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Résumé & Abstract 

Développement de surfaces de PDMS antibactériennes par 

différentes approches 

Résumé : Les silicones sont largement utilisés dans le domaine médical mais sont, cependant, 

sujets à la contamination bactérienne en raison de leur caractère hydrophobe. Dans cette thèse, 

trois méthodes ont été utilisées pour développer de nouvelles surfaces de PDMS 

antibactériennes. Dans la première, un champ électrique a été appliqué entre deux électrode 

métalliques revêtues de PDMS. Un effet répulsif cathodique spécifique aux staphylocoques a 

été obtenu. Dans la seconde, une surface de PDMS bactéricide porteuse d’un dérivé de la 

claramine a été préparée par l’addition click de Huisgen. Dans la troisième, des surfaces 

cationiques bactéricides ont été préparées par photo-greffage de polymères cationiques sur des 

surfaces de PDMS via des procédés de ‘grafting to’ et de ‘grafting from’. Les surfaces 

développées dans cette thèse pourraient être utilisées dans des dispositifs qui ne sont pas en 

contact avec le sang, comme les surfaces externes des cathéters et les équipements 

extracorporels. 

 

 

Development of antibacterial PDMS surfaces by different 

approaches 
Abstract : Silicones are widely used in the medical field but are, however, prone to bacterial 

contamination due to their hydrophobic nature. In this thesis, three methods were used to 

develop new antibacterial PDMS surfaces. In the first one, an electric field was applied between 

two PDMS-coated metallic electrodes. A cathodic repulsive effect specific to staphylococci was 

obtained. In the second, a bactericidal PDMS surface carrying a claramine derivative was 

prepared by the Huisgen click addition. In the third, bactericidal cationic surfaces were prepared 

by photo-grafting of cationic polymers onto PDMS surfaces via 'grafting to' and 'grafting from' 

processes. The surfaces developed in this thesis could be used in devices that are not in contact 

with blood, such as the external surfaces of catheter chambers and extracorporeal equipment.  
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La contamination microbienne des surfaces peut conduire à la formation d'un biofilm, 

entraînant de graves problèmes pour la santé humaine (comme par exemple, les infections liées 

aux biomatériaux implantables) ainsi que dans les secteurs industriels (par exemple, la 

corrosion des surfaces métalliques, la contamination des aliments, la détérioration des 

canalisations...), avec un important impact socio-économique négatif 1,2. 

Par ailleurs, il est à noter que les bactéries en mode biofilm nécessitent des 

concentrations d'antibiotiques 100 à 1000 fois supérieures à celles des bactéries planctoniques 

pour obtenir une éradication efficace 3. Par conséquent, le développement de matériaux 

capables d'empêcher l'adhésion des bactéries et/ou la formation de biofilms à leur surface est 

un élément clé dans la lutte contre la contamination bactérienne.  

Trois catégories de surfaces antibactériennes sont décrites dans la littérature : les 

surfaces anti-adhésives, les surfaces à libération d’agents biocides et les surfaces bactéricides 

par contact 4. Les surfaces anti-adhésives sont conçues pour repousser les bactéries en 

optimisant leurs propriétés physico-chimiques telles que la charge de surface (charges 

négatives), la mouillabilité ou la topographie (surfaces à micro/nano-motifs) 5,7. Cependant, 

elles ne peuvent pas affecter la viabilité des agents pathogènes qui peuvent être libérés pour 

contaminer d'autres surfaces. En outre, l'utilisation de modifications physiques de la surface 

(en particulier la topographie de la surface) comme méthodes non spécifiques pour empêcher 

l'adhésion bactérienne est un procédé relativement complexe 8. Les surfaces à libération sont 

 

 

1 A. I. Doulkeraki et al., Methicillin-resistant food-related Staphylococcus aureus : a review of current knowledge 
and biofilm formation for future studies and applications, Res. Microbiol., vol. 168 (2017), pp. 1-15. 
2 D. Romero, Bacterial determinants of the social behavior of Bacillus subtilis, Res. Microbiol., vol. 164 (2013), 
pp. 788-798. 
3 M. Salwiczek et al., Emerging rules for effective antimicrobial coatings, Trends Biotechnol., vol. 32 (2014), no. 
2, pp. 82–90. 
4 M. Cloutier, D. Mantovani, and F. Rosei, Antibacterial Coatings: Challenges, Perspectives, and Opportunities, 
Trends Biotechnol., vol. 33, no. 11 (2015), pp. 637–652. 
5 D. Alves and M. Olívia Pereira, Mini-review: Antimicrobial peptides and enzymes as promising candidates to 
functionalize biomaterial surfaces, Biofouling, vol. 30 (2014), no. 4, pp. 483–499. 
6 L. Liu, B. Ercan, L. Sun, K. S. Ziemer, and T. J. Webster, Understanding the Role of Polymer Surface Nanoscale 
Topography on Inhibiting Bacteria Adhesion and Growth, ACS Biomater. Sci. Eng., vol. 2, no. 1 (2016), pp. 122–
130. 
7 C. Satriano, G. M. L. Messina, S. Carnazza, S. Guglielmino, and G. Marletta, Bacterial adhesion onto 
nanopatterned polymer surfaces, Mater. Sci. Eng. C, vol. 26, no. 5–7 (2006), pp. 942–946. 
8 Y. Ammar, D. Swailes, Ben Bridgens, J. Chen, Influence of surface roughness on the initial formation of biofilm, 
Surface and Coatings Technology, vol. 284 (2015), pp. 410-416. 
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conçues pour libérer des agents antibactériens qui tuent non seulement les bactéries adhérentes 

mais aussi les bactéries planctoniques 9-10. L'inconvénient de ce type de surface est son activité 

limitée dans le temps en raison de la quantité limitée de composés antibactériens chargés. De 

plus, l'utilisation excessive d'antibiotiques peut entraîner un phénomène de résistance 

bactérienne 11. Enfin, les surfaces bactéricides par contact, qui sont généralement basées sur des 

agents biocides cationiques liés de manière covalente aux surfaces du substrat, attirent les 

bactéries chargées négativement et les tuent en perturbant leur membrane 12-14. Cependant, ces 

surfaces peuvent devenir inactives après avoir été ensevelies sous une couche de bactéries 

mortes ou du matériel cellulaire des bactéries mortes.  

Grâce à leur grande flexibilité, leur hydrophobie, leur stabilité chimique et thermique et 

leur biocompatibilité, les matériaux en silicone (à base de poly(diméthylsiloxane) : PDMS) sont 

largement utilisés dans le domaine médical, notamment dans les applications orthopédiques 

(par exemple : les implants articulaires de la main et du pied), les cathéters, les équipements 

extracorporels (par exemple : l'oxygénateur sanguin, les machines de pontage thermique et la 

dialyse rénale) et les implants esthétiques (par exemple : l'implant mammaire en silicone) 15-17. 

Néanmoins, l’hydrophobie du PDMS l'expose facilement à l'adsorption de protéines, à la 

contamination bactérienne et à la formation de biofilms, ce qui peut limiter son utilisation en 

raison de graves implications sanitaires et économiques 18-19. 

 

 

9 H. Kao et al., Metal ion-dependent tailored antibacterial activity and biological properties of polydopamine-
coated titanium implants, Surface and Coatings Technology, vol 378 (2019), pp. 124998. 
10 D. Campoccia, L. Montanaro, and C. R. Arciola, A review of the biomaterials technologies for infection-resistant 
surfaces, Biomaterials, vol. 34, no. 34 (2013), pp. 8533–8554. 
11 A. C. Riosa, C. G. Moutinho, F. C. Pinto, F. S. Del Fiol, A. Jozala, M. V. Chaud, M. M.D.C. Vila, J. A. Teixeira, 
V. M. Balcão. Alternatives to overcoming bacterial resistances: State-of-the-art. Microbiological Research, vol. 
191 (2016), pp. 51–80. 
12 J. Foksowicz-Flaczyk et al., Multifunctional durable properties of textile materials modified by biocidal agents 
in the sol-gel process, Surface and Coatings Technology, vol 304 (2016), pp. 160-166. 
13 K. Lewis and A. M. Klibanov, Surpassing nature: Rational design of sterile-surface materials, Trends 
Biotechnol., vol. 23, no. 7 (2005), pp. 343–348. 
14 R. Kaur and S. Liu, Antibacterial surface design – Contact kill, Prog. Surf. Sci., vol. 91, no. 3 (2016), pp. 136–
153. 
15 A. B. Swanson, “Silicone Rubber Implants for Replacement of Arthritic or Destroyed Joints in the Hand,” Surg. 
Clin. North Am., vol. 48, no. 5, pp. 1113–1127, 1968. 
 16 A. U. Daniels, “Silicone breast implant materials,” Swiss Med. Wkly., vol. 142, no. JULY, 2012. 
17 A. Colas and J. Curtis, “Silicone biomaterials: history and chemistry,” Biomater. Sci. an Introd. to Mater. Med., 
vol. 2, pp. 80–85, 2004. 
18 J. Winiecka-Krusnell and E. Linder, “Bacterial infections of free-living amoebae,” Res. Microbiol., vol. 152, no. 
7, pp. 613–619, 2001. 
19 A. I. Doulgeraki, P. Di Ciccio, A. Ianieri, and G. J. E. Nychas, “Methicillin-resistant food-related Staphylococcus 
aureus: a review of current knowledge and biofilm formation for future studies and applications,” Res. Microbiol., 
vol. 168, no. 1, pp. 1–15, 2017. 
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Dans le cadre de cette thèse, l’objectif est de développer de nouvelles surfaces de 

PDMS antibactériennes permettant de limiter le phénomène d’infection bactérienne dans le 

milieu médical et d’augmenter la longévité des dispositifs médicaux à base de ce matériau.  

Le présent manuscrit de thèse est divisé en quatre chapitres. Le premier chapitre est une 

synthèse de l’état de l’art concernant les méthodes physico-chimiques de modification de 

surface de PDMS, développées jusqu’alors, en vue d’améliorer sa biocompatibilité et/ou de lui 

prodiguer des propriétés antibactériennes.  

Le deuxième chapitre porte sur le développent d’une nouvelle stratégie antibactérienne 

consistant à utiliser un champ électrique pour polariser la surface du PDMS, déposé sur deux 

électrodes métalliques, et d’étudier son impact sur l’adhésion bactérienne et la viabilité des 

bactéries en suspension.     

Le troisième chapitre porte sur le greffage par une réaction de cyclo-addition de Huisgen 

d’un dérivé de la claramine porteur d’une fonction azoture sur une surface de PDMS 

préalablement modifié pour introduire une fonction alcyne. Les propriétés physicochimiques et 

antibactérienne des surfaces obtenues seront présentées.  

Le quatrième et dernier chapitre portera sur l’élaboration de surfaces cationiques par des 

procédés de ‘grafting from’ et ‘grafting to’ photo-amorcés en présence de la benzophénone. 

Dans un premier temps, nous décriront la photopolymérisation de deux monomères, un 

styrénique et un autre acrylique, porteurs de groupements ammonium quaternaire, à partir de 

surfaces de PDMS natives et thiolées. Dans un second temps, des polymères cationiques 

synthétisés par polymérisation par ouverture de cycle par métathèse (ROMP) et porteurs de 

doubles liaisons carbone-carbone seront greffés par ‘grafting to’ sur des surfaces de PDMS 

thiolées. Les propriétés physicochimiques et bactéricides de toutes les surfaces cationiques 

obtenues seront présentées et discutées par rapports aux données de la littérature. 
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Introduction 
 De nos jours, la résistance microbienne vis-à-vis des antibiotiques accroît fortement la 

menace générée par les infections bactériennes, en particulier lorsqu'elles s'accompagnent de la 

formation d'un biofilm. La présence de ce dernier est à l’origine de nombreux échecs 

thérapeutiques et augmente ainsi le coût des soins de santé et surtout la mortalité 1,2. 

