells. Cells 

were lysed 5 min after EGF addition and EGFR phosphorylation was quantified by Western 

blotting (Figure 5.4). Maximal phosphorylation of EGFR was observed for concentrations higher 

than 3 nM. A 4 nM concentration was thus chosen for soluble EGF supply in the subsequent 

cellular assays with HCE-2 cells. 
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Figure 5.4 : Dose-response curve of HCE-2 cell EGF receptor phosphorylation by EGF. 

HCE-2 cells were treated with increasing concentrations of untagged EGF ranging from 0 to 81 

nM for 5 min. Cells were then lysed and autophosphorylation of EGF receptor was monitored by 

Western blotting using a chemiluminescent substrate. The 180 kDa band immunoreactive to anti-

pTyr antibody (corresponding to EGFR) was quantified using a Kodak 440cf imager (n=4). 
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Figure 5.5 : Adhesion assays. 

HCE-2 cells were incubated for 2 h on PET harbouring aminated groups (condition #1), or coated 

with grafted Kcoil peptide only (condition #2), E coil peptide bound to grafted K coil peptide 

(condition #3), Ecoil-EGF immobilized via coiled-coil interactions (condition #4), adsorbed EGF 

(condition #5), and aminated PET with Ecoil-EGF supply in solution (4 nM, condition #6). Note 

that each surface was HSA treated, with the exception of (e). Compared to PET-NH2, differences 

were significant for p < 0.05 (*) and p < 0.001 (**), (n=4). 
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5.2.5.4 Adhesion assays 

 

The effect of soluble EGF, adsorbed EGF and captured EGF via coiled-coil interactions 

onto Kcoil-functionalized surfaces upon HCE-2 cell adhesion was then investigated. For that 

purpose, HCE-2 cells were incubated on aminated-PET surfaces in the presence or absence of 

soluble EGF (4 nM), on K coil-functionalized PET surfaces where E coil peptide only or Ecoil-

EGF had been previously immobilized via coiled-coil interactions (following HSA pre-

treatment), and on K coil-functionalized PET surface where EGF had been adsorbed. As can be 

seen in Figure 5.5, a marked increase of HCE-2 adhesion was observed in the presence of coiled-

coil immobilized Ecoil-EGF (+ca 55%) whereas both adsorbed EGF and soluble EGF resulted in 

a less significant effect when compared to control conditions (+ca 13% and +ca 16%, 

respectively). Of interest, no statistical differences were observed between control PET and 

aminated PET surfaces. 

 

5.2.5.5 Morphological assays 

 

The effect of immobilized EGF via coiled-coil interactions, upon cellular morphology 

was then compared to that of adsorbed or soluble (4nM) EGF. After a 24-h incubation period, a 

drastic change in HCE-2 cell morphology was observed for coiled-coil immobilized Ecoil-EGF, 

when compared to all other tested conditions (Figure 5.6). Whereas cells were characterized by a 

spherical morphology, indicative of low attachment, the presence of Ecoil-EGF that had been 

immobilized via coiled-coil interactions, induced cell spreading with dense peripheral actin 
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filament structures terminating in actin-rich domains, a typical trait of focal adhesion (indicated 

by arrows in Figure 5.6, panel f). For other conditions (soluble EGF supply or adsorbed EGF), 

most of the cell remained spherical even though spreading mechanisms were initiated. 

 

5.2.5.6 Phosphorylation assays 

 

EGF-dependent phosphorylation of EGFR can result in the activation of several signaling 

pathways. Among them, the mitogen-activated protein kinase (MAPK) and the phosphoinositide 

3-kinase (PI3K)/Akt pathways have been demonstrated to be important for cell proliferation and 

migration (Huo et al. 2009; Klenkler and Sheardown 2004). Phosphorylation levels of EGFR 

were first assayed for HCE-2 cells, at different time points by Western blotting (Figure 5.7A). As 

expected, EGF receptor phosphorylation was observed neither for native PET nor for K coil-

functionalized PET, on which untagged EGF had been previously adsorbed. On the contrary, 

EGFR phosphorylation in the presence of Ecoil-EGF that had been immobilized via coiled-coil 

interactions, was observed for 4 h, sharply contrasting with the transient EGFR phosphorylation 

pattern obtained with soluble EGF supply (no detectable EGFR phosphorylation was observed 

after 5 min, see Figure 5.7A).  

In order to determine to which extent both MAPK and PI3K signaling pathways were triggered 

by immobilized EGF, Erk1/2 and Akt levels (total and phosphorylated) were also monitored by 

Western blotting. As shown in Figure 5.7B, phosphorylation of Akt was not observed for cells 

seeded on native PET, whereas in-solution, adsorbed and coiled-coil tethered EGF all resulted in 

Akt phosphorylation for at least 4 h. Note that Akt phosphorylation was  
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Figure 5.6 : Morphological study of adhered HCE-2 cells. 

HCE-2 cells were cultured in KSFM for 24 h on native PET only (a) or with soluble EGF (4nM) 

(b), on K coil functionalized PET surfaces coated with adsorbed EGF (c) and coated with Ecoil-

EGF immobilized in an oriented fashion via coiled-coil interactions (d). Panels (e) and (f) are 

magnified images of cells cultured on native PET (e) or on K coil functionalized PET on which 

Ecoil-EGF had been immobilized (f). HCE-2 cells were stained for actin with Alexa Fluor 488 

phalloidin. Arrows point towards actin-rich domains, indicative of focal adhesion. Scale bar = 10 

#m for a, b, c and d, and 2.5 #m for e and f. 
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further prolonged for at least 5 h in the case of coiled-coil tethered EGF, as opposed to soluble 

EGF supply. In the case of Erk1/2, phosphorylation was observed neither for PET alone nor 

adsorbed EGF. As expected, soluble EGF supply resulted in a transient Erk1/2 phosphorylation 

pattern (phosphorylation was only detectable for the 5-min time point). In sharp contrast, a strong 

and prolonged Erk1/2 phosphorylation pattern (for at least 5 hours, Figure 5.7B) was observed 

when HCE-2 cells were cultured on PET surfaces where Ecoil-EGF had been immobilized. 

 

5.2.5.7 Proliferation assays 

 

HCE-2 cells were then seeded on the same type of surfaces as those used for adhesion 

assays. Medium was changed 24 h and 96 h after inoculation. HCE-2 culture was stopped after 5 

days. Similar growth rates (#) of 0.0196 h-1, 0.0186 h-1, 0.0184 h-1 and 0.0184 h-1 (corresponding 

to doubling times ranging from 35.4 to 37.7 h) were calculated for cells respectively grown on 

native PET, K coil-functionalized PET with adsorbed EGF, native PET with soluble EGF added 

at inoculation only or repleted at medium change (Figure 5.8). In contrast, a growth rate of 

0.0257 h-1, corresponding to a doubling time of only 26.9 h, was observed for HCE-2 cells grown 

on coiled-coil immobilized Ecoil-EGF. This corresponded to a 30 % increase in HCE-2 cell 

growth rate when compared to all of the other tested conditions. 
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Figure 5.7 : Time course of EGF receptor, Erk1/2 and Akt phosphorylation. 

The phosphorylation of EGF receptor, Erk1/2 and Akt in HCE-2 cells was monitored at different 

time by Western blotting on native PET, on native PET with Ecoil-EGF supply in solution (4 

nM), on K coil-functionalized PET on which untagged EGF was adsorbed and on K coil-

functionalized PET on which Ecoil-EGF was immobilized via coiled-coil interactions. The 180 

kDa band immunoreactive to anti-pTyr antibody (corresponding to EGF receptor) (A) and the 44, 

42, 60 and 55 kDa immunoreactive band corresponding, respectively, to pErk1/2, Erk2, Akt and 

b-tubulin (B) were captured using a Kodak 440cf imager 
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Figure 5.8 : Proliferation assays. 

HCE-2 cells were cultivated in KSFM medium for 120 h on native PET, on native PET with 

soluble EGF supply (4 nM), on K coil-functionalized PET on which EGF had been previously 

adsorbed and on which Ecoil-EGF had been previously immobilized via coiled-coil interactions. 

KSFM medium was changed at 24h and 96h by KSFM complemented with bovine pituitary 

extract. Untagged EGF (4nM) was supplied in solution after each medium replacement for one 

condition (n=4). 
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5.2.6 Discussion 

 

One of the challenges faced in tissue engineering and regenerative medicine resides in the 

precise, efficient and reproducible control of the interactions between cells and (bio)materials in 

order to promote the restoration or maintenance of tissue or organ functions (Langer and Vacanti 

1993). With this goal in mind, the development of new scaffolds to stimulate and spatially guide 

cell growth has been burgeoning, while advances in micro/nano-patterning techniques (Curran et 

al. 2010), plasma- and wet chemistry-based modification methodologies have opened new 

pathways to control protein-coupling (Crombez et al. 2005) and cell-adhesion (Latkany et al. 

1997; Mwale et al. 2006) to these polymeric materials. Growth factors are important local 

mediators that control proliferation and differentiation of cells in healthy tissue, and are locally 

stored in the cellsÕ extracellular matrix in their active or proform. Growth factor administration, 

combined with biomaterial implants, is thus a highly attractive strategy to synergistically enhance 

tissue regeneration. The short half-life of soluble growth factors, their high cost and potential side 

effects related to the broad expression of their receptors at the surfaces of many cell types, are 

shortcomings which limit their systematic use. An alternative to overcome these issues, is stable 

immobilization of growth factors on scaffolds to limit their clearance through 

endocytosis/degradation pathways, and abolish their diffusion and thus limiting delivery to the 

local implant region. The proof-of-concept of the applicability of such a strategy was first made 

by Kuhl and colleagues with murine EGF covalently tethered to glass surfaces via PEG linkers 

(Kuhl and Griffith-Cima 1996). Further recent studies have highlighted the impressive potential 

of immobilized EGF for the recruitment and expansion of neuronal (Nakaji-Hirabayashi et al. 
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2007) or mesenchymal stem cells (Fan et al. 2007), bone marrow-derived multi-potent stromal 

cells (Platt et al. 2009), or corneal cells (Klenkler et al. 2005; Nakaji-Hirabayashi et al. 2007).  

As demonstrated in our current study, as well as our previous work (Boucher et al. 2009) 

and by others (Kuhl and Griffith-Cima 1996), passive adsorption of EGF has a minor effect, if 

any, on EGF receptor phosphorylation (Figure 5.3) and subsequent activation of the MAPK 

signaling pathway (Figure 5.7), cell adhesion (Figure 5.5), proliferation (Figure 5.8) and 

spreading (Figure 5.6). In stark contrast, strategies for covalent tethering of EGF that take 

advantage of primary amines present on EGF N-terminus or on lysine side-chains can promote 

EGF-dependent signaling and cell outcomes. This approach may be suitable for murine EGF (no 

lysine residue) (Ichinose et al. 2006; Kuhl and Griffith-Cima 1996), but suboptimal for human 

EGF, as it was recognized that direct amine coupling was detrimental to its bioactivity (Lee and 

Park 2002; O'Connor-McCourt et al. 1998). As an alternative, several research groups have 

explored various strategies to display EGF in an oriented, non-direct and non-covalent fashion. 

These approaches relied on the use of chimeric proteins corresponding to EGF fused to tags 

(poly-histidine (Kato et al. 2005; Nakaji-Hirabayashi et al. 2009)), the Fc domain of an IgG 

(Boucher et al. 2008; Ogiwara et al. 2005) for Ni2+/NTA- and protein A/G-mediated recruitment, 

respectively, or protein domains that are directed to bind to specific scaffolds (e.g. collagen-

binding and hydrophobic domains (Elloumi et al. 2006; Hannachi Imen et al. 2009)). However, 

the nature and the position of a tag per se may negatively affect the bioactivity of the fused EGF 

(Boucher et al. 2008). Furthermore, in the case of polyhistidine-tags, metallic ions used for 

chelation may be potentially toxic (Zhou et al. 2009). 

 In the present study, we have explored the use of a de novo heterodimeric coiled-coil 

system to immobilize EGF in an oriented fashion, via coiled-coil interactions, on PET surfaces, 



 

 

164 

in order to promote subsequent corneal epithelial cell adhesion and proliferation. More 

specifically, we have set up a capture method based on the E and K coils that hetero-dimerize in a 

highly specific and stable fashion (De Crescenzo et al. 2003a; De Crescenzo et al. 2003b). In our 

approach, tethering is achieved by simple incubation of fully bioactive Ecoil-EGF (Boucher et al. 

2008) onto surfaces on which the other coil partner (i.e., the K coil) has been covalently bound. 

In order to achieve covalent grafting of the partner K coil, PET surfaces were first aminated by 

ammonia plasma treatment (Figure 5.1). Plasma-generated active species reacted with C-C, C-H 

and C-O bonds within the polymerÕs backbone, resulting in substantial addition of nitrogen-

containing functional groups, of which more than 30 % were primary amines (Table 5.1). Plasma 

treatment is also known to promote polymer chain scissions near the surface, resulting in the 

generation of lower molecular-weight, soluble oligomers at the materialÕs surface (Girardeaux et 

al. 1996). Many of the nitrogen functionalities introduced by our plasma treatment were likely on 

these oligomer molecules and were removed after a two-hour incubation in PBS, leading to the 

observed decrease in primary amine concentration down to 1.3 at. %, in agreement with 

Girardeaux and coworkers' results (Girardeaux et al. 1996). LC-SPDP linker was then 

successfully grafted on aminated PET via the formation of a stable amide bond (Figure 5.1), 

resulting in the appearance of sulfur in the elemental composition of the treated PET (Table 5.1). 

After a 2-h incubation of the modified PET with K coil peptide, nitrogen concentration, [N], 

doubled (Table 5.1) and the relative concentration of amide bonds also increased (Figure 5.2), 

strongly suggesting that covalent grafting of the peptide had occurred. Thereafter, HSA 

pretreatment that had been required to prevent non-specific adsorption of EGF (Figure 5.3) 

impeded further XPS characterization due to the great complexity of the modified surface. HSA 

pretreatment was however required to abrogate non-specific interactions of Ecoil-EGF with 
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aminated PET (Figure 5.3), in agreement with previous reports highlighting that protein 

physisorption is favored on aminated surfaces (Faucheux et al. 2004). Ecoil-EGF specific 

grafting via coiled-coil interactions and bioactivity were then confirmed by assaying A-431 cell 

surface EGF receptor phosphorylation in vitro (Figure 5.3). A surface concentration of 46.9 ± 9.5 

pmol/cm2 of grafted EGF was determined by ELISA. This value is in the same range as those 

previously reported for the oriented grafting of EGF by various different approaches (values 

ranging from 16 to 66 pmol/cm2) (Nakaji-Hirabayashi et al. 2007; Ogiwara et al. 2005), but it is 

almost three-fold lower than the value we previously reported for coiled-coil-mediated EGF 

tethering on glass surfaces (Boucher et al. 2009). In that respect, N-rich plasma-polymerized 

ethylene (PPE:N) coating, which has been shown to dramatically increase the (stable) primary 

amine concentration (Truica-Marasescu and Wertheimer 2008), may in future be applied to 

further increase K coil grafting levels.  