La résistance microbienne est un terme qui désigne la capacité des micro-organismes 

(par exemple, les bactéries, les virus, les champignons et les protozoaires) à résister aux 

médicaments antimicrobiens. Le premier antibiotique, qui est la pénicilline, a été découvert par 

Alexander Fleming en 1928 dont sa première utilisation pour soigner des malades à grande 

échelle a eu lieu durant la Seconde Guerre mondiale 3. Par la suite, une série d'antimicrobiens 

naturels, semi-synthétiques et synthétiques ont été découverts et appliqués en thérapie, 

transformant la médecine moderne et sauvant des millions de vies durant l’âge d'or entre les 

années 1930 et 1960 4–7. Néanmoins, l'utilisation inappropriée et excessive des antibiotiques a 

favorisé l'émergence de la résistance bactérienne aux antibiotiques. Depuis, le développement 

de nouveaux médicaments a fortement diminué. Face à la "crise mondiale de la résistance aux 

antibiotiques", nous sommes désormais dans "l'ère post-antibiotique" comme l’a baptisé 

l'Organisation Mondiale de la Santé (OMS) 8. Les dépenses de santé directes annuelles liées au 

traitement des maladies infectieuses aux États-Unis sont estimées à plus de 120 milliards de 

dollars, et les coûts dus à des infections causées par des agents pathogènes résistants atteignent 

5 milliards de dollars par an 1. Le Centre américain de contrôle et de prévention des maladies 

(CDC) a estimé que plus de deux millions d'infections provenant de bactéries résistantes se 

produisent chaque année, entraînant au moins 23000 décès aux États-Unis 9.  

Concernant les biofilms, ceux sont des structures spatiales complexes de cellules 

bactériennes intégrées dans une matrice autoproduite composée d’exo-polysaccharides, de 

protéines, d'ADN et de lipides, qui renforcent la protection des micro-organismes contre les 

facteurs défavorables (comme les médicaments, les contraintes environnementales ou le 

système immunitaire de l'organisme hôte) 10–12. On estime qu'environ 65 % des infections 

bactériennes sont associés à ces communautés de micro-organismes 13. Les bactéries en mode 

biofilm sont plus résistantes que les bactéries planctoniques en raison, entre autres, de la faible 

pénétration des antibiotiques à travers la matrice et de l'hétérogénéité de leurs 

microenvironnements. En effet, Il serait nécessaire d’utiliser des concentrations d'antibiotiques 

100 à 1000 fois supérieures pour éradiquer des bactéries sous forme de biofilm par rapport à 
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des bactéries planctoniques 14, 15. Ainsi, les infections liées aux biofilms touchent des millions 

de personnes et entraînent jusqu'à 550 000 décès aux États-Unis chaque année 16–18. En outre, 

plus de 60 % des infections nosocomiales sont dues à des contaminations bactériennes sur des 

implants, des cathéters et des dispositifs cardiaques 19–25. L'OMS estime qu'environ 1,7 million 

de patients seraient touchés par les infections associées aux soins, avec 37000 décès par an aux 

États-Unis 26. Par conséquent, la résistance aux antibiotiques et la structure particulière des 

biofilms conduisent à des échecs thérapeutiques 2. Il est donc impératif de trouver de nouvelles 

solutions pour lutter contre les biofilms en milieu hospitalier, et tout particulièrement dans le 

cas des dispositifs médicaux et des implants, bien entendu, sans effets secondaires ou 

dommages pour l'Homme. 

Dans ce chapitre, nous allons introduire les stratégies générales de lutte contre la 

contamination bactérienne de surface. Nous nous concentrerons ensuite sur le PDMS, qui est 

très utilisé dans l’élaboration de biomatériaux, en présentant ses propriétés et ses applications, 

et en développant tout particulièrement les principales méthodes physiques et tout 

particulièrement chimiques de modification de sa surface.   
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I.1 Les principales stratégies de lutte contre la 

contamination bactérienne de surface 

I.1.1 Les méthodes physiques 
À ce jour, plusieurs approches physiques comme le plasma, les ultrasons basse 

fréquence (UBF) ou encore les méthodes électriques ont fait l'objet d'une attention croissante 

dans le domaine biomédicale (mais aussi agroalimentaire), et sont considérées comme 

prometteuses 27–33. De plus, il a été démontré que ces approches peuvent améliorer l'efficacité 

des antibiotiques par un effet synergique 34–37. Nous allons brièvement décrire ces trois 

approches. 

I.1.1.1 Le traitement par plasma 
Le plasma est un mélange gazeux globalement neutre mais composé d’ions, de 

molécules neutres et d’électrons, il est considéré comme le quatrième état de la matière 26,38. Il 

a été démontré que le plasma a des propriétés antibactériennes grâce à la génération d'un 

mélange d'espèces réactives oxygénées et azotées 39, de particules chargées 40,41, de particules 

électriquement neutres mais chimiquement réactives et d’un rayonnement ultraviolet (UV) 42,43. 

Le plasma thermique (PT) et le plasma non thermique (PNT) sont deux types de plasma en 

fonction des niveaux d'énergie relatifs des électrons et des particules lourdes 44,45. Dans le 

plasma thermique (quasi-équilibré), qui est généré à une pression et une puissance élevée, les 

électrons et les particules lourdes sont à la même température élevée. En revanche, le PNT, 

également appelé plasma froid à pression atmosphérique (non équilibré), est généré à faible 

pression et puissance et ne contient que des particules lourdes à température ambiante, 

impliquant une température d'application inférieur ou égal à 40°C 45,46. Par rapport au plasma 

thermique, le PNT a la même efficacité pour l'élimination des tissus, la stérilisation et la 

cautérisation 47 mais avec de plus faibles dommages pour les tissus et autres surfaces 48. Le PNT 

est décrit comme un procédé prometteur pour les traitements biomédicaux systémiques tels que 

les applications en dermatologie 49,50, la guérison des blessures 51–54, la coagulation sanguine in 

vitro 55,56, la décontamination des instruments et des consommables chirurgicaux 57,58, le 

traitement des maladies buccales 59,60 et cela en raison de sa faible température d'application, 

des faibles dommages thermiques engendrés sur les tissus et de ses propriétés antimicrobiennes. 

De plus, le traitement par plasma peut également être appliqué dans le domaine de la 
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modification de surfaces, comme la fonctionnalisation chimique et le dépôt de couches minces 
61–63. 

I.1.1.2 Le traitement par ultrasons 
On appelle ultrasons une onde sonore dont la fréquence est égale ou supérieure à 20 

kHz. Si l’onde sonore a une fréquence comprise entre 20 et 100 kHz, on parle d'ultrasons de 

basse fréquence (UBF) (qui sont également appelés ultrasons de haute puissance) 64. Il 

semblerait que le phénomène de cavitation acoustique soit le mécanisme élémentaire de l’effet 

bactéricide des ultrasons. La cavitation acoustique est un processus physique qui consiste en la 

formation, la croissance et l'effondrement de microbulles dans des milieux liquides qui peuvent 

générer des forces mécaniques localisées telles que des ondes de choc, des forces de 

cisaillement et des micro-jets pour endommager les micro-organismes 33,65. D'après les données 

de la littérature (à la fois in vitro et in vivo), on constate que l'UBF peut renforcer, par le 

processus décrit précédemment, l'action des antibiotiques sur les bactéries planctoniques 66–68 

et celles en mode biofilms  69–71. De plus, dans le cas des implants incorporant des antibiotiques, 

l’UBF peut favoriser par cavitation la libération des actifs afin d'obtenir une efficacité optimale 

contre les bactéries qu’elles soient sous forme planctoniques ou biofilms 72–77. Cependant, les 

effets de l’UBF, entre autres, sur les propriétés physiques des biomatériaux, ou encore sur 

d’autres espèces bactériennes que celles déjà étudiées restent à explorer avant une application 

potentielle de cette technique en synergie ou non avec d’autres traitements dont les 

antibiotiques. 

I.1.1.3 Les traitements de type électrique  
L’efficacité de traitements électriques tels que les courants électriques directs et 

alternatifs 78,79, les ondes acoustiques (par des actionneurs piézo-électriques) 31 et les champs 

électriques 80,81 contre l'adhésion et la croissance bactérienne a été démontré par des expériences 

in vitro et in vivo. Pour le courant électrique, le mécanisme de son activité antibactérienne reste 

encore à éclaircir. Cependant, deux hypothèses majeures ont été avancées : la perturbation de 

l'intégrité de la membrane bactérienne ou la toxicité des substances produites à la suite de 

l'électrolyse telles que les molécules de chlore ou de peroxyde d’hydrogène (H2O2). A part le 

courant électrique, les autres sont censés affecter la somme des forces d'attraction et de 

répulsion entre les bactéries et la surface afin d'interférer sur l'adhésion bactérienne. Hazan et 

al. 31 ont supposé que l'énergie vibratoire des ondes acoustiques de surface pouvait amener les 

bactéries à vibrer à la même fréquence que la surface concernée, par l'intermédiaire du milieu 
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environnant. Ensuite, en ajustant les amplitudes des vibrations bactériennes générées par les 

ondes acoustiques de surface, une force nette globale pourrait être attractive ou répulsive, 

provoquant la promotion ou la prévention de l'adhésion bactérienne. Quant au champ électrique, 

il provoque la polarisation de la surface du substrat qui peut être chargée négativement ou 

positivement. Les forces répulsives générées entre la surface et les bactéries chargées du même 

signe peuvent contribuer à empêcher l'adhésion des bactéries. 

De plus, il a été constaté que le courant électrique 35,82–85 et les champs électriques 86,87 

augmentent l'efficacité des agents antibiofilm dans une action synergique appelée "effet 

bioélectrique", qui peut permettre une diminution importante de la concentration des composés 

antibiofilm à utiliser.  Cependant, le mécanisme d'un tel effet bioélectrique n’est pas totalement 

élucidé. Plusieurs mécanismes ont été proposés sous forme d’hypothèses 35 :  

- Une réduction de la capacité du biofilm à fixer l'agent antimicrobien en perturbant les charges 

de la matrice par un courant électrique. 

- La perméabilisation accrue de la membrane par électroporation facilitant la pénétration des 

agents antimicrobiens. 

- L’augmentation, au sein du biofilm, de la quantité d’oxygène généré par l'électrolyse 

augmentant la sensibilité des bactéries aux antibiotiques. 

I.1.2 Les méthodes chimiques 
Dans l'environnement, les bactéries préfèrent se développer sur toutes les surfaces 

biotiques et abiotiques disponibles pour former un biofilm plutôt qu'en suspension sous forme 

planctonique qui est fréquemment exposée à de nombreux facteurs défavorables tels que les 

antibiotiques, les fluctuations de température ou de pH 11,88–90. La formation d'un biofilm sur 

une surface est un processus dynamique complexe qui comporte généralement cinq étapes (T 

I-1): 1) fixation initiale réversible des cellules bactériennes planctoniques sur une surface, 2) 

fixation irréversible à la surface et production de substances polymères extracellulaires (EPS), 

3) prolifération des cellules bactériennes et augmentation de la matrice d’EPS au sein du 

biofilm, 4) maturation du biofilm, 5) dispersion de certaines bactéries du biofilm vers le milieu 

environnant 91–93. Comme évoqué dans l’introduction, les bactéries planctoniques ou celles en 

contact avec la surface lors de l’étape 1 sont plus sensibles aux facteurs environnementaux que 

les bactéries au sein du biofilm 14, 15. Par conséquent, le développement de matériaux capables 
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de prévenir l'adhésion des bactéries et/ou la formation de biofilms à leur surface est un élément 

clé pour lutter contre la contamination bactérienne. 

 

Figure I-1. Les différentes étapes de la formation du biofilm : 1) fixation initiale réversible des bactéries, 2) fixation 
irréversible des bactéries, 3) prolifération bactérienne et formation de la matrice, 4) maturation du biofilm, 5) dispersion de 

certaines bactéries. Reproduit de la réf. 92. 

Trois principaux types de surfaces antibactériennes sont décrits dans la littérature : les 

surfaces antiadhésives, les surfaces à libération d’agents antibactériens et les surfaces « contact-

killing » 94 (Figure I-2). 

 

Surfaces antiadhésives Surfaces libérant 
des agents antibactériens Surfaces contact-killing

Bactéries vivantes Bactéries mortes

 

Figure I-2. Illustration des trois principaux types de surfaces antibactériennes. 
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I.1.2.1 Les surfaces antiadhésives 
Les surfaces antiadhésives repoussent les bactéries en raison de certaines propriétés 

physico-chimiques telles que la charge de surface (charges négatives), la mouillabilité ou la 

topographie (surfaces micro/nano-structurées) 95–98. Le greffage d'un revêtement polymère 

antiadhésif sur la surface du substrat est l'une des stratégies les plus utilisées. Par exemple des 

polymères très hydrophiles 99, tel que le poly(éthylène glycol) (PEG), peuvent être utilisé en 

raison de la couche d'humidité formée à la surface du substrat 100. Des polymères de type 

zwitterionique peuvent aussi être utilisés 99. Dans ce cas, en plus d’interagir avec les molécules 

d'eau via des liaisons hydrogènes comme le PEG, ces polymères peuvent former des coquilles 

d'hydratation plus solides par une interaction ion-dipôle entraînant une adsorption plus dense et 

plus serrée de l'eau ce qui empêche l'adhésion bactérienne et aussi l'adsorption non spécifique 

de protéines 101. D'autres polymères tels que les polysaccharides 102, les polyhydroxy-polymères 

comme le poly(alcool vinylique) 103,104 peuvent également être utilisés comme revêtement 

antiadhésif. Comme le mode d’action des surfaces antiadhésives n'est pas de tuer les bactéries, 

ce type de surface n’est pas impacté par la résistance bactérienne. Cependant, ces surfaces 

n’affectant pas la viabilité des agents pathogènes, ces derniers, une fois repoussés, peuvent 

contaminer d'autres surfaces. De plus, l’approche antiadhésive peut rapidement être limitée par 

les facteurs physico-chimiques et environnementaux qui gouvernent le phénomène d’adhésion 

bactérienne. C’est pour cela qu’il est nécessaire d’avoir plusieurs stratégies antibactériennes en 

fonction des applications visées 105. 

I.1.2.2 Les surfaces à libération d’agents antibactériens 
Les surfaces libérant des agents antibactériens sont élaborées pour permettre la diffusion 

de ces dernier et ainsi avoir une action en solution (à distance de la surface) mais aussi au niveau 

de la surface (par les molécules non libérées) 106–108. Une méthode de modification couramment 

utilisée pour permettre l’immobilisation non covalente sur une surface d’agents antibactériens 

tels que des antibiotiques 108, des peptides antimicrobiens 109,110, des éléments métalliques 111,112, 

des enzymes 113 ou des composés cationiques 114, est la création de multicouches de 

polyélectrolytes, formées par dépôt couche par couche (Layer by Layer (LBL)) d’un polycation 

et d’un polyanion, en raison de leur simplicité, de leur polyvalence et de leur faible coût. Par 

rapport aux méthodes traditionnelles d'administration d'agents antimicrobiens, cette technique 

permet de libérer localement une forte concentration de composés actifs, et donc d'exercer une 

activité antibactérienne uniquement là où elle est nécessaire. Cependant, la libération continue 

excessive d'antibiotiques peut également conduire au phénomène de résistance bactérienne 115. 
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De plus, l'activité de ce type de surface est finalement temporaire en fonction de la cinétique de 

libération des composés antibactériens. 

I.1.2.3 Les surfaces « contact-killing » 
Les surfaces « contact-killing » sont généralement basées sur des agents biocides 

cationiques tels que les composés d'ammoniums quaternaires, les phosphoniums quaternaires, 

les polymères à base de guanidine 116 ou les peptides antimicrobiens cationiques qui sont liés 

de manière covalente aux surfaces du substrat. Ces composés attirent les bactéries chargées 

négativement et peuvent entrainer la mort cellulaire des bactéries par perturbation (voire 

perméabilisation) de leur membrane 117–119. Comme les composés antimicrobiens sont fixés de 

manière covalente à la surface et ne sont pas libérés dans le milieu, les surfaces « contact-

killing » peuvent éviter le problème de l'épuisement temporaire des agents actifs, évoqué 

précédemment dans le cas des surfaces libérant des agents antibactériens. Bien que le 

mécanisme d’action exacte de ces types d'agents, une fois immobilisés, ne soit pas totalement 

élucidé, il semblerait qu’ils agissent par la pénétration de leur partie hydrophobe dans la 

membrane bactérienne 118,120–123 et/ou encore par un échange d’ions avec les bactéries 124. Ainsi, 

les surfaces bactéricides par contact pourraient éviter le problème de la résistance bactérienne 

mais peuvent, cependant, devenir inactives par la formation d’une couche de bio-passivation 

constitué du matériel cellulaire des bactéries mortes 124.  

I.2 Généralités sur le poly(diméthylsiloxane) (PDMS) 

Les silicones sont une catégorie de polymères synthétiques qui n'existent pas dans la 

nature contrairement à de nombreux autres composés ou matériaux contenant du silicium, tels 

que l'acide orthosilicique et le minéral de quartz. Ils ont été synthétisés pour la première fois 

par Kipping en 1904 et ont reçu le nom de "silicones" en raison de leur similitude avec les 

cétones 125. Les silicones sont des polymères mixtes inorganiques-organiques de formule 

chimique (R2SiO)n dont le squelette est constitué de liaisons répétées entre le silicium et 

l'oxygène, appelé "siloxane". En plus de se lier à l'oxygène pour former la chaîne polymère, les 

atomes de silicium sont également attachés à des groupes latéraux organiques tels que les 

groupements méthyles, phényles, vinyles et trifluoropropyles. Lorsque les groupes organiques 

sont des groupements méthyles et que les silicones sont terminés par des groupes 

triméthylsilyloxy, on parle de "polydiméthylsiloxane", abrégé en PDMS, qui est le plus courant 

des silicones, avec sa structure représentée sur la Figure I-3 126. 
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Figure I-3. Structure chimique du PDMS. 

La présence simultanée de groupes "organiques" attachés à un squelette "inorganique" 

donne aux silicones une combinaison de propriétés uniques 127, ce qui permet leur utilisation 

dans de nombreuses applications et dans divers domaines tels que les matériaux isolants, les 

revêtements et l'encapsulation 128,129. 

I.2.1 Les propriétés du PDMS 
Le PDMS que nous avons utilisé dans notre étude est le Sylgard 184® de DOW Corning 

qui est largement cité dans la littérature scientifique 130–138. Il est composé de deux parties (A et 

B) : la base, majoritairement constitué d’oligomères de diméthylsiloxane avec des groupes 

terminaux vinyliques (>60%), et le réticulant, majoritairement constitué de 

méthylhydrosiloxane, (entre 40–70%)139. La réaction de réticulation du Sylgard 184® est 

réalisée par hydrosilylation entre la double liaison carbone-carbone de la base et la fonction 

hydrosiloxane (Si-H) de l’agent réticulant (Figure I-4).  
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Figure I-4. Réaction de réticulation du polydiméthylsiloxane (PDMS). 
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Les principales caractéristiques physico-chimiques du PDMS sont regroupés dans le 

Tableau I-1. Le PDMS allie des propriétés exceptionnelles, il est optiquement transparent (240-

1100 nm) 140–142, biocompatible, flexible avec une valeur de module d’élasticité de Young 

environ 1-3 MPa 143,144, résistant à la chaleur avec une valeur de conductivité thermique égale 

à 0,27 W·m-1K-1, isolant thermique et électrique avec une grande valeur de résistivité électrique 

de 2,9×1014 Ω·cm 139, 145. Il possède également une grande perméabilité aux gaz tel que 

l’oxygène ou le dioxyde de carbone146–148, une faible constante diélectrique (2,72 à 100 kHz) et 

présentent des valeurs de tension superficielle très faibles environ 20 mN/m 149. 

Tableau I-1. Quelques caractéristiques physico-chimiques importantes du PDMS (Sylgard 184). 

Caractéristiques Valeurs Références 

Transparence optique 240-1100 nm 140–142 

Angle de contact à l'eau 100-112° 150 

Module d'élasticité de Young E ~1-3 MPa 143,144 

Conductivité thermique 0,27 W·m-1K-1 145 

Résistivité volumique électrique 2,9×1014 Ω·cm 139 

Constante diélectrique à 100 Hz 2,68-2,72 145 

Tension de surface 21-22 mN/m 149 

Coefficient de diffusion de la 

vapeur d'eau 
~1000-6000 µm2s-1 147 

Coefficient de diffusion de 

l'oxygène 
~2000-4000 µm2s-1 146 

Coefficient de diffusion du CO2  ~1000 µm2s-1 148 
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I.2.2 Les applications et problématique du PDMS dans le domaine 

médical 
En raison de sa grande souplesse, son hydrophobicité, sa stabilité chimique et thermique 

et sa biocompatibilité 126,151, le PDMS est largement utilisé dans le domaine médical. En 

particulier dans les applications orthopédiques comme par exemple les implants articulaires de 

la main et du pied 152, les cathéters 153, les équipements extracorporels 127 et les implants 

esthétiques 154,155. Néanmoins, son hydrophobicité engendrent l’absorption des petites 

molécules hydrophobes dans la masse du matériau et l’adsorption des grosses molécules telles 

que les protéines à la surface 156, ce qui peut entraîner une contamination bactérienne et la 

formation d'un biofilm à sa surface. Ceci posent de graves problèmes pour la santé humaine, 

pouvant ainsi limiter son utilisation 157–159. Selon la dernière enquête nationale de prévalence 

commandée en 2017 par le ministère de la santé, le nombre d’infections nosocomiales est en 

augmentation 160. Parmi ces infections, les infections urinaires, causées couramment par la 

contamination bactérienne de cathéters, sont les plus fréquentes avec une prévalence de 

28,47%. Pour résoudre ces problèmes, un certain nombre d'efforts ont été faits pour modifier 

ou fonctionnaliser les surfaces de PDMS afin d'empêcher l'adsorption non spécifique de 

protéines ou la contamination bactérienne, tout en conservant les avantages de ses propriétés, 

en particulier sa transparence optique et sa grande flexibilité.  

Dans les paragraphes suivants, nous présenterons quelques traitements physiques 

majeures telles que le traitement par plasma d’oxygène, le traitement par UV/Ozone, ainsi que 

des méthodes chimiques telles que le dépôt couche par couche (LBL), la silanisation, 

l'hydrosilylation, le chimie click ou le photogreffage. 

I.3 Traitements physiques de surfaces de PDMS 

I.3.1 Le traitement par plasma d’oxygène 
Le traitement par plasma d'oxygène est de loin la méthode la plus couramment utilisée 

pour modifier la surface du PDMS, ce qui permet non seulement d'augmenter sa mouillabilité 

à l’eau mais aussi de créer des groupes fonctionnels chimiques tels que les groupes hydroxyles 
161–163. En effet, comme représenté sur la Figure I-5, la forte densité d'espèces réactives ionisées 

générées par le plasma d'oxygène attaque le squelette siloxane et peut ainsi former, entre autre, 

des groupes silanols (Si-OH), rendant la surface du PDMS hydrophile 163,164. Cependant, ce 

traitement n'est pas stable dans le temps et l’hydrophobie d'origine du PDMS se rétablit après 
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quelques minutes à plusieurs heures, provenant de la dynamique élevée des chaînes 

macromoléculaires du PDMS entrainant la diffusion des groupes hydroxyles dans la masse 165.  

Si

O

Si

O

Si

O

Si

O

Si

CH3

CH3

CH3

CH3

CH3

Si

O

Si

O

Si

O

Si

O

Si

OH

CH2OH

OH

COOH

OH

Plasma d'oxygène

 

Figure I-5. Schéma du processus de réaction de modification par plasma d'oxygène 163. 

De nombreux paramètres influencent la stabilité du traitement par plasma d’oxygène. Il 

semblerait que les conditions de réticulation du PDMS telles que la température, le temps de 

réticulation, et le rapport massique entre la base et le réticulant influencent la stabilité du 

traitement plasma dans le temps. En effet, une réticulation incomplète permet aux espèces libres 

de migrer plus facilement à travers le réseau du PDMS 166. Par exemple, Kim et al. 156 ont étudié 

l'influence du traitement par plasma d’oxygène à pression atmosphérique sur des surfaces de 

PDMS préparées avec deux différents rapports entre la base et le réticulant (5 :1 (PDMS-5) et 

20 :1 (PDMS-20)). Ils ont caractérisé les surfaces par des mesures de l'angle de contact avec 

l’eau (ACE), par microscopie électronique à balayage (MEB) et par spectroscopie infrarouge à 

transformée de Fourier (IRTF). Ils ont constaté que la valeur de l’ACE des deux types de PDMS 

avait fortement diminué après le traitement plasma, passant d'environ 100° à environ 10° 

(mesuré 2 heures plus tard), rendant le PDMS très hydrophile. Cependant, ce caractère 

hydrophile a diminué avec le temps avec des valeurs d’ACE de 74,3° et 63,6° après 120 h pour 

le PDMS-5 et le PDMS-20 respectivement. De plus, on peut noter que l'ACE du PDMS-20 était 

toujours inférieure à celui du PDMS-5 avant ou après le traitement plasma, ce qui indique que 

l'ACE des échantillons augmente avec le réticulant. En plus des conditions de préparation du 

PDMS, les conditions du traitement plasma (telles que la puissance et la durée) 167,168 et les 

conditions de stockage post-traitement 168–171 peuvent également influencer la stabilité du 



CHAPITRE I : ÉTAT DE L’ART 
 

18 

 

traitement par plasma. En effet, par exemple, un stockage dans l’eau permet de conserver 

l’hydrophilie de ces surfaces.  