HCE-2 cell culture on PET surfaces displaying Ecoil-EGF was then demonstrated to be 

highly advantageous in a tissue engineering perspective, when compared to the others culture 

conditions and surface treatments we tested including EGF adsorbed on PET films, and providing 

soluble EGF. In particular, coiled-coil-mediated display of EGF resulted in increased adhesion 

(Figure 5.5), proliferation (Figure 5.8) and spreading of HCE-2 cells (Figure 5.6). EGF grafting 

has been shown to increase 3T3 Swiss cell adhesion (Ogiwara et al. 2005), whereas no significant 

differences between adsorbed and grafted EGF (PEG-mediated) were observed by Klenkler et al. 

upon human epithelial cell adhesion (Klenkler et al. 2009). This difference may result from our 

HSA pretreatment of K coil-functionalized surfaces that may provide HCE-2 cells with additional 

anchoring points when compared to physisorbed EGF (HSA pretreatment was not performed on 

these surfaces), or to EGF tethered via PEG linker (Klenkler et al. 2009). Alternatively, it may 
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also be attributed to the intrinsic differences within the protocols used to assay cell adhesion 

(centrifugation (Klenkler et al. 2009), versus manual rinsing to remove poorly-adhering cells as 

in this study). Following adhesion, cell spreading was accelerated in the presence of Ecoil-EGF 

(Figure 5.6). It is thus likely that EGF stimulated cell spreading, via the production of laminin, 

a6-integrin (Klenkler et al. 2009) and fibronectin (Klenkler et al. 2009; Nishida et al. 1984), an 

extracellular matrix component known to interact with integrins to promote spreaded 

morphologies with actin rich-domains indicative of focal adhesion (Bill et al. 2004; Maldonado 

and Furcht 1995), such as those we observed by immunofluorescence (Figure 5.6). HCE-2 cell 

exposure to tethered EGF drastically prolonged the duration of EGF receptor phosphorylation 

(Figure 5.7A) and the downstream activation of its signaling pathways, i.e. MAPK and PI3K 

pathways, through the phosphorylation of Erk1/2 and Akt, respectively (Huo et al. 2009; Wang et 

al. 2009). These findings sharply contrasted with the transient phosphorylation patterns of EGF 

receptor, Erk1/2 and Akt that were induced by soluble EGF supply (Figure 5.7). These results are 

in agreement with previous reports where Erk activation upon soluble EGF supply was transient 

with a strong decrease of its phosphorylation generally observed after 30 to 90 min (Fan et al. 

2007; Wang et al. 2009). In the presence of Ecoil-EGF, Erk phosphorylation was observed to be 

intense for at least 5 hours, in agreement with results previously reported by Ito et al. for A-431 

cells (Ito et al. 2001), and by Fan et al. for mesenchymal stem cells (MSC) (Fan et al. 2007) in 

response to stimulation by immobilized EGF. Interestingly, Erk is acknowledged to be involved 

in HCE-2 proliferation (Wang et al. 2009); furthermore, in the case of MSC, spreading is 

enhanced by tethered EGF via sustained phosphorylation of Erk1/2 (Fan et al. 2007). The 

prolonged activation of Erk may thus be directly linked to both increases of corneal epithelial cell 



 

 

167 

proliferation and spreading (Figures 5.6 and 5.8, 30% increase in growth rate) that we and others 

(Klenkler et al. 2009) observed.  

 

5.2.7 Conclusion 

 

We report a novel approach for the oriented immobilization of EGF on plasma-modified 

PET surfaces. Our approach is versatile, since it is applicable to any protein that can be E coil-

tagged and thereby tethered on any aminated surface or scaffold via interaction with its Kcoil 

partner. Significant findings for tissue engineering applications of Ecoil-EGF being displayed in 

an oriented fashion are evident from the observed promotion of corneal cell response by 

stimulated adhesion, spreading and proliferation through a prolonged activation of ErbB receptor-

signalling pathways.  
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CHAPITRE 6  DISCUSSION GƒNƒRALE  

 

 

Un des dŽfis majeurs existant en ingŽnierie tissulaire et en mŽdecine rŽgŽnŽrative rŽside 

dans le contr™le prŽcis des interactions se produisant entre les cellules et un biomatŽriau afin de 

promouvoir la restauration et/ou le maintien des fonctions de tissus ou organes (Langer and 

Vacanti 1993). Pour ce faire, le dŽveloppement de supports biocompatibles permettant de 

promouvoir lÕadhŽsion, la croissance et la migration cellulaire a connu un essor important au 

cours de ces dix derni•res annŽes. Toutefois, en raison de leurs propriŽtŽs de surface, certains 

biomatŽriaux ne permettent pas dÕinduire de telles rŽponses. Leur modification par le greffage de 

protŽines peut ainsi •tre une solution envisageable.  

LÕimmobilisation de protŽines prŽsente comme avantages de promouvoir une rŽponse 

cellulaire plus longue par le maintien dÕune concentration protŽique locale constante, dÕ•tre 

moins onŽreuse que des approches basŽes sur lÕinjection systŽmique de protŽines et de diminuer 

le risque de dŽgradation de ces derni•res. Dans ce contexte, diffŽrentes stratŽgies ont ŽtŽ 

dŽveloppŽes, ˆ savoir : lÕimmobilisation orientŽe ou le greffage non-orientŽ de protŽines. En 

raison des dŽsavantages prŽsentŽs par la fixation non-orientŽe, nous nous sommes concentrŽs sur 

lÕŽlaboration dÕune approche permettant lÕimmobilisation orientŽe de protŽines. Notre approche a 

ŽtŽ basŽe sur lÕinteraction existant entre deux peptides synthŽtiques dŽnommŽs E coil et K coil. 

Le but de cette stratŽgie a ŽtŽ dÕimmobiliser une protŽine ŽtiquetŽe par un de ces peptides sur un 

biomatŽriau sur lequel le peptide complŽmentaire aura prŽalablement ŽtŽ greffŽ. Dans un premier 

temps, lÕimpact de ces Žtiquettes sur lÕactivitŽ biologique du facteur de croissance EGF a ŽtŽ 
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ŽtudiŽ et comparŽ ˆ une approche dŽjˆ utilisŽe pour lÕimmobilisation orientŽe de EGF ˆ des fins 

dÕapplication en ingŽnierie tissulaire, ˆ savoir lÕŽtiquetage de EGF par la portion Fc de 

lÕimmunoglobuline G (Ogiwara et al. 2005). Les protŽines chim•res ont donc ŽtŽ produites et 

sŽcrŽtŽes par des cellules HEK-293 puis purifiŽes par chromatographie dÕaffinitŽ avec lÕobtention 

dÕexcellents rendements de production, ce qui confirme que cette plateforme est un support 

robuste permettant la production et la sŽcrŽtion de protŽines tel que prŽcŽdemment rapportŽ 

(Pham et al. 2005). LÕactivitŽ biologique de ces protŽines a alors pu •tre testŽe et il a ŽtŽ mis en 

Žvidence que la protŽine Ecoil-EGF est aussi active que du EGF non ŽtiquetŽ (source 

commerciale) et plus active que les autres protŽines produites ˆ savoir le Kcoil-EGF, le EGF-Fc 

et le Fc-EGF. Ces rŽsultats peuvent sÕexpliquer par les propriŽtŽs de ces Žtiquettes. En effet, le Fc 

est une Žtiquette volumineuse qui emp•chera lÕinteraction de EGF avec son rŽcepteur lorsquÕelle 

sera placŽe en position N-terminale de la protŽine. Au contraire, les coils sont des peptides 

beaucoup plus petits qui nÕengendreront pas dÕencombrement stŽrique et permettront lÕinteraction 

de EGF avec son rŽcepteur. Une diffŽrence de bioactivitŽ a cependant ŽtŽ observŽe pour ces deux 

protŽines produites par des cellules de mammif•res, ce qui est contraire aux rŽsultats obtenus par 