I.3.2 Le traitement par UV/Ozone (UVO) 
L'exposition aux UV/Ozone (UVO) est une autre technique couramment utilisée pour 

modifier la surface du PDMS.  Berdichevsky et al 172 ont découvert que les échantillons de 

PDMS modifiés par un traitement aux UVO pendant 30 minutes ne provoquent pas de fissures, 

contrairement au traitement au plasma d'oxygène qui engendre des fissures dès 1 minute de 

traitement. De plus, le traitement UVO semble plus stable que le traitement plasma. En effet, 

l’hydrophobie d'origine du PDMS se rétablit plus lentement que le traitement plasma (environ 

3 jours contre quelques heures respectivement). Si l'on suppose que le mécanisme de 

récupération de l’hydrophobie est le même cela suggère que les échantillons traités aux UVO 

ont probablement une couche modifiée plus épaisse que les échantillons traités au plasma 

d'oxygène avec un changement chimique de surface similaires. Cependant, pour des raisons 

probablement cinétiques, le traitement UVO nécessite une durée de traitement plus longue que 

le plasma pour avoir une bonne fonctionnalisation de la surface  172,173. Le mécanisme de 

modification de la surface du PDMS par les UVO, représenté sur la figure I-6, est un processus 

photochimique. Lorsque la lumière UV (longueur d'onde 185 nm ou 254 nm) est mise en contact 

avec la surface du polymère dans une atmosphère d'oxygène une réaction d’oxydation se 

produit  172,174. 
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Figure I-6. Mécanisme du traitement UV/Ozone d'une surface en PDMS 172,174. 
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Comme pour le traitement par plasma, l’effet du traitement par UVO n'est pas stable 

dans le temps et est influencé par les mêmes paramètres 165,172,173,175. Par exemple, Olah et al. 
165 ont démontré par XPS qu'après un traitement UVO de 60 minutes, une couche de silice 

hydrophile (SiOχ) s'est formée. De plus, les valeurs d’angles de contact à l’avancée (θadv) et au 

retrait (θrec) diminuent de 100° pour le PDMS natif jusqu’en dessous de 40° pour un temps de 

traitement de 60 minutes ou plus, correspondant à une surface de PDMS hydrophile. Cependant, 

le caractère hydrophile diminue au fur et à mesure du temps post-traitement 176.  

I.4 Modifications chimiques de surfaces de PDMS 

I.4.1 Modification non covalente par dépôt couche par couche (layer-by-layer 

(LBL)) 
Le dépôt de film LBL est une stratégie de modification de surface qui permet de former 

un film mince par adsorption alternée de polyanions et de polycations sur pratiquement tous 

types de substrats afin de produire des multicouches de polyélectrolytes (PEMs) 177. Cette 

technique est simple, efficace, facile à mettre en place et un contrôle de l'épaisseur à l'échelle 

nanométrique est possible. Cependant, l’inconvénient, pour une application de cette approche, 

est la stabilité du revêtement dans les temps. Le processus de formation des LBLs est illustré 

sur la Figure I-7. 

...

PDMS

PDMS

PDMS

PDMS

Polycation Polyanion  

Figure I-7. Schéma du dépôt couche par couche. 
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Tian et al. 163 ont utilisé cette technique pour modifier des surfaces de PDMS à partir du 

poly(chlorure de diméthyldiallyl ammonium) (PDDA, 20 % en poids dans l'eau) et du poly (4-

styrène sulfonate de sodium) (PSS, 30 % en poids dans l'eau) en réalisant des films à 5, 10 et 

15 couches à différentes concentrations en polymères de 0,01 %, 0,02 % et 0,03 % (V/V). Ils 

ont constaté qu'à partir d’une concentration de 0,02 % la valeur de l’ACE ne varie quasiment 

plus. De plus, les résultats des tests de vieillissement des échantillons modifiés à une 

concentration de 0,02% ont montré qu'il existe toujours des phénomènes de récupération après 

un stockage de longue durée. Cependant, plus le nombre de couches augmente plus le retour à 

l’état initial du PDMS est lent. En effet, quel que soit le temps de stockage, la surface de PDMS 

recouverte de 10 couches permet d’obtenir le caractère le plus hydrophile avec, par exemple, 

un ACE égal à 61° après 15 jours de stockage.  

L'architecture poreuse et supramoléculaire des films PEMs 178 permet l'incorporation 

d'une large gamme de molécules bioactives, en général, par interactions électrostatiques 179–181. 

La force ionique, le type de solvant, la température, la concentration de la solution et le pH de 

la solution (pour les polyélectrolytes faibles) peuvent affecter la stabilité et la fonctionnalité de 

surface des films PEMs 182. Par exemple, Wang et al. 183 ont préparé des films en utilisant du 

poly(acide acrylique) modifié avec de la dopamine (PAA-dopa) ou non et de la 

poly(éthylèneimine) (PEI) et ils ont étudié l’effet du pH sur l’incorporation du sulfate de 

gentamicine (SG), qui est un antibiotique. Ils ont constaté que la valeur du pH influençait 

l’incorporation de la SG et que pour des pH acides, la déprotonation des fonctions carboxyles 

du PAA permettaient d’augmenter l’incorporation du SG par interaction électrostatique. De 

plus, ils ont étudié l’effet de la réticulation des films sur le taux de libération du SG afin de 

contrôler la diffusion de la molécule active qui est un paramètre important pour une activité à 

long terme.  Pour cela, ils ont comparé la vitesse de diffusion du GS dans des films avec du 

PAA non réticulé et des films avec du PAA réticulé par la dopamine. Ils ont observé que 99 % 

de la SG était libérée après 8 heures pour le film avec du PAA non réticulé, contre seulement 

46 % après 8 heures et 88 % après 168 heures pour le film avec du PAA réticulé. Ceci montre 

la possibilité de contrôler la diffusion des composés actifs incorporés dans des films LBLs.  

Parallèlement, ils ont montré que les films PEMs chargés de SG présentaient une activité 

bactéricide contre Staphylococcus aureus (S. aureus) et aucune cytotoxicité envers les cellules 

épithéliales du cristallin humain (HLEC pour anglais human lens epithelial cells). En outre, ils 

ont réalisé une expérience in vivo qui a démontré que le PDMS modifié peut favoriser la 
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cicatrisation des plaies et avoir un effet anti-inflammatoire. Le Tableau I-2 regroupe certains 

travaux publiés sur la modification de la surface du PDMS par dépôt LBL. 

Tableau I-2. Résumé des travaux publiés sur la modification de la surface du PDMS pour une application biomédicale en 
utilisant le dépôt LBL.   

Matériau 
Principales propriétés de la 

surface modifiée 

Application 

potentielle 
REF 

Type d’action 

antibactérienne 

(PAA-dopa/PEI)n 

films multicouches 

chargés de SG 

Libération prolongée de SG : 

≈95% de réduction de S. aureus ; 

Non cytotoxique pour les 

HLEC ; Propriétés de 

cicatrisation des plaies et d’anti-

inflammation. 

Surfaces 

thérapeutiques 

(applications 

biomédicales)  

183 

Libération 

d’agents 

antibactériens 

(dopa-PAA/PEI-

AgNPs)n
a films 

multicouches 

Libération prolongée de Ag+ ; 

Bactéricide contre S. aureus et E. 

coli ; Faible cytotoxicité envers 

HLECs ; Propriétés de 

cicatrisation des plaies et d’anti-

inflammation. 

Modification des 

implants et autres 

dispositifs 

biomédicaux 

184 

Libération 

d’agents 

antibactériens 

(PAA/(PVP/CHI))n
b 

films multicouches 

chargés de SG 

ACE : 50,4±3,4° (n=10) ; 

Propriétés bactéricides contre 

trois types de Gram+, trois types 

de Gram- et un type de 

champignon. 

Applications 

biomédicales 
185 

Libération 

d’agents 

antibactériens 

(Poly (acide 

acrylique) /poly 

(chlorhydrate 

d'allylamine))n 

(PAA/PAH)n films 

multicouches chargés 

de AgNPs 

Activité antibactérienne contre S. 

epidermidis et P. aeruginosa 

(99,99% de destruction 

bactérienne en 12 h lorsque [Ag] 

= 1,0±0,12 µg/cm2) 

Fonctionnalisation 

des surfaces des 

tissus 

biologiques/des 

dispositifs médicaux 

138 

Libération 

d’agents 

antibactériens 
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Tableau I-2 (Suite). 

Matériau 
Principales propriétés de la 

surface modifiée 

Application 

potentielle 
REF 

Type d’action 

antibactérienne 

(PAH/PAA)n films 

multicouches chargés 

de chlorhexidine  

Activité antibactérienne contre S. 

aureus (3 log ou 4 log de 

réduction avec "n" égal à 40 ou 

80 respectivement) 

Fonctionnalisation 

des surfaces des 

tissus 

biologiques/des 

dispositifs 

implantables 

186 

Libération 

d’agents 

antibactériens 

(Urushiol/BPEI)n
c  

films multicouches 

ACE : 130,96 ±4,76° (n=50) ; 

Effets inhibiteurs contre S. 

aureus et P. aeruginosa 

Applications 

biomédicales 
187 

Surfaces 

Antiadhésives  

(PSS/PTMAEMA-

co-dérivées de PSPE 

/CDH)n
d films 

multicouches 

ACE : 22° ; 

Propriétés antiadhésives et 

bactéricides contre S. aureus 

Sondes urinaires 

antimicrobiennes 
188 

Antiadhésive/ 

Contact-killing 

a AgNPs : Nanoparticules d'Ag 
b PVP : polyvinylpyrrolidone ; CHI : chitosan 
c BPEI : polyéthylèneimine ramifiée 
d PSS : poly (sulfonate de styrène); PTMAEMA-co-dérivées de PSPE : polymères multifonctionnels comprenant des 
zwitterions et des groupes d'ammonium quaternaire; CDH : cellobiose déshydrogénase. 

La modification de surface de PDMS par des méthodes physiques ou par LBL est 

expérimentalement simple et rapide, mais n'est cependant pas stable à long terme. Afin de 

pallier ce problème, une autre approche est de modifier chimiquement la surface du PDMS via 

une liaison covalente entre un groupe fonctionnel de la surface et un groupe fonctionnel d’une 

(macro)molécule bioactive. 

I.4.2 Modification covalente de surfaces de PDMS 
Le greffage covalent de (macro)molécules actives sur des surfaces de PDMS  peut être 

réalisé par différentes méthodes 189–197. Cependant, dans la majorité des cas, la modification 

directe de la surface native est difficile à réaliser en raison de l'inertie et de la stabilité chimique 

de ce matériau. Il est donc souvent nécessaire d’effectuer un traitement préalable afin de générer 

des sites d'ancrage fonctionnels tels que des fonctions hydroxyles par exemple 198. Ces groupes 
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hydroxyles peuvent être introduits à la surface du PDMS par oxydation dans une solution 

H2SO4/H2O2 102,199, par traitement plasma d’oxygène ou par traitement UVO 172,174,176. Par 

contre, le couplage post-traitement doit être réalisé rapidement (de l’ordre de quelques minutes) 

en raison du phénomène de retour à l’hydrophobie, expliqué précédemment.  

Dans le paragraphe suivant, nous présentons quelques méthodes de modifications 

chimiques covalentes de surface du PDMS, décrites lors des deux dernières décennies, à savoir 

la silanisation, l'hydrosilylation, la chimie click et le photo-greffage. 

I.4.2.1 La silanisation 
La silanisation est l'une des stratégies de modification covalente les plus utilisées, basée 

sur la réaction entre un groupement alcoxysilane porté par la (macro)molécule à greffer et un 

groupement hydroxyle de la surface, donnant lieu à des liaisons siloxanes (Figure I-8).  

OH

OH2

OH

SiO CH2

R2

R3

R1 R4n

OH

O

OH

Si

R2

R3

CH2 R4n

 

Figure I-8. Réaction de condensation d'alcoxysilanes avec des fonctions hydroxyle sur des surfaces. 

La silanisation présente de nombreux avantages tels que son faible coût, son efficacité, 

sa simplicité ainsi qu’un large éventail de composés alcoxysilane commerciaux, ce qui explique 

son importante utilisation dans la littérature pour modifier la surface du PDMS 133,137,200–206. De 

plus, la liaison entre les alcoxysilanes et les fonctions hydroxyles de la surface peut se faire par 

l'intermédiaire d’un à trois groupes alcoxyles, ce qui permet une bonne orientation du greffon 

et une modification stable.  