Le et al. qui ont dŽmontrŽ que du Kcoil-EGF et que du Ecoil-EGF poss•dent la m•me activitŽ 

biologique apr•s avoir ŽtŽ produits dans des bactŽries, purifiŽs et repliŽs (Le et al. 2009). ƒtant 

donnŽ que seule la charge nette du coil diff•re pour ces deux protŽines chim•res, il semblerait que 

la charge positive du K coil emp•che le repliement optimal de la protŽine Ecoil-EGF lors de sa 

synth•se dans des cellules de mammif•res ou que le K coil emp•che lÕinteraction optimale entre 

la protŽine et son rŽcepteur ce qui a ŽtŽ confirmŽ par les expŽriences effectuŽes par rŽsonance 

plasmonique de surface. En effet, une fois immobilisŽe, le Ecoil-EGF et le Kcoil-EGF poss•de la 

m•me affinitŽ pour le domaine extracellulaire de EGF. Ainsi, la localisation et la nature de 
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lÕŽtiquette (position N- ou C-terminale) peut avoir un impact majeur sur lÕactivitŽ biologique de 

EGF. Par consŽquent, les protŽines ŽtiquetŽes coil, en raison de la conservation de leur 

bioactivitŽ, semblent •tre une alternative prometteuse pour de futures applications en ingŽnierie 

tissulaire comparativement aux approches dŽjˆ existantes (Nakaji-Hirabayashi et al. 2007; 

Ogiwara et al. 2005). En raison des plus hauts rendements de production, il a ŽtŽ dŽcidŽ dÕutiliser 

et dÕimmobiliser le Ecoil-EGF pour la suite du projet. LÕimmobilisation du K coil a ŽtŽ effectuŽe 

sur des surfaces de verre aminŽ ˆ lÕaide dÕun protocole chimique basŽ sur lÕutilisation du LC-

SPDP comme bras espaceur hŽtŽro-bifonctionnel. Tout dÕabord, lÕefficacitŽ du protocole ŽlaborŽ 

a ŽtŽ ŽvaluŽe par rŽsonance plasmonique de surface. Le greffage covalent du K coil et la capture 

du Ecoil-EGF via lÕinteraction coiled-coil sur les surfaces de verre fonctionnalisŽ ont ensuite ŽtŽ 

caractŽrisŽs par ellisopmŽtrie et mesures de lÕangle de contact. Le K coil est capable de recruter 

de mani•re hautement spŽcifique et stable la protŽine Ecoil-EGF. Ces rŽsultats corroborent les 

Žtudes prŽcŽdentes ayant dŽmontrŽ la spŽcificitŽ et la forte affinitŽ existant entre ces 2 peptides 

lors de lÕinteraction coiled-coil (De Crescenzo et al. 2003a; Tripet et al. 2002; Tripet et al. 1996). 

115 pmol/cm2 de Ecoil-EGF ont ŽtŽ immobilisŽs via lÕinteraction coiled-coil sur les surfaces de 

verre aminŽ alors quÕˆ des fins de comparaison, 330 pmol/cm2 de EGF peuvent •tre greffŽs de 

mani•re non orientŽe par couplage amine sur ces m•mes surfaces de verre aminŽ non 

fonctionnalisŽes. Mis en prŽsence de cellules A-431, le Ecoil-EGF immobilisŽ promeut 

lÕadhŽsion cellulaire, ce qui est en accord avec les rŽsultats obtenus par Ogiwara et al. qui ont 

observŽ une augmentation de lÕadhŽsion de cellules 3T3 et A-431 en prŽsence de EGF-Fc 

immobilisŽ (Ogiwara et al. 2005; Ogiwara et al. 2006). En revanche, le greffage non orientŽ 

engendre la perte de lÕactivitŽ biologique de la protŽine et nÕa aucun effet sur lÕadhŽsion (Kuhl 

and Griffith-Cima 1996). La prŽsence de EGF immobilisŽ via lÕinteraction coiled-coil active 
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Žgalement de fa•on soutenue la phosphorylation de EGFR comparativement ˆ un ajout de EGF 

en solution, ce qui peut sÕexpliquer par l'absence d'internalisation de la protŽine et l'absence de 

dŽgradation des complexes ligand-rŽcepteur (Ito et al. 1997; Ogiwara et al. 2006). LÕimpact de 

lÕorientation de la protŽine sur le comportement cellulaire a ŽtŽ ŽtudiŽ et a permis de dŽmontrer 

que le EGF immobilisŽ de mani•re non-orientŽe Žtait capable dÕinduire la phosphorylation du 

rŽcepteur de EGF (EGFR) mais celle-ci Žtait beaucoup moins intense que la phosphorylation 

obtenue avec des cellules mises en prŽsence de Ecoil-EGF immobilisŽ via lÕinteraction coiled-

coil. Ce rŽsultat peut sÕexpliquer par le fait que la prŽsence de la protŽine immobilisŽe de mani•re 

orientŽe facilite lÕinteraction entre la protŽine et son rŽcepteur. Tous ces rŽsultats dŽmontrent 

donc quÕil a ŽtŽ possible de greffer le K coil de fa•on covalente sur des surfaces de verre aminŽ, 

dÕimmobiliser le Ecoil-EGF via lÕinteraction coiled-coil et dÕobtenir une rŽponse cellulaire. ƒtant 

donnŽ que EGF induit lÕapoptose des cellules A-431 (Grudinkin et al. 2007) et que les surfaces 

de verre ne peuvent •tre utilisŽes dans le cadre dÕune future application in vivo, le Ecoil-EGF a 

ŽtŽ immobilisŽ sur un biomatŽriau, le PET et lÕimpact de lÕimmobilisation de EGF via 

lÕinteraction coiled-coil sur le comportement de cellules ŽpithŽliales humaines de la cornŽe 

(HCE-2) a ŽtŽ ŽtudiŽ. En effet, lors de greffes de cornŽe, il est actuellement tr•s difficile de 

promouvoir la rŽŽpithŽlisation du greffon, ce qui peut entrainer son rejet de lÕÏil (Klenkler et al. 

2008; Legeais and Renard 1998). Klenkler et al. ont essayŽ de remŽdier ˆ ce probl•me en greffant 

du EGF sur PDMS. Cependant, en raison de la prŽsence de polyŽthy•ne glycol (PEG) comme 

point dÕancrage entre la surface et la protŽine, lÕobtention de couches confluentes de HCE-2 nÕa 

pas ŽtŽ possible (Klenkler et al. 2008). Ce rŽsultat est surement dž au fait que le PEG doit limiter 

lÕadsorption de protŽines dÕadhŽsion. LÕutilisation dÕune stratŽgie permettant dÕŽviter ce 

probl•me prŽsente donc un intŽr•t primordial pour de futures greffes de cornŽe. Le greffage 
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covalent du K coil sur un biomatŽriau (PET) a donc ŽtŽ effectuŽ apr•s un traitement prŽalable au 

plasma ammoniac permettant d'introduire des fonctions amine primaire en surface. LÕutilisation 

du plasma prŽsente lÕavantage de stŽriliser les surfaces. Les esp•ces activŽes prŽsentes dans le 

plasma (Žlections, ionsÉ) attaquent le squelette du PET et plus particuli•rement les liaisons C-C, 

C-H et C-O ce qui conduit ˆ la gŽnŽration dÕoligom•res sur lesquelles la plupart des amines 

primaires ont ŽtŽ fixŽes (Girardeaux et al. 1996). Ce phŽnom•ne expliquerait alors la forte 

dŽcroissance de la concentration en amine primaire apr•s lavage dans du PBS. Cependant, les 

analyses XPS ont dŽmontrŽ que les K coils ont ŽtŽ greffŽs de mani•re covalente sur le PET. Un 

traitement ˆ la HSA sÕest avŽrŽ nŽcessaire afin dÕŽviter tout risque subsŽquent dÕadsorption non 

spŽcifique de EGF. La quantitŽ de Ecoil-EGF immobilisŽ a ŽtŽ comparable aux valeurs 

retrouvŽes dans la littŽrature avec un EGF ŽtiquetŽ Fc ou polyhistidine, ˆ savoir de lÕordre de 50 

pmol/cm2 (Nakaji-Hirabayashi et al. 2007; Ogiwara et al. 2005) mais reste toutefois 2,5 fois 

infŽrieure aux chiffres obtenus lors de lÕimmobilisation du Ecoil-EGF sur des surfaces de verre 

(Boucher et al. 2009). LÕŽtape limitante du protocole Žtant la quantitŽ dÕamines primaires ˆ sa 

surface, lÕaugmentation de leur concentration surfacique pourrait permettre dÕaugmenter la 

quantitŽ de Ecoil-EGF immobilisŽe sur le PET. Pour ce faire, il pourrait •tre envisagŽ dÕutiliser 

un rev•tement de PPE: N (Truica-Marasescu and Wertheimer 2008). Par la suite, le 

comportement de cellules ŽpithŽliales de la cornŽe (HCE-2) cultivŽes sur du PET arborant du 

Ecoil-EGF immobilisŽ via lÕinteraction coiled-coil a ŽtŽ comparŽ ˆ  celui de HCE-2 en prŽsence 

de EGF adsorbŽ ou ajoutŽ en solution. Les surfaces prŽsentant du Ecoil-EGF stimulent 

lÕadhŽsion, la prolifŽration et lÕŽtalement des cellules HCE-2. Il avait dŽjˆ ŽtŽ dŽmontrŽ que le 

greffage de EGF stimulait lÕadhŽsion des cellules 3T3 (Ogiwara et al. 2005) alors quÕaucune 

diffŽrence au niveau de lÕadhŽsion de cellules ŽpithŽliales de la cornŽe entre du EGF adsorbŽ et 
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du EGF greffŽ (via le PEG) nÕavait ŽtŽ observŽ par Klenkler et al. (Klenkler et al. 2009). Cette 

diffŽrence par rapport ˆ nos rŽsultats peut sÕexpliquer par le fait que le prŽtraitement ˆ la HSA sur 

les surfaces fonctionnalisŽes par les K coils peut fournir des points dÕancrage additionnels 

comparativement aux surfaces prŽsentant du EGF physisorbŽ (sur lesquelles il nÕy a pas eu de 

prŽtraitement ˆ la HSA) ou aux surfaces prŽsentant du EGF greffŽ via un bras espaceur PEG 

(Klenkler et al. 2009). LÕŽtalement cellulaire est Žgalement accŽlŽrŽ en prŽsence de Ecoil-EGF. 

En effet, EGF promeut lÕŽtalement des cellules via la production de laminine, de " 6-integrines 

(Klenkler et al. 2009) et de fibronectine (Klenkler et al. 2009; Nishida et al. 1984), qui est un 

composant de la matrice extracellulaire connu pour interagir avec les intŽgrines qui peuvent ainsi 

promouvoir des morphologies ŽtalŽes (avec des domaines riches en actine indiquant la prŽsence 

de points focaux dÕadhŽsion) (Bill et al. 2004; Maldonado and Furcht 1995). LÕexposition de 

HCE-2 ˆ du EGF immobilisŽ prolonge Žgalement la durŽe de la phosphorylation du rŽcepteur de 

EGF et des voies de signalisation sous-jacentes telles que la voie des MAPK ou des PI3K ˆ 

travers la phosphorylation de Erk1/2 et dÕAkt, respectivement (Huo et al. 2009; Wang et al. 

2009). Ces rŽsultats contrastent avec ceux obtenus avec du EGF en solution o• la 

phosphorylation transitoire de EGFR, de Erk1/2 et dÕAkt a ŽtŽ observŽe. Ces rŽsultats sont 

dÕailleurs en accord avec la littŽrature o• lÕactivation transitoire de Erk en prŽsence de EGF (forte 

dŽcroissance de sa phosphorylation gŽnŽralement observŽe apr•s 30 ˆ 90 min) a ŽtŽ mise en 

Žvidence (Fan et al. 2007; Wang et al. 2009). Au contraire, lorsque EGF est immobilisŽ avec 

notre stratŽgie (interaction coiled-coil), la phosphorylation de Erk est intense pour au moins 5 h 

ce qui est en accord avec les rŽsultats rapportŽs par Ito et al. pour les cellules A-431 (Ito et al. 

2001), et par Fan et al. pour les cellules souches mŽsenchymateuses (MSC) (Fan et al. 2007). 

Outre son r™le connu sur la prolifŽration des HCE-2 (Wang et al. 2009), Erk peut Žgalement avoir 
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un r™le sur lÕŽtalement cellulaire notamment sur les MSC (Fan et al. 2007). LÕactivation 

prolongŽe de Erk pourrait ainsi •tre directement liŽe ˆ la fois ˆ lÕaugmentation de la prolifŽration 

de cellules ŽpithŽliales et ˆ leur Žtalement comme observŽ par dÕautres (Klenkler et al. 2009). 

La principale innovation de ce travail rŽside donc dans la stratŽgie utilisŽe pour 

immobiliser EGF ˆ savoir lÕinteraction coiled-coil (Tripet et al. 1996). Outre les avantages 

connus de ce syst•me (forte affinitŽ et haute spŽcificitŽ) (Chao et al. 1996), nous avons pu 

dŽmontrer que lÕimmobilisation de protŽines basŽe sur lÕutilisation des coils prŽsente de 

nombreux avantages comparŽs aux syst•mes actuellement utilisŽs. Tout dÕabord, lÕactivitŽ 

biologique des protŽines ŽtiquetŽes coils nÕest pas altŽrŽe (Boucher et al. 2008). Une interaction 

optimale entre EGF et son rŽcepteur (Boucher et al. 2008; Kuhl and Griffith-Cima 1996) est 

possible en raison de la mobilitŽ de EGF due ˆ la longueur du motif coiled-coil et ˆ la prŽsence 

dÕun bras espaceur entre la protŽine et le coil. Enfin, la stratŽgie employŽe est sŽquentielle et 

polyvalente. Notre approche sÕest donc inscrite dans la volontŽ de dŽmontrer que 

lÕimmobilisation orientŽe de EGF via lÕinteraction coiled-coil est plus efficace que des stratŽgies 

de greffage alŽatoire ou basŽes sur lÕutilisation de protŽines en solution et quÕelle prŽsente de 

nombreux intŽr•ts (polyvalente, facilitŽ de mise en ÏuvreÉ) afin de promouvoir une rŽponse 

cellulaire. Le syst•me coiled-coil est donc un syst•me dÕavenir pour le greffage orientŽ de 

protŽines pour de futures applications en ingŽnierie tissulaire.  
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CHAPITRE 7  CONCLUSION ET RECOMM ANDATIONS  

 

 