Il est donc possible d’élaborer des surfaces antibactériennes directement par 

modification du PDMS par des (macro)molécules actives ayant des groupes alcoxysilanes. Par 

exemple, Yeh et al. 207 ont modifié la surface du PDMS préalablement traité par plasma 

d’oxygène par un silane sulfobétaïne (SBSi) pour développer une interface zwitterionique 

superhydrophile (ACE = 6,8±1,7°) stable (PDMS-SBSi). Le PDMS-SBSi préparé a montré une 

excellente résistance à l'adhésion bactérienne à l’égard de S. epidermidis et P. aeruginosa avec 

des taux d’inhibition de 99,78% et 99,86%, respectivement, par rapport à l’adhésion sur la 
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surface de PDMS non modifiée. De plus, la surface modifiée a présenté également une 

excellente résistance à l'adsorption de bio(macro)molécules, avec des taux d’inhibition de 98 

% et 97 % contre l'albumine de sérum bovine (BSA) et la mucine, respectivement. De plus, la 

modification est stable dans le temps avec une conservation de sa biointégrité après 30 jours de 

stockage dans des conditions ambiantes.   

Cependant, cette méthode de modification est plutôt utilisée comme un deuxième 

prétraitement pour apporter une fonction chimique d’ancrage, autre que des fonctions 

hydroxyles, pouvant permettre par la suite l’immobilisation de (macro)molécules actives. A cet 

effet, le (3-aminopropyl) triéthoxysilane (APTES) a été largement utilisé comme agent de 

couplage pour introduire un groupement amino permettant l’immobilisation covalente de 

(macro)molécules ayant par exemple des fonctions acides carboxyliques ou aldéhydes133.  

Tang et al. 208 ont développé des surfaces de PDMS antiadhésives par polymérisation 

radicalaire contrôlée par transfert de chaîne réversible par addition-fragmentation de molécules 

antimicrobiennes, initiée à partir de la surface du PDMS (SI-RAFT) (Figure I-9). Ils ont 

immobilisé l'agent RAFT (l’acide 4-cyano-4-(phénylcarbonothioylthio)pentanoïque 

(CPCTTPA)) par immersion du PDMS traité à l'APTES dans une solution contenant cet agent 

et des molécules permettant la réaction de couplage. Ensuite, la surface PDMS-PEG a été 

obtenue en polymérisant le méthacrylate de polyéthylène glycol (PEGMA) à partir de la surface 

du PDMS (grafting from), en présence d’amorceurs appropriés préalablement immobilisés sur 

la surface. La surface modifiée a présenté une grande hydrophilie avec un ACE de 50,6° et 8,0° 

après que la goutte d'eau ait été en contact avec la surface pendant 30s et 11 minutes, 

respectivement. En outre, la surface PDMS-PEG a montré d'excellentes propriétés 

antisalissures contre les protéines (réduction de l’adhésion de 60 % par rapport à la surface 

vierge), les cellules épithéliales du cristallin (LEC : lens epithelial cell) et S. aureus. 
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Figure I-9. Illustration schématique d'exemples de modification de la surface du PDMS par la combinaison de la silanisation 
et du " grafting from ". 

Fernandes et al. 200 ont introduit le groupe époxy sur la surface du PDMS via 

l'immobilisation du (3-glycidyloxypropyl) triéthoxysilane (GOPTS). Ensuite, des nanosphères 

d'aminocellulose antibactériennes (ACNS) ont été immobilisées sur le PDMS par la technique 

du "grafting to" 209 via  une réaction époxy-amine (Figure I-10). La surface PDMS modifiée par 

les ACNS a montré une inhibition efficace de la formation de biofilms de E. coli en réduisant 

la masse totale de bactéries sessiles jusqu'à 80% par rapport au PDMS prétraité par le silane.  

PDMS PDMS-ACNSPDMS-GOPTS

GOPTS ACNS

EtOH
 

Figure I-10. Illustration schématique d'exemples de modification de la surface du PDMS par la combinaison de la silanisation 
et du " grafting to ". 

Certains travaux publiés sur la modification de surface du PDMS par silanisation sont 

représentés dans le Tableau I-3. 
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Tableau I-3. Résumé des travaux publiés sur la modification de la surface du PDMS pour des applications biomédicales en 
utilisant le PDMS prétraité par silanisation. 

Type de surface 
Principales propriétés de la 

surface modifiée 

Application 

potentielle 
REF 

Type d’action 

antibactérienne 

PDMS-SBSi 

ACE : 6,8±1,7° ; 

Réduction de plus de 99% de 

l’adhésion de S. epidermidis et P. 

aeruginosa, 

Antifouling 

Dispositifs 

implantables 
207 Antiadhésive 

PDMS-PEG 

(grafting from) 

ACE : 50,6° (30s) et 8,0° 

(11min) ; Résistance à l'adhésion 

des protéines, des LEC et de 

S.aureus  

Biomatériaux 

implantables 
208 Antiadhésive 

PDMS-p (MA 

POSS-co-

DMAEMA+)a 

(grafting from) 

ACE : 101,6±3,1°, 92,1±1,3° et 

86,4±2,8° avec une teneur en 

DMAEMA+ de 0,05, 0,10 et 0,20, 

respectivement, 

Propriétés antiadhésives et 

bactéricides contre S. aureus 

Réduction de 

l'occurrence de 

l'opacification de 

la capsule 

postérieure après 

une chirurgie de 

la cataracte 

133 
Antiadhésive / 

Contact-killing 

PDMS-GO-

DMAc 

ACE : 54,2°, 

Propriétés antibactériennes contre 

S. aureus et E. coli 

Applicabilité sur 

les micro-

dispositifs 

biomédicaux 

204 

Contact-killing 

PDMS-MPA-N+ d 

ACE : 78,6±1,3°, 

Propriétés antimicrobiennes et 

antibiofilm contre S. aureus, E. 

coli et P. aeruginosa, 

Hémocompatibilité et non 

cytotoxicité 

Implants 

biomédicaux à 

court terme (11 

jours) 

210 
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Tableau I-3 (Suite). 

Type de surface 
Principales propriétés de la 

surface modifiée 

Application 

potentielle 
REF 

Type d’action 

antibactérienne 

PDMS 

conjuguée IAb 

ou PIA 

ACE : 34,6±1,8° et 42,3±0,4° du 

PDMS conjugué IA ou PIA, 

respectivement ; 

Antifouling et non cytotoxicité 

Applications 

biomédicales 
137 Antiadhésive 

PDMS-APTES 

chargé de SAe 

Propriété antimicrobienne contre 

E. coli, S. aureus et S. epidermidis  

Applicabilité aux 

dispositifs 

médicaux 

202 

Libération 

d’agents 

antibactériens  

PDMS-ACNSs  

(grafting to) 

Propriété antibiofilm contre E. 

coli (réduction de 80% de la 

masse totale des bactéries 

sessiles) 

Réduction des 

infections 

associées aux 

cathéters causées 

par E. coli  

200 Contact-killing 

PDMS-HB-PEI+ f 

(grafting to) 

Efficacité élevée contre toutes les 

souches de bactéries Gram+ 

testées, mais pas contre toutes les 

souches Gram- testées 

Implants et 

dispositifs 

temporaires en 

PDMS (cathéters 

et prothèses 

vocales, etc.) 

205 Contact-killing 

ap (MA POSS-co-DMAEMA+ : poly (méthacrylisobutyl-silsesquioxane oligomère polyédrique-co-2-(diméthylamino)-
méthacrylate d'éthyle) quaternisées. 
b IA : l’acide itaconique. 
c GO : l’ oxyde de graphene; DMA : un dérivé de catéchol-monomère de méthacrylamide de dopamine. 
d MPA-N+ : le cation ammonium quaternaire de l'acide maléopimarique. 
e SA : l’ acide salicylique. 
f HB : hyberbranché; PEI+ : polyéthylèneimine (PEI) quaternisées avec du bromohexane et de l'iodométhane.  

I.4.2.2 L’hydrosilylation    
Des groupes Si-H peuvent être introduits à la surface du PDMS réticulé par insertion 

catalysée par un acide de polyméthylhydroxysiloxane 193,194 qui peuvent être mis à profit pour 

greffer des (macro)molécules bioactifs contenant des doubles liaisons carbone-carbone via une 
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réaction de couplage par hydrosilylation (Figure I-11), qui est l'une des stratégies les plus 

utilisées pour fonctionnaliser les surfaces du PDMS. 

Si

H

R Si

R

Couplage par 
hydrosilylation

 

Figure I-11. Illustration de la réaction de couplage par hydrosilylation. 

Chen et al. 194 ont incorporé du Si-H à la surface du PDMS en utilisant du (MeHSiO)n 

dans des conditions acides. Ensuite, des mono- et di-vinyl PEG de différentes masses molaires 

(de 350 à 2000 g/mol) ont été greffés sur du PDMS via une réaction d’hydrosilylation entre le 

Si-H surfacique et les groupes vinyles du PEG. Les surfaces obtenues se sont révélées plus 

hydrophiles que le PDMS natif avec un θadv   allant de 65° à 110° et un θrec inférieure à 56° 

contre environ 120° et 110° pour le PDMS natif, respectivement. De plus, les auteurs ont étudié 

la propriété d’antisalissure des surfaces en utilisant du fibrinogène radiomarqué et les résultats 

ont montré que toutes les surfaces modifiées pouvaient réduire de manière significative (plus 

de 90%) l'adsorption des protéines, à l'exception de l'échantillon fonctionnalisé avec du PEG 

2000 difonctionnel présentant une densité de fibrinogène adsorbé en surface de 220 ng/cm2 

contre 250 ng/cm2 sur le PDMS vierge. Dans une autre étude, Chen et al. 193 ont immobilisé 

l'héparine sur la surface du PDMS grâce à un espaceur PEG hétérobifonctionnel (porteur d’un 

groupement vinyle et d’un groupement carbonate de succinimidyle) qui a été greffé sur le 

substrat de PDMS par hydrosilylation entre les groupes vinyles du PEG et les groupes Si-H 

introduits sur la surface du PDMS en utilisant la méthode précédente 194. La surface finale 

obtenue (PDMS-PEG-Héparine) a présenté des valeurs de θadv et θrec de 48° et 31° contre 85° et 

≈56° pour le PDMS-PEG, respectivement. De plus, les deux surfaces (PDMS-PEG et PDMS-

PEG-Héparine) ont montré une réduction significative de l'adsorption des protéines avec 

seulement 5 et 6 ng/cm2 respectivement par rapport à la surface témoin (46 ng/cm2). Alors que 

pour l'adsorption de l'antithrombine (AT), des niveaux élevés d'AT ont adhérés sur la surface 

PDMS-PEG-Héparine avec 660 ng/cm2 mais seulement 50 et 7 ng/cm2 sur la surface témoin et 

la surface PDMS-PEG. D'autres tests de prévention de la formation de thrombus sur la surface 

PDMS-PEG-Héparine ont été effectués et le résultat a montré que la surface PDMS-PEG-

Héparine était significativement moins thrombogène que les autres surfaces testées, ce qui 
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suggère que cette surface peut être utilisée pour améliorer les propriétés thrombogènes des 

biomatériaux en contact avec le sang. 

D’autres travaux ont utilisé les groupes Si-H résiduels à la surface du PDMS après sa 

réticulation pour directement modifier la surface de PDMS par hydrosilylation. Par exemple, 

Mussard et al. 190ont développé un nanofilm antiadhésif de type glycocalyx sur du PDMS par 

hydrosilylation entre les groupes Si-H surfaciques et des groupes vinyles d'un dérivé de 

méthylcellulose (Figure I-12-1). La réaction a été conduite dans l'eau en une étape sans ajout 

de catalyseur au platine. La surface de PDMS modifiée a montré un caractère plus hydrophile 

que le PDMS natif avec un θadv ≈ 90° et un θrec ≈ 35° contre θadv ≈ 110° et θrec ≈ 75° 

respectivement. En outre, cette surface de PDMS biomimétique modifiée a présenté non 

seulement une propriété d'adsorption non spécifique des protéines (telles que la BSA et le 

fibrinogène), mais aussi une propriété antiadhésive à l'égard des bactéries et des cellules de 

mammifères, ce qui peut permettre une potentielle utilisation de cette surface dans le domaine 

de la microtechnique et de la biomédecine. 

Afin d’augmenter la densité de greffage de polymères par la technique 

d’hydrosilylation, Zhang et al. 211 et Kebir et al. 131 ont préparé des surfaces du PDMS avec 

plus de groupes Si-H résiduels en ajustant les rapports massiques entre le précurseur et son 

agent réticulant. (Figure I-12).   