Le dŽveloppement de substrats biologiques permettant de promouvoir la rŽgŽnŽration de 

tissus ou dÕorganes est dÕun intŽr•t primordial en ingŽnierie tissulaire. Pour ce faire, diffŽrents 

types de biomatŽriaux (PET, PDMS, PTFEÉ) peuvent •tre utilisŽs en tant que support mais en 

fonction de leurs caractŽristiques et de lÕapplication envisagŽe, il peut •tre nŽcessaire de modifier 

leurs propriŽtŽs de surface afin de favoriser la rŽponse cellulaire. La fixation de protŽines est une 

des alternatives envisageables. Bien que les premi•res Žtudes visant ˆ immobiliser des protŽines 

se soient basŽes sur des mŽthodes de greffage non-orientŽ, ces stratŽgies ont rapidement ŽtŽ 

abandonnŽes en raison de leurs nombreux dŽsavantages. Dans le cadre de cette th•se, une 

approche innovante ayant pour but lÕimmobilisation orientŽe du facteur de croissance de 

lÕŽpiderme EGF sur un biomatŽriau (PET) a ŽtŽ mise au point. Pour ce faire, un syst•me se basant 

sur lÕaffinitŽ et la spŽcificitŽ existant entre deux peptides complŽmentaires ˆ savoir le E coil et le 

K coil a ŽtŽ utilisŽ. Tout dÕabord, la production, la purification de Ecoil-EGF pleinement bioactif 

ainsi que son immobilisation ˆ la surface de biocapteurs via lÕinteraction coiled-coil ont ŽtŽ 

effectuŽes (Boucher et al. 2008). Une fois le protocole de fixation du coil complŽmentaire (K 

coil) ŽlaborŽ sur des surfaces de verre aminŽ, le Ecoil-EGF a ŽtŽ immobilisŽ et a alors favorisŽ 

lÕadhŽsion et la phosphorylation des rŽcepteurs de EGF des cellules A-431 (Boucher et al. 2009). 

Etant donnŽ que le verre ne peut •tre utilisŽ dans la cadre dÕune future utilisation in vivo, son 

remplacement par un biomatŽriau (PET) traitŽ au plasma a dŽmontrŽ quÕil Žtait possible de 

transposer la chimie dŽveloppŽe sur du verre sur un biomatŽriau aminŽ et quÕil Žtait possible 

dÕimmobiliser le Ecoil-EGF via lÕinteraction coiled-coil. LÕimpact de lÕimmobilisation de ce 
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facteur de croissance sur le comportement de cellules ŽpithŽliales de la cornŽe a permis de 

dŽmontrer lÕimportance de lÕimmobilisation de protŽines par une adhŽsion, une prolifŽration et 

une activation des voies de signalisation accrues en prŽsence de EGF immobilisŽ ainsi quÕun 

Žtalement plus rapide de ces m•mes cellules.  

Cette mŽthode prŽsente lÕavantage dÕ•tre facile dans sa mise en Ïuvre. En effet, il est tr•s 

facile de gŽnŽrer des biomatŽriaux fonctionnalisŽs avec un peptide coil des jours, voire des 

semaines, avant et dÕy immobiliser les protŽines dÕintŽr•t. Cependant, certaines Žtapes restent ˆ 

optimiser. En effet, la concentration surfacique de Ecoil-EGF immobilisŽ sur le PET 

fonctionnalisŽ est 2,5 fois infŽrieure ˆ celles obtenues sur les surfaces de verre. Etant donnŽ que 

la mŽthodologie est strictement la m•me pour les deux surfaces utilisŽes (verre et PET) et que 

seule la concentration en amine primaire diff•re, lÕoptimisation de cette Žtape devra •tre 

envisagŽe. LÕutilisation dÕun biomatŽriau prŽsentant des fonctions amines primaires ˆ leur surface 

tel que le chitosane (Demolliens et al. 2008; Ho et al. 2005; Nettles et al. 2002) ou lÕutilisation 

dÕun biomatŽriau traitŽ au plasma enrichi en amines primaires tel que le PPE: N pourront •tre des 

solutions envisageables (Girard-Lauriault et al. 2009; Truica-Marasescu and Wertheimer 2008). 

Dans le cadre de ce projet, lÕimmobilisation de Ecoil-EGF a permis dÕinduire la rŽponse 

de cellules ŽpithŽliales de cornŽe immortalisŽes. Afin de vŽrifier que le Ecoil-EGF permet de 

stimuler la rŽŽpithŽlisation de la cornŽe, il pourra •tre envisagŽ dÕŽtudier l'effet du Ecoil-EGF 

immobilisŽ sur une lignŽe primaire de cellules ŽpithŽliales de cornŽe. Bien quÕil soit plus difficile 

de travailler avec ce type de lignŽe, des protocoles existant pourront servir de support quand ˆ la 

mŽthode ˆ utiliser pour lÕisolement de ces cellules (Hainsworth 1991). Une attention particuli•re 

devra •tre portŽe au faible nombre de cellules pouvant •tre rŽcupŽrŽes. La crŽation dÕun gradient 

de Ecoil-EGF ˆ la surface du support choisi pourra servir ˆ dŽmontrer que les cellules sont 
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capables de migrer et de prolifŽrer. En vue dÕune future implantation in vivo de ces supports, il 

sera Žgalement nŽcessaire dÕadapter le biomatŽriau utilisŽ ; des biomatŽriaux synthŽtiques tels 

que le chitosane (Yeh et al. 2009), le PDMS (Griffith et al. 2002) ou des supports dÕorigines 

naturelles tels que des matrices acellulaires pourraient •tre testŽs. L'utilisation de matrices 

acellulaires pourrait •tre une approche privilŽgiŽe en raison de leurs propriŽtŽs mŽcaniques et de 

leurs propriŽtŽs chimiques et physiologiques Žquivalentes ˆ celles observŽes dans des cornŽes 

normales (Xu et al. 2008). Quelque soit le type de biomatŽriau choisi, ces supports devront 

possŽder des propriŽtŽs similaires ˆ savoir •tre translucide, permŽable aux gaz, non toxique, non 

immunog•ne. 

Le syst•me coiled-coil pourra •tre utilisŽ afin dÕimmobiliser dÕautres facteurs de 

croissance sur des biomatŽriaux Žtant donnŽ que ce syst•me est polyvalent. Ainsi, il sera aisŽ de 

produire dÕautres facteurs de croissance ŽtiquetŽs avec un peptide coil, tels que VEGF ou FGF, 

qui permetteront dÕenvisager diffŽrentes approches dans la rŽendothŽlisation de proth•ses 

vasculaires. Dans le cadre de cette derni•re application, il sera envisageable dÕimmobiliser du 

VEGF via lÕinteraction coiled-coil sur du PTFE (Lerouge et al. 2007) et dÕŽtudier son effet sur le 

comportement de cellules endothŽliales.  

DÕun point de vue fondamental, la comprŽhension des phŽnom•nes rŽsultant de 

lÕinteraction dÕune cellule avec des protŽines immobilisŽes pourra •tre approfondie et comparŽe 

aux donnŽes connues sur lÕeffet de ces m•mes protŽines en solution. En effet, lorsquÕune cellule 

interagit avec une protŽine immobilisŽe par lÕintermŽdiaire de son rŽcepteur, le complexe 

ligand/rŽcepteur permet lÕactivation dÕun certain nombre de voies de signalisation. Ce complexe 

ne pouvant •tre internalisŽ, un certain flou existe quand aux phŽnom•nes sous-jacents se 

dŽroulant apr•s lÕactivation des rŽcepteurs. Un approfondissement des connaissances ˆ ce sujet 
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pourrait permettre de rŽpondre ˆ quelques questions telles que : Le rŽcepteur est-il internalisŽ et 

dŽgradŽ ? Y-a-t-il des phŽnom•nes de rŽpression en rŽponse ˆ la suractivation du rŽcepteur ? 