CHAPITRE I : ÉTAT DE L’ART 
 

30 

 

 

Figure I-12. Illustration schématique de quelques exemples de modification de surface de PDMS par réaction 
d'hydrosilylation. 

Zhang et al. ont synthétisé une nouvelle molécule zwitterionique (allyl carboxybetaine 

(CB), (Figure I-12-2)) par la réaction de quaternisation de la N,N-diméthylallylamine avec le 

chloroacétate de sodium et ont ensuite greffé de manière covalente cette molécule sur une 

surface de PDMS par hydrosilylation en présence d’un catalyseur organométallique à base de 

platine, connu sous le nom de catalyseur de Karstedt. Ils ont choisi un rapport massique de 1:1 

entre la base et le réticulant pour préparer un PDMS de haute densité en Si-H surfacique. 

L'hydrophilie du PDMS modifié (PDMS-CB) a été significativement améliorée avec une valeur 

d’ACE de ≈ 46° contre 103° pour le PDMS non modifié, avec une stabilité à long terme testée 

sur une période de 3 mois. Les auteurs ont également étudié la biocompatibilité et la propriété 

d’antisalissure de la surface de PDMS-CB contre les protéines et les bactéries. Les résultats ont 

montré que le PDMS-CB n'était pas toxique pour les cellules L929 et présentait une 

amélioration significative de la biocompatibilité du sang. De plus, la surface PDMS-CB a 

montré des propriétés d’antisalissure à travers sa résistance à l'adsorption non spécifique de 

protéines (BSA), avec une réduction de plus de 75 % par rapport au PDMS vierge, mais aussi 

sa résistance à l'adhésion bactérienne de S. aureus et E. coli. 
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 Kebir et al. ont eux développé une surface de PDMS contact-killing en greffant deux 

polymères cationiques contenant des groupes vinyle et ammonium quaternaire (Figure I-12-3) 

sur le PDMS via la réaction d'hydrosilylation dans l'eau sans utiliser de catalyseur exogène. Ils 

ont montré que la concentration des groupes Si-H résiduels sur le PDMS après le durcissement 

n’est pas seulement influencée par le rapport (en poids) des composants du PDMS comme Guo 

et al. 191 ou Zhang et al 211 l'ont rapporté mais peut également être influencée par le temps de 

réticulation (augmentation des groupes Si-H en diminuant le temps de réticulation). 

Parallèlement, les auteurs ont également étudié l'influence du temps de réaction, de la nature du 

solvant et de la concentration de la solution de polymère cationique sur l'efficacité du greffage. 

Toutes les surfaces de PDMS greffées en polymères cationiques ont présenté des densités de 

charge de surface variant de 1,8 × 1014 à 2,8 × 1015 N+ cm-2 avec une valeur d’ACE variant 

entre 78 et 99° et ont montré d’excellentes propriétés bactéricides contre E. coli et S. 

epidermidis avec presque 100% d’éradication bactérienne après 1 heure de contact. Cependant, 

les fortes interactions entre les protéines plasmatiques (BSA et fibrinogène), macromolécules 

chargées électriquement, et les polymères cationiques greffés en surface du PDMS conduisent 

à la passivation des surfaces de PDMS cationique et à l’affaiblissement de leurs propriétés 

bactéricides, limitant ainsi leurs applications en contact avec le sang.  

Certains travaux publiés sur la modification de la surface du PDMS par la méthode 

d'hydrosilylation sont regroupés dans le Tableau I-4. 

Tableau I-4. Résumé des travaux publiés sur la modification de la surface du PDMS pour des applications biomédicales par la 
méthode d'hydrosilylation. 

Type de 

surface 

Principales propriétés de la surface 

modifiée 

Application 

potentielle 
REF 

Type d’action 

antibactérienne 

PDMS revêtu 

d'un film de 

type glycocalyx 

θadv ≈ 90° and θrec ≈ 35°, 

Propriétés antiadhésives contre les 

protéines (BSA et fibrinogène) et les 

bactéries (S. aureus, S. epidermidis, 

E. coli et P. aeruginosa) et des 

cellules de mammifères (cellules 

rénales canines Madin Darby) 

Microtechnique 

(microfluidique, 

micropatterning)/ 

 

Biomatériaux et 

matériel 

biomédical 

190 Antiadhésive  
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Tableau I-4 (Suite). 

Type de 

surface 

Principales propriétés de la surface 

modifiée 

Application 

potentielle 
REF 

Type d’action 

antibactérienne 

PDMS revêtu de 

PEG  

ACE : 27°, 34° et 29° pour trois 

types de PEG différentes 

respectivement en présence du 

catalyseur de Karstedt, 

Résistance aux protéines non 

spécifiques (BSA et lysozyme). 

 

Biomatériaux et 

matériel 

biomédical 

191 Antiadhésive 

PDMS greffée 

de 

Carboxybetaine 

ACE : ≈ 46°, 

Propriété antisalissure contre BSA, S. 

aureus et E. coli. 

Biomatériaux et 

matériel 

biomédical 

211 Antiadhésive 

Surface de 

PDMS greffée 

de polymère 

cationique 

ACE : 78-99°, 

Densité de charge de surface : 1.8 × 

1014 à 2.8 × 1015 N+ cm-2, 

Propriété bactéricide contre E. coli et 

S. epidermidis. 

Surfaces externes 

de biomatériaux 

(ex : chambre 

cathéters) et 

matériel 

biomédical 

131 Contact-killing 

PDMS revêtue 

de PEG 

ACE : θadv =65-110° et θrec <56°, 

Propriété antisalissure contre les 

protéines 

Biomatériaux et 

matériel 

biomédical 

194 Antiadhésive 

PDMS modifié 

par l'héparine 

ACE : θadv =48° et θrec =31°, 

Résistance à l'adsorption non 

spécifique des protéines,  

Amélioration de la propriété anti-

thrombogène 

Biomatériaux 

implantables 
193 Antiadhésive 
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I.4.2.3 La chimie click   
La "chimie click" est un ensemble de réactions qui sont sélectives, efficaces, à haut 

rendement et sans produits secondaires dans des conditions de réaction simples. Son concept a 

été introduit pour la première fois par Sharpless et al 212 en 2001 pour fournir une technique de 

choix pour la préparation de médicaments 213. Cependant, son concept et sa méthodologie ont 

été largement acceptés et peuvent être appliqués dans presque tous les domaines de la recherche 

et de la technologie, y compris la modification de surfaces qui nécessite généralement la 

modification préalable de la surface et/ou du composé actif 214–219. Le paragraphe suivant 

présente deux grands types de chimie click : la chimie click thiol-ène et la cycloaddition azide-

alkyne catalysée par le cuivre. 

La réaction des thiols avec les doubles liaisons carbone-carbone peut se dérouler dans 

des conditions radicalaires (appelée réaction click thiol-ène) ou anioniques (appelée addition 

de Michael thiol) (Figure I-13). Les radicaux thiol sont faciles à générer (thermiquement ou 

photo-chimiquement) et à manipuler. La réaction thiol-ène est simple, flexible et efficace, ce 

qui en fait une stratégie prometteuse pour la modification des surfaces 220,221.  

R SH

R'

a) Radical libre

b) Catalyseur
R'

S
R

 

Figure I-13. Illustration de la chimie click thiol-ène qui peut être soit : a) radicalaires, soit b) anioniques. Reproduit de la réf. 
220. 

Magennis et al. 199 ont présilanisé la surface du PDMS avec du (3-mercaptopropyl) 

triméthoxy silane afin d’introduire sur la surface la fonction thiol. Ensuite, l'acrylate d'éther 

dicyclopentényle d'éthylène glycol (EGdPEA), le méthacrylate d'éther méthylique de 

di-(éthylène glycol) (DEGMA) ou un copolymère de ces deux monomères ont été greffés sur 

la surface du PDMS , via des procédés de « grafting from » ou de « grafting to », en utilisant 

une réaction thiol-ène (Figure I-14). Les auteurs ont remarqué que l'introduction du silane thiolé 

sur le PDMS permettait déjà d’améliorer ses propriétés antiadhésives à l’égard des bactéries et 

que la surface modifiée finale (PDMS-EGdPEA-DEGMA) réduisait de 99% l'adhésion de P. 

aeruginosa et de Proteus mirabilis.  



CHAPITRE I : ÉTAT DE L’ART 
 

34 

 

O
O

O

O
O

O

O

O
O

O

O
O

O

O

O
O

O

O

x
y

Si
O

Si
O

Si
O

Si
O

Si

H3C

H3C

H3C

H3C

O
O

O

O
O

O

O

O
O

O

O

x
y

SGrafting from

Gra
fti

ng t
o

Polymérisation

EGdPEA DEGMA

PDMS-EGdPEA-DEGMA

 

Figure I-14. Illustration schématique de la préparation de revêtements antimicrobiens sur PDMS par la chimie click thiol-ène 
en utilisant EGdPEA et DEGMA via des procédés « grafting from » ou « grafting to ». Reproduit de la réf. 199. 

La cycloaddition azoture-alcyne catalysée par le cuivre (CuAAC) est la plus courante 

parmi les réactions de chimie click. La réaction CuAAC permet la formation du cycle 1,4-

disubstitué-1,2,3-triazole provenant de la cycloaddition d'un groupement azoture et d'une 

fonction alcyne en présence d'un catalyseur au cuivre (Figure I-15). 

R N3 R
1

N N

N
R

R
1

Cu(I)

H2O

 

Figure I-15. Illustration de la cycloaddition azoture-alcyne catalysée par le cuivre (CuAAC). 

Zhang et al. 222 ont d'abord introduit des atomes de chlore sur le PDMS via une réaction 

de silanisation entre le 3-chloropropyltrichlorosilane et la surface du PDMS prétraitée par 

plasma d'oxygène. Ils ont ensuite introduit des groupements azotures par réaction entre les 
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atomes de chlore de la surface et de l’azoture de sodium (PDMS-N3). Pour finir, ils ont greffé 

de façon covalente un PEG ayant une fonction alcyne sur la surface du PDMS-N3 via la réaction 

de CuAAC (Figure I-16). Le PDMS-PEG obtenu a montré un caractère hydrophile avec une 

diminution de l’ACE par rapport au PDMS-N3 et au PDMS natif, avec des valeurs de 64°, 87° 

et 115° respectivement. De plus, cette valeur de 64° a été maintenue pendant environ 30 jours 

montrant la stabilité du lien formé. Les auteurs ont également mis en évidence les propriétés 

antiadhésives du PDMS modifié contre différentes protéines telles que la BSA et l'albumine 

d’œuf, même après 30 jours.  

PDMS

Plasma d'oxygène

PDMS

OH OH OH

PDMS

Silane
Cl Cl Cl

NaN3, 80°C

PDMS

N3 N3 N3

PDMS

PEG
Alcyne-PEG

CuAAC

PEG PEG

 

Figure I-16. Illustration schématique de la préparation de revêtements antimicrobiens sur PDMS par la réaction CuAAC en 
utilisant du PEG fonctionnalisé par une fonction alcyne. Reproduit de la réf. 222. 

Le Tableau I-5 regroupent certains travaux publiés sur la modification de la surface du 

PDMS par une réaction de chimie click. 

Tableau I-5. Résumé des travaux publiés sur la modification de la surface du PDMS pour des applications biomédicales par la 
chimie click. 

Modification 

de surface 

Type de 

surface 

Principales propriétés de la 

surface modifiée 

Application 

potentielle 
REF 

Type d’action 

antibactérienne 

Silanisation / 

réaction thiol-

ène 

PDMS modifié 

au PEG 

ACE : 73° de l'échantillon 

fraîchement préparé, 92° de 

l'échantillon stocké à l'air 

pendant 6 mois et 82° de ce 

dernier échantillon trempé 

dans l'eau pendant 3 jours 

Microtechnique 

(microfluidique)/ 

Biomatériaux  

221 Non mentionné 
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Tableau I-5 (Suite). 

Modification 

de surface 

Type de 

surface 

Principales propriétés de la 

surface modifiée 

Application 

potentielle 
REF 

Type d’action 

antibactérienne 

Silanisation / 

réaction thiol-

ène  

PDMS-

BODIPY-Bra 

Propriétés bactéricides contre 

E. coli  

Applicabilité aux 

dispositifs 

médicaux 

203 

Libération 

d’agents 

antibactériens 

Silanisation / 

réaction thiol-

ène 

PDMS-

EGdPEA-

DEGMA 

Propriétés antiadhésives contre 

P. aeruginosa et Proteus 

mirabilis avec une réduction 

de 99 % de leur adhésion en 

surface 

Applicabilité aux 

dispositifs 

médicaux 

199 Antiadhésive  

Silanisation / 

CuAAC 
PDMS-PEG 

ACE : 64°, 

Propriété antisalissure contre 

les protéines telles que la BSA, 

etc. 

Application pour 

la séparation 

biomédicale 

222 Antiadhésive  

a BODIPY : le bore-dipyrrométhène. 

I.4.2.4 Photogreffage 
La modification chimique directe des surfaces de PDMS peut également être réalisée 

par des processus photo-induits impliquant la formation de radicaux sur la surface qui 

permettront le greffage de (macro)molécules actives. Normalement, ces processus ont besoin 

d’un ou plusieurs photoamorceurs qui sont susceptibles d’absorber les radiations ultraviolettes 

afin de créer des espèces réactives par photolyse. En fonction de la façon de générer les radicaux 

amorceurs, les photoamorceurs peuvent être divisées en deux grandes familles : les type I qui 

sont des photoamorceurs générant des espèces réactives par scission homolytique de la liaison 

carbone-carbonyle et les type II qui le font par arrachement d’un atome d’hydrogène ou par 

transfert d’électrons ou de protons. 

Par exemple, la micro-structuration covalente de la surface du PDMS a été réalisée par 

photo-greffage, à travers un masque, d’acide acrylique 195,223, de monoacrylate de polyéthylène 

glycol et de diacrylate de polyéthylène glycol, en utilisant la benzophénone comme photo-

amorceur 196. La benzophénone (BP) est le photo-amorceur Norrish de type II le plus utilisé 

pour générer des radicaux à la surface d’un substrat, car son état triplet produit photo-
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chimiquement peut extraire des atomes d'hydrogène de presque tous les polymères 224 (Figure 

I-17). Keskin et al. 225 ont étudié l'influence du type de monomère, de la concentration de 

monomère et du temps d'irradiation UV sur les propriétés du PDMS modifié en surface par 

polymérisation radicalaire amorcée par UV/benzophénone. Ils ont constaté que lorsque la 

concentration en monomère et le temps d’irradiation UV augmentaient, des surfaces plus 

hydrophiles et rugueuses avec des épaisseurs importantes se formaient. En outre, leurs résultats 

ont montré que les conditions de réaction affectaient non seulement la surface mais aussi les 

propriétés du matériau final.  
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Figure I-17. Schéma du mécanisme d'action de la benzophénone sur le substrat PDMS sous UV. 

Récemment, Leigh et al. 197 ont développé un processus simultané de 

photogreffage/photo réticulation pour préparer des substrats de PDMS antisalissures en 

recouvrant la surface du PDMS avec deux polymères zwitterioniques : le poly (méthacrylate de 

sulfobétaïne) (pSBMA) et le poly (méthacrylate de carboxybétaïne) (pCBMA), en présence de 

diacrylate de poly (éthylène glycol) comme réticulant. Les auteurs ont étudié les propriétés 

d’antisalissure de la surface de PDMS modifiée contre les protéines (fibrinogène) et les cellules 

(fibroblastes). Le test d'adsorption des protéines a indiqué que les surfaces revêtues de pSBMA 

et de pCBMA présentaient une réduction significative de l'adsorption des protéines par rapport 

au PDMS natif. De même, l'adhésion des cellules sur les surfaces revêtues de pSBMA et de 
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pCBMA a été significativement réduite, avec respectivement environ 5% et 3% de la densité 

cellulaire du PDMS vierge. En outre, le PDMS modifié a pu maintenir la résistance à l'adhésion 

des fibroblastes même après une exposition aux milieux de culture pendant 14 jours in vitro. 

Sur la base de leurs résultats, Shen et al. 226 ont continué à travailler sur des surfaces de PDMS 

revêtues de pSBMA / pCBMA préparées par la même technique de photo-greffage pour tester 

les propriétés antiadhésives à l’égard de bactéries. Une réduction statistiquement significative 

de quasiment 100% de S. aureus (p<0,05) et environ 95% de S. epidermidis (p<0,05) sur la 

surface pCBMA par rapport au PDMS natif a été obtenue (la valeur p signifie le niveau de 

signification statistique, p≤0,05 signifie statistiquement significatif). Cependant, pour le 

pSBMA, l'adhésion de S. aureus a été réduite de manière statistiquement significative (environ 

90% de réduction, p<0,05) mais pas pour S. epidermidis (environ 45% de réduction, p>0,05). 

De plus, le PDMS revêtu de pCBMA a été utilisé comme matériau implantable et a révélé une 

grande efficacité en matière de résistance à l'adhésion et à la croissance bactérienne contre S. 

aureus in vivo par exemple avec une réduction d’environ 90% après 21 jours d’inoculation 

bactérienne. 

Kuliasha et al. 227 ont greffé de l'acide acrylique (AAc), de l'acrylamide (AAm) et du 

méthacrylate de 2-hydroxyéthyle (HEMA) sur un substrat de PDMS par une technique RAFT 

conjointe avec un photo-greffage amorcé par le BP. Les surfaces modifiées, P(AAm)-g-PDMS, 

P(AAm-co-AAc)-g-PDMS et P(AAm-co-AAc-co-HEMA)-g-PDMS ont amélioré l'hydrophilie 

du PDMS avec des ACE de 41 ± 7°, 62 ± 3° et 66 ± 4°, respectivement. En outre, ils ont utilisé 

cette technique pour greffer un réseau nanotopographiques chimiques anisotropes à base de 

poly(AAm) sur le PDMS afin d'étudier l'efficacité antisalissure de ces nanotopographies qui 

utilisent des géométries latérales inspirées de la microtopographie physique antisalissure 

Sharklet (SK) et des canaux parallèles analogues (CH). Les surfaces obtenues ont montré une 

diminution modeste d'environ 4 à 11° par rapport au PDMS natif présentant un ACE de 110°. 

De plus, ils ont étudié la propriété antisalissure contre Ulva. linza, une algue verte salissante 

marine commune. Les expériences d'antisalissure ont montré que, par rapport au PDMS non 

greffé, les surfaces de poly(AAm) sans motif pouvaient réduire de manière significative 

l'adhésion de la salissure de 59 %, tandis que les surfaces à motifs avaient un impact minimal 
228. Des efforts supplémentaires dans l'amélioration des modèles et la recherche de produits 

chimiques plus efficaces sont donc nécessaires.   

Gao et al. 158 ont synthétisé des copolymères séquencés (MA-PEGn-b-AMP) par 

réaction des polyéthylènes glycols (MA-PEGn, n=10/45/90) de différente longueur porteur d’un 
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groupe tosyle et d’un groupe méthacrylate avec un polypeptide antimicrobien cationique 

(AMP : Lys(NH3
+)12.5-ran-Phe12.5). La partie PEG doit apporter un effet antiadhésif et la partie 

AMP un effet bactéricide par contact. Les copolymères ont ensuite été greffés sur du PDMS 

activé par plasma d'argon par un procédé en une étape sous rayonnement UV selon la technique 

du "grafting from" sans utiliser de photo-amorceur exogène (Figure I-18). Des valeurs d’ACE 

pour la surface PDMS-g-PEGn-b-AMP de 37°, 35° et 30° ont été obtenus lorsque n (nombre 

de motifs de PEG) était égal à 10, 45 et 90 respectivement. Les surfaces PDMS revêtues ont 

montré une activité antimicrobienne très efficace contre S. aureus, P. aeruginosa et E. coli avec 

100%, >99% et 92-95% d’éradication bactérienne pour n=10, 45 et 90 respectivement, à travers 

un test antimicrobien dans une suspension bactérienne pendant 1 heure. Ils ont également 

effectué un essai de viabilité des bactéries par microscopie à fluorescence (test LIVE/DEAD) 

pour étudier l'activité antibiofilm contre S. aureus et E. coli de la surface modifiée, après trois 

jours de culture. Les résultats ont montré 15% d’adhésion bactérienne sur la surface de PDMS-

g-PEG10 par rapport au PDMS natif et que la plupart des bactéries adhérées étaient vivantes. La 

surface PDMS-g-PEG45-b-AMP a, quant-à-elle, présenté la plus faible adhésion bactérienne 

mais aussi avec des cellules vivantes. De plus, le nombre de bactéries adhérées sur la surface 

PDMS-g-PEG90-b-AMP s’est avéré le plus élevée avec encore une fois une majorité de cellules 

vivantes. Comme pour les résultats des tests antibactériennes précédentes, la surface PDMS-

PEG10-b-AMP présentait l'activité biocide la plus puissante. Quelques bactéries adhérées mais 

aucune vivante a été observées. En outre, les surfaces de PDMS modifiés ont présenté une 

excellente résistance à l'adsorption de protéines (BSA, fibrinogène et lysozyme) et ont montré 

leur non-toxicité vis-à-vis des cellules de mammifères (cellules de fibroblastes murins) via des 

tests de cytotoxicité in vitro. Le revêtement g-PEG45-b-AMP a également montré un excellent 

effet antimicrobien, antibiofilm et antisalissure dans l'organisme, comme en témoigne l'activité 

anti-infectieuse in vivo contre E. coli, offrant ainsi une méthode simple et efficace pour lutter 

contre les infections associées aux dispositifs biomédicaux. 
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Figure I-18. Illustration schématique de la préparation de revêtements antimicrobiens de type bottlebrush sur la surface de 
PDMS par polymérisation de surface induite par plasma/UV. Reproduit de la réf. 158. 

Certains travaux publiés sur la modification de la surface du PDMS par la méthode de 

photo-greffage sont représentés dans le Tableau I-6. 

Tableau I-6. Résumé des travaux publiés sur la modification de la surface du PDMS par la méthode de photografting. 

Modification 

de la surface 
Type de surface 

Principales propriétés 

de la surface modifiée 

Application 

potentielle 
REF 

Type d’action 

antibactérienne 

Photogreffage 

/ grafting from 

PDMS revêtu de 

pSBMA/pCBMA 

Propriétés antisalissures 

contre les protéines et 

les cellules  

Propriétés 

antisalissures contre 

les protéines et les 

cellules 

197 Antiadhésive  

Photogreffage 

/ grafting from 

PDMS revêtu de 

pSBMA/pCBMA 

Propriété antiadhésive 

bactérienne contre S. 

aureus et S. epidermidis. 

Applicabilité aux 

dispositifs médicaux 
226 Antiadhésive  
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Tableau I-6 (Suite). 

Modification 

de la surface 
Type de surface 

Principales propriétés 

de la surface modifiée 

Application 

potentielle 
REF 

Type d’action 

antibactérienne 

Photogreffage 

/ grafting from 

PDMS revêtu de 

P(AAm)  

ACE : 41 ± 7°, 

Propriété antisalissure 

contre Ulva linza. 

Application pour le 

biofouling contre les 

organismes marins   

227, 
228 

Antiadhésive  

Photogreffage 

/ grafting to 

PDMS revêtu de 

g-PEGn-b-AMP  

ACE : 37°, 35° et 30° 

avec n = 10, 45 et 90 

respectivement, 

Propriété 

antimicrobienne, anti-

biofilm et antisalissure, 

Non toxicité pour les 

cellules de mammifères 

Application pour les 

dispositifs médicaux 
158 

Contact-killing/ 

Antiadhésive 
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Conclusion 
Le PDMS est un matériau couramment utilisé en tant que biomatériau grâce à ses 

propriétés physicochimiques exceptionnelles : optiquement transparent, biocompatible, 

flexible, non toxique... Par contre, son hydrophobicité le rend sujet à la bioadhésion et à la 

contamination bactérienne limitant son utilisation. Il est donc plus que nécessaire de développer 

des approches variées d’action antibactérienne pour couvrir un large spectre de bactéries et un 

maximum d’applications biomédicales.  

Les approches physiques tels que le plasma, l’UBF et les méthodes électriques (courant 

direct ou indirect et champs électrique) sont couramment utilisés dans la domaine biomédicale 

et agroalimentaire contre la contamination bactérienne. En outre, il a été constaté que ces 

approches peuvent augmenter l’efficacité des antibiotiques dans une action synergique. 

Cependant, il reste encore beaucoup de travail à faire avant d'utiliser ces approches en 

application clinique avec ou sans les autres traitements tels que les antibiotiques. 