Quelles voies de signalisation sont privilŽgiŽes ? Quelle est la consŽquence de la non-activation 

des voies de signalisation secondaire ? Des mŽcanismes de dŽsensibilisation du rŽcepteur sont-ils 

activŽs ? ... 
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ANNEXE 1 Ð DETECTION D E PROTEINES PAR WESTERN BLOT VIA 

LÕINTERACTION COILED -COIL  

 

PrŽsentation de lÕarticle 

 

 Cette section reprend lÕarticle intitulŽ "Protein detection by western blot via coiled-coil 

interactions"  qui a ŽtŽ publiŽ en 2010 dans la revue Analytical Biochemistry (Vol. 399, No. 1, 

p.138-140). 

 

 La dŽtection de protŽines par Western blot sÕeffectue gŽnŽralement par des anticorps 

reconnaissant la protŽine ou une Žtiquette qui lui est adjointe. Dans cet article, une nouvelle 

mŽthode de dŽtection de protŽines basŽe sur lÕutilisation du syst•me Ecoil-Kcoil est proposŽe. La 

dŽtection de la protŽine EGF ŽtiquetŽe par le K coil, utilisŽe comme syst•me mod•le, a ŽtŽ 

effectuŽe par une alcaline phosphatase sŽcrŽtŽe ŽtiquetŽe par le E coil (SeAP-Ecoil) ou le E coil 

biotinylŽ (Ecoil-biotin). Apr•s avoir produit et purifiŽ la SeAP-Ecoil, il a ŽtŽ dŽmontrŽ par 

rŽsonance plasmonique de surface que cette protŽine interagissait de mani•re stable avec le  

K coil. Il a ensuite pu •tre mis en Žvidence que le Ecoil-biotin est plus spŽcifique que la  

SeAP-Ecoil. Finalement, il a ŽtŽ dŽmontrŽ que notre approche Žtait aussi sensible que dÕautres 

syst•mes actuellement utilisŽs dans la littŽrature (Ni-NTA-HRP, anti-his-HRP ou anti-EGF). Par 

consŽquent, nos rŽsultats indiquent que le syst•me Ecoil-Kcoil est une bonne alternative aux 

stratŽgies existantes pour dŽtecter des protŽines par Western blot. 
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Abstract 

 

We propose an approach for the detection of proteins by Western blot, which takes 

advantage of the high affinity interaction occurring between two de novo-designed peptides, the 

E and K coils. As a model system, K coil-tagged epidermal growth factor (EGF) was revealed 

with secreted alkaline phosphatase (SeAP) tagged with E coil as well as with biotinylated E coil. 

In that respect, we first produced, purified SeAP-Ecoil and verified its ability to interact with K 

coil peptides by surface plasmon resonance biosensing. We demonstrated that protein detection 

with Ecoil-biotin was more specific than with SeAP-Ecoil. We then showed that our approach is 

as sensitive as conventional detection strategies relying on Ni-NTA-HRP, anti-his-HRP or anti-

EGF. Altogether, our results indicate that the E/K coiled-coil system is a good alternative for 

protein detection by Western blot. 

 

Keywords 

Western blot, E/K coiled-coil system, affinity tag, chemiluminescence 
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Introduction  

 

 

E and K coils are two peptides that have been de novo designed to form a parallel 

heterodimeric coiled-coil complex (De Crescenzo et al. 2003a; Tripet et al. 1996). Each peptide is 

composed of a seven amino-acid motif that is repeated 5 times (E: [EVSALEK]5; K: 

[KVSALKE] 5) that comprises both hydrophobic (V and L) and charged residues (E or K) at 

precise positions to stabilize the coiled-coil structure (Figure A.1a) while increasing specificity 

(De Crescenzo et al. 2003a). 

This coiled-coil system has already been demonstrated to be an excellent 

capture/dimerization tool for various applications. These include the stable capture of fully 

bioactive proteins on biosensor (Le et al. 2009; Pham et al. 2005) and cell culture-compatible 

surfaces (Nakaji-Hirabayashi et al. 2009) or virus pili (Le et al. 2009), artificial dimerization of 

growth factors (Nakaji-Hirabayashi et al. 2009) or receptor ectodomains (Chao et al. 1998) for 

improved activity. Based on the high specificity of the E/K interaction and the possibility to vary 

E/K stability by varying the length of one of the coil peptides, the E/K dimer has also been 

proposed as a good alternative for coil-tagged proteins purification (Chao et al. 1998; Tripet et al. 

1996).  

In this note, we report another potential application for the E/K system, i.e., the revelation 

of coil-tagged proteins by Western blotting via E/K interactions. The feasibility of this approach 

was assessed by chemiluminescence detection using two E coil entities: SeAP-Ecoil and Ecoil-

biotin. In that respect, we have demonstrated that detection with biotinylated E coil was more 
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specific and sensitive than with E coil-tagged SeAP, and as sensitive as antibody-mediated 

detection. This approach thus represents a good alternative for Western blot applications. 

 

Material and Methods 

 

Chemicals and Reagents 

 

Coil peptides were chemically synthesized (De Crescenzo et al. 2003a). Surface plasmon 

resonance (SPR) experiments were performed with a Biacore T100, CM5 sensorchips, thiol 

coupling kit, all from GE Healthcare (Baie dÕUrfe, Qc). 

 

Plasmids 

 

The pTT5-Kcoil-EGF vector was previously described (Boucher et al. 2008). 

pTTSH8Q1-Ecoil vector, coding for SeAP-Ecoil, was constructed by in-frame ligation of an E 

coil DNA sequence at the XbaI and AgeI sites of pTTSH8Q1 (Cass et al. 2005) (Figure A.1b). 
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��

Figure A.1 : Representation, purification and capture of SeAP-Ecoil via coiled-coil 

interactions. 

A: Helical wheel representation of the E/K interactions; B: Schematic of the SeAP construct with 

an in-frame E coil peptide and poly-histidine tag on its C-terminus; C: SDS-PAGE analysis  

(Coomassie-blue-stained) of SeAP-Ecoil purified by IMAC; D: Control-corrected sensorgrams 

corresponding to SeAP-Ecoil capture via E/K coiled-coil interactions. 
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Figure A.2 : Sensitivity and specificity of protein detection via coiled-coil interactions. 

A. Decreasing amounts of Kcoil-EGF (14 kDa) ranging from 459 ng to 5 ng were resolved by 

SDS-PAGE, transferred to nitrocellulose and detected by chemiluminescence following 

incubation with various probes: SeAP-Ecoil (620 ng/mL); Ecoil-biotin (200 ng/mL); anti-His-

HRP (2 mg/ml); Ni-NTA-HRP (1/5000) and anti-EGF (1 mg/ml). The signal-to-noise ratio for 

the 17 ng deposit, as calculated from the integrated luminescent signal, was of: 1,7 (SeAP-Ecoil); 

2,4 (Ecoil-biotin); 1,2 (anti-His-HRP); 4,1 (Ni-NTA-HRP); 8,9 (anti-EGF). Detection of Kcoil-

EGF diluted in cell lysate and detected with SeAP-Ecoil (F) or Ecoil-biotin (G). Lanes 1), cell 

lysate alone; lanes 2), cell lysate containing 153 ng Kcoil-EGF; lanes 3), 153 ng Kcoil-EGF 

alone.  
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Surface Plasmon Resonance assay 

 

SPR experiments were conducted at 25¡C using HBS-T (10 mM HEPES pH 7.4, 150 mM 

NaCl, 3.4 mM EDTA, 0.05% Tween 20) for sample dilution and as running buffer. Cysteine-

labelled K coil peptides were covalently immobilized (1000 RUs) onto CM5 sensor chip surfaces 

as previously described (De Crescenzo et al. 2003b). SeAP-Ecoil was injected twice at 1 nM, 10 

nM and 100 nM for 30 s at a flow rate of 50 #L/min. Regeneration of the sensorchip (i.e. removal 

of SeAP-Ecoil) was performed by 2 pulses of guanidium hydrochloride (5 M, 50 #L, 100 

#l/min). 

 

SDS-PAGE and Western blot analyses 

 

Cellular lysate was obtained from 293-6E after extraction using 300 µl lysis buffer (50 

mM HEPES pH 7.4, 150 mM NaCl, 1% Thesit, 0.5% sodium deoxycholate) per 2 X 106 cells and 

elimination of insoluble material by centrifugation. Samples (Kcoil-EGF with/without cellular 

lysate) were mixed 3:1 (v:v) with 4X NuPage sample buffer (Invitrogen) containing 50 mM DTT 

and heated to 70¡C for 10 min. Electrophoresis was performed using 4Ð12% Bis-Tris NuPage 

gels (Invitrogen) at 200 volts in MES buffer. For Western blots, proteins were transferred to a 0.2 

#m Protran nitrocellulose membrane (Schleicher & Schuell) using TrisÐglycine buffer for 1 h at 

300 mA. The membranes were incubated for 30 min in blocking reagent (Roche Diagnostics, 

Indianapolis, IN), and then probed either with SeAP-Ecoil and revealed with CDP-Star kit 
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(Roche Diagnostics), with C-terminally biotinylated E coil (Ecoil-biotin) followed by 

streptavidin-HRP (SigmaÐAldrich), with anti-his-HRP (SigmaÐAldrich), Ni-NTA-HRP 

(Clontech, Mountain View, CA) or anti-EGF (Santa Cruz Biotechnology, Santa Cruz, CA) 

followed by anti-mouse-HRP antibody, all for 1 h at room temperature. HRP-based detection was 

done using BM Chemiluminescence Blotting Substrate (Roche Diagnostics) and luminescence 

was captured with a Kodak Digital Science Image Station 440cf (Eastman Kodak, NY). 

��

Results 

 

Production of SeAP-Ecoil (Figure A.1b) was performed by transient transfection of 293-

6E cells cultured in serum free medium (500 mL). Thanks to a (His)8 tag at its C-terminus, the 

secreted protein was purified by IMAC. Its purity is shown in Figure A.1c.  

In order to verify that SeAP-Ecoil can be used for Western blot analysis,  

SeAP-Ecoil binding to K coil peptide was first studied by surface plasmon resonance (SPR). K 

coil peptide harbouring a cysteine residue at its N-terminus was covalently immobilized on a 

CM5 biosensor surface (1000 RUs, Resonance Units). SeAP-Ecoil was then injected at 3 

different concentrations (1 nM, 10 nM and 100 nM) on K coil-functionalized and mock surfaces, 

resulting in the net accumulation of 13, 130 and 1170 RUs of SeAP-Ecoil, respectively (Figure 

A.1d). Almost no dissociation was observed during the dissociation phase within each 

sensorgram, indicating that the interaction was highly stable.  
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To verify if the E/K coil system is sensitive enough to be used for detection by Western 

blot, decreasing amounts of Kcoil-EGF ranging from 459 ng to 5 ng were resolved by SDS-

PAGE and transferred on a nitrocellulose membrane. The blot was then revealed by incubation 

with SeAP-Ecoil or Ecoil-biotin (Figure A.2a), and the signal was compared to those related to 

the use of an anti-His-HRP monoclonal antibody, a Ni-NTA-HRP or an anti-EGF monoclonal 

antibody (Figure A.2a). SeAP-Ecoil and Ni-NTA-HRP allowed for the detection of 17 ng of 

Kcoil-EGF whereas Ecoil-biotin (followed by Streptavidin-HRP) and anti-EGF (followed by 

anti-mouse IgG-HRP) were 3 times more sensitive, allowing for the detection of 5 ng Kcoil-EGF. 

The anti-His-HRP antibody was the least sensitive since at least 51 ng of Kcoil-EGF were needed 

to get a signal. These results thus show that protein detection via coiled-coil interaction is 

comparable to other antibody- or Ni-NTA-based detection systems recognizing natural (EGF) or 

artificial (poly-His) epitopes. 

In addition to sensitivity, another critical aspect for Western blot application is the 

specificity. To assess it, SeAP-Ecoil and Ecoil-biotin were used to detect Kcoil-EGF that had 

been diluted in 293-6E cellular extracts (Figure A.2b). While a 14 kDa band corresponding to 

Kcoil-EGF was observed following incubation with SeAP-Ecoil, the signal ratio between Kcoil-

EGF and other non-specific bands was weak (Figure A.2b, SeAP-Ecoil, lane 1). Consequently, 

SeAP-Ecoil is not practical for detecting Kcoil-tagged proteins in complex mixtures by Western 

blot. In contrast, the signal-to-noise ratio obtained with Ecoil-biotin was much higher (Figure 

A.2b, Ecoil-biotin) as the 14 kDa Kcoil-EGF band was predominant when resolved in the 

presence of a cellular protein background (Figure A.2b, Ecoil-biotin, lane 2). Altogether, these 

results demonstrate that Ecoil-biotin is a useful, sensitive and specific probe for protein detection 

via coiled-coil interactions by Western blot analyses. 
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Discussion 

 

Because of the high stability of the coiled-coil interaction, E and K coil peptides can be 

used as fusion partners for the oriented immobilization of proteins on biosensor surfaces for 

kinetic studies (Chao et al. 1996; De Crescenzo et al. 2004) or onto biomaterials for tissue 

engineering applications (Boucher et al. 2009; Demolliens et al. 2008). The E/K coiled-coil 

system has also been proposed as an interesting tool for protein purification (Tripet et al. 1996). 

We have here demonstrated its potential for the detection of coil-tagged proteins by Western blot. 

Two E coil probes were tested for this purpose. The first one is based on the use of a coil-tagged 

SeAP, an alkaline phosphatase that can be used in conjunction with a chemiluminescent substrate 

(CDP-star), for a one-step detection of K coil proteins. We have first produced and purified 

SeAP-Ecoil and demonstrated that it bound stably to K coil peptides (Figure A.1d). Kcoil-EGF 

detection by Western blot using SeAP-Ecoil or Ecoil-biotin was then compared to conventional 

detection using antibodies (anti-his-HRP, anti-EGF); or Ni-NTA-HRP. The His tag was selected 

as it is the most commonly used for purification and, in many cases, for subsequent detection. 

Furthermore, in almost all the studies taking advantage of the coiled-coil dimerizing technology, 

proteins had been coil-tagged only or coil- and His-tagged. 

While SeAP-Ecoil allowed for the detection of Kcoil-EGF with high sensitivity, we were 

not able to reduce non-specific interactions with cellular proteins. This non-specificity likely 

resulted from the SeAP moiety since, in contrast, Ecoil-biotin was shown to be significantly more 

specific. Altogether, we have demonstrated that our coiled-coil system is a good alternative to 

detect proteins by Western blot. Since our original approach relied on the use of Ecoil-biotin 

followed by Streptavidin-HRP, the development of an Ecoil-HRP probe could lead to further 
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improvement of our strategy, i.e., by revealing Western blot membranes in a single incubation 

step. 
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