Le traitement physique de la surface par des traitements au plasma d'oxygène et aux 

UVO est généralement utilisée pour l'activation des surfaces de PDMS, générant des groupes 

hydroxyles pour rendre la surface hydrophile. En outre, les groupes hydroxyles peuvent 

également être générés par un traitement chimique tel que l'immersion de la surface dans une 

solution de piranha. Ces méthodes sont faciles à mettre en œuvre, avec un temps de traitement 

court et efficace. Cependant, les surfaces de PDMS modifiées par ces méthodes ne sont pas 

stables à long terme 165. Les surfaces modifiées par la méthode LBL (non covalente), qui repose 

essentiellement sur des interactions hydrophobes ou électrostatiques et qui permet d’incorporer 

des agents antibiotiques, montre une meilleure stabilité que les traitements par plasma 

d’oxygène ou par UVO. Par ailleurs, les modifications chimiques covalentes telles que la 

silanisation, l’hydrosilylation, la chimie click ou le photo-greffage permettent d’élaborer des 

surfaces antibactériennes stables grâce à la liaison covalente crée entre les (macro)molécules 

actives et la surface du PDMS. 

Les avantages et les inconvénients des différentes méthodes de modification chimiques 

sont regroupés dans le Tableau I-7.  
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Tableau I-7. Résumé des avantages et les inconvénients des différentes méthodes de modification chimiques de PDMS. 

Méthode de 

modification  
Avantages Inconvénients REF 

LBL 

-Facile à mettre en œuvre, 

avec un temps de traitement 

court et efficace. 

-Contrôle de l'épaisseur fine 

des multicouches à l'échelle 

nanométrique. 

-Peut tuer les bactéries à la 

fois en planctonique et en 

biofilm. 

-Le revêtement n’est pas 

stable à long terme. 

- Nécessite un contrôle de la 

diffusion de la 

(macro)molécule active  

138,183–187 

Silanisation  

-Procédé facile à mettre en 

œuvre, peu coûteux et 

efficace. 

 

-Il n’est pas stable à long 

terme si les molécules 

greffées sont de petites 

tailles (Effet de retour de 

l’hydrophobie). 

-Méthode indirecte pour 

apporter des propriétés 

antibactériennes. 

200,201,205,229 

Hydrosilylation 

-Procédé facile à mettre en 

œuvre, peu coûteux et 

efficace. 

-Méthode directe (une 

étape) pour immobiliser des 

(macro)molécules actives. 

(Macro)molécules actives 

doivent avoir un groupe 

vinyle. 

131,190,191,193,194,211 
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Tableau I-7 (Suite). 

Méthode de 

modification  
Avantages Inconvénients REF 

Chimie click 

Haute sélectivité, efficaces, 

haut rendement et sans 

produits secondaires sous des 

conditions de réaction 

simples. 

-Toxicité potentielle du cuivre 

dans la réaction click catalysée 

par Cu(I).  

- La cycloaddition 1,3-

dipolaire de Huisgen, a une 

vitesse de réaction très faible 

en raison d’une énergie 

d'activation élevée. 

199,221,222,230 

Photogreffage 

-Méthode directe (une étape) 

et très rapide pour apporter 

des propriétés 

antibactériennes. 

-Possibilité de faire des 

modifications micro/nano 

structurées.  

 

-Il faut trouver le photo-

amorceur approprié. 

-Il faut bien ajuster les 

conditions de réaction telle 

que l’intensité de lumière ou 

temps de réaction pour ne pas 

brûler l’échantillon. 

158,197,225,226,228 

Dans le cadre de cette thèse, l'objectif est de développer de nouvelles approches 

permettant de diminuer voire d’empêcher l’adhésion bactérienne sur la surface du PDMS soit 

par un moyen physique soit par l’élaboration de nouvelles surfaces de PDMS antibactériennes. 

Pour cela, différentes méthodes de modifications de surface et différentes (macro)molécules 

seront testées. Dans le chapitre II, l'objectif est d'étudier l'adhésion et la viabilité de différentes 

espèces bactériennes sur des surfaces de PDMS sous l'effet d'un champ électrique comme 

stimulus physique entre deux lames métalliques. Le chapitre III fera l’objet de l’étude de 

l’activité antibactérienne de surface de PDMS modifiée de façon covalente par un dérivé de la 

claramine via une réaction de chimie-click. Pour finir, le chapitre IV portera sur l’élaboration 

de nouvelles surfaces de PDMS cationique bactéricides via des procédés de ‘grafting from’ et 

de ‘grafting to’ photo-amorcés.  
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Introduction 
Ce chapitre est consacré à l’étude de l'adhésion de différentes espèces bactériennes 

(Gram positif et Gram négatif) sur des surfaces métalliques et des surfaces métalliques 

recouvertes de PDMS sous l'effet d’un champ électrique ainsi que la viabilité des bactéries en 

suspension.  

Lorsque les bactéries s'approchent de la surface à une distance de 10-20 nm, les 

interactions de Van der Waals (force attractive) et les interactions électrostatiques jouent un 

rôle important dans l'adhésion bactérienne. Une fois que les bactéries s'approchent de la surface 

à une distance critique de 1 nm, la somme nette des forces attractives ou répulsives générées 

entre la surface des bactéries et celle du substrat, telles que les interactions de Van der Waals, 

les interactions électrostatiques ou les interactions hydrophobes déterminent finalement 

l'adhésion bactérienne.  

Le but de cette étude est de diminuer ou de prévenir l'adhésion des bactéries par 

l’augmentation (ou la modulation) des interactions électrostatiques répulsives entre les 

bactéries et les surfaces cathodiques qui seront chargées négativement sous l’effet d’un champ 

électrique en mode statique (sans flux). Le champ électrique a été généré entre deux électrodes 

parallèles qui ont été connectées au potensiostat (Velleman®) comme dans un condensateur. Le 

potensiostat peut être contrôlé pour fournir une tension entre 0 et 30 V sans aucun courant (pour 

éviter toute réaction d’électrolyse) en fonction des électrodes utilisées dans la suspension 

bactérienne.  

Pour l’étude, des électrodes en cuivre, en zinc et en aluminium ont été utilisés car ceux 

sont des métaux assez classiques et cela nous permettra aussi de vérifier s’il y a un impact de 

la nature de l’électrode sur l’adhésion bactérienne. Ensuite, les électrodes de cuivre ont été 

revêtu de PDMS pour étudier l’adhésion bactérienne, sous champ électrique, sur ce polymère 

qui, comme décrit dans le chapitre I, est un polymère couramment utilisé dans le domaine des 

biomatériaux. De plus cette étude a été réalisée avec trois types de bactéries à Gram-positif (S. 

aureus, S. epidermidis et E. faecalis) et deux types de bactéries à Gram-négatif (E. coli et P. 

aeruginosa), qui sont parmi les espèces les plus représentatives de la contamination bactérienne. 

Les résultats de ce chapitre seront présentés sous forme d’un article publié sous la 

référence « Y. Lou, P. Thebault, F. Burel, N. Kebir, “Antibacterial properties of metal and 
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PDMS surfaces under weak electric fields,” Surf. Coatings Technol., vol. 394, p. 125912, 2020 

».  

De plus, des expériences non décrites dans l’article sont présentées et discutées dans le 

paragraphe II.2, intitulé « informations supplémentaires ». 

 

  



CHAPITRE II : SURFACES DE PDMS ANTIBACTÉRIENNES PAR EFFET DE CHAMP ÉLECTRIQUE  
 

60 

 

II.1 Article 1: Antibacterial properties of metal and PDMS 
surfaces under weak electric fields 

Yuzhen LOU1, Pascal THEBAULT2, Fabrice BUREL1, Nasreddine KEBIR1 
1Normandie Université, INSA Rouen Normandie, Laboratoire PBS, UMR CNRS 6270 & FR 3038, 
Avenue de l’Université, 76801 Saint Etienne du Rouvray, France  
2Normandie Université, UNIROUEN, Laboratoire PBS, UMR CNRS 6270 & FR 3038, 76821 Mont-
Saint-Aigan, France  
Correspondence to:  
Nasreddine KEBIR (E-mail: nasreddine.kebir@insa-rouen.fr) 
Pascal THEBAULT (E-mail: pascal.thebault@univ-rouen.fr) 

Abstract  
The adhesion of several species of bacteria on two parallel rectangular electrodes under 

weak electric fields was studied. The electrodes were based on native metal or PDMS coated 

Cu. After 2 hours of contact at a voltage of 0.2 to 1V without any current, the Zn cathode 

showed a bacterial repellent effect with a difference in bacterial adhesion of about 1.5 to 2 log 

CFU/cm2 on the anode. Al electrodes were inactive due to their passivation by the alumina 

layer. At 1V, both Zn and Al exhibited more than 80% mortality of suspended bacteria. The Cu 

electrodes showed a very high bactericidal effect even at 0V, and the bacterial adhesion on its 

surface was too weak to see a difference between the two electrodes. A similar study carried 

out on PDMS surfaces, covering Cu electrodes, revealed that a difference of 1 log CFU/cm2 of 

bacterial adhesion between the cathode and anode surfaces can be obtained by applying a 

voltage ranging from 10 to 30V. This cathodic repellent effect was specific to staphylococcus 

species, suggesting that in the presence of a PDMS coating, the electrostatic forces on the 

surface are too low to be the main factor governing bacterial adhesion. 

Keywords: Electrical field; Bacterial adhesion; PDMS; Metallic surface; Bactericidal 

effect. 
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Introduction 
Microbial contamination of surfaces often leads to the formation of a biofilm, resulting 

in serious problems for human health (e.g. device-related infections, healthcare-related 

infections) as well as for industrial sectors (e.g. corrosion of metal surfaces, food contamination, 

deterioration of pipes...), leading to a negative socio-economic impact [1-3]. 

However, it should be noted that bacteria in their biofilms require antibiotic 

concentrations 100 to 1000 times higher than those of planktonic bacteria to achieve effective 

eradication [4]. Therefore, the development of materials capable of preventing the adhesion of 

bacteria and/or the formation of biofilms on their surface is a key element to avoid 

contamination. Gottenbos et al. have reported that the initial attachment of bacteria depends on 

the result of non-specific interactions such as Van der Waals, electrostatic, acid-base 

interactions and Brownian motion forces [5]. Dunne et al also repoted that once the bacteria 

approache surfaces at a critical distance (usually less than 1 nm), adhesion is determined by the 

net sum of attractive or repulsive forces, including electrostatic and hydrophobic interactions, 

steric hindrance, van der Waals forces etc [6]. 

Three types of antibacterial surfaces are described in the literature: anti-adhesive 

surfaces, contact-killing surfaces and release-based surfaces [7]. 

Anti-adhesive surfaces are designed to repel bacteria by optimizing their physico-

chemical properties such as the surface charge (negative charges), the wettability or the 

topography (micro/nano-patterned surfaces) [8-11]. However, they cannot affect the viability 

of pathogen that can be released to contaminate others. Furthermore, the use of physical surface 

modifications (particularly surface topography) as non-specific methods to prevent the bacterial 

adhesion is much more complex than we can imagine [12]. 

Contact-killing surfaces which are generally based on cationic biocidal agents 

covalently bonded to substrate surfaces that attract negatively charged bacteria and kill them by 

disrupting their cell membrane [13-15]. However, these surfaces quickly become inactive after 

being buried under a layer of dead bacteria. 

Released-based surfaces are designed to leach antibacterial agents that kill not only 

adhered bacteria but also planktonic bacteria [16-18]. The disadvantage of this kind of surfaces 

is its limited activity owing to the limited amount of the loaded antibacterial compounds. 

However, excessive use of antibiotics may lead to the phenomenon of bacterial resistance [19]. 
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It is noteworthy that the use of an electrical method to prevent infection of medical 

devices, without traumatising the patient by removal of the device, is of great interest In 

addition, over time, bacteria should not adapt as well with electrical treatment as with antibiotics 

[20]. Direct and alternating currents [21, 22] as well as acoustic (by piezo-electric actuators) 

[23] and radio frequency wave [24] treatments have already proven to be effective techniques 

to prevent initial bacterial adhesion and growth, through in vitro and in vivo experiments. On 

the other hand, the electrical current has been found to increase the efficacy of antibiofilm 

agents in a synergistic action called ‘the bioelectric effect’ [25-29], which can lead to a dramatic 

decrease in the concentration of the antibiofilm compounds used. Thus, the development of 

electrically stimulated surfaces that prevent bacterial adhesion and biofilm formation is an 

emergent and attractive pathway.  

  Busalmen et al. [30] have studied, using an optical microscope, the influence of an 

electrical field on the adhesion of Pseudomonas fluorescens onto the surface of gold electrodes, 

under flow conditions at two different ionic strengths (0.01 and 0.1 M NaCl; pH 7). By applying 

negative electric potentials (-0.5 and -0.2V relative to a reference electrode [Ag/AgCl-KCl 

saturated solution]), they have evidenced a decrease in bacterial adhesion of one Log 

(CFU/mm2) after 15 min of contact, compared to adhesion at a potential of 0.2V. In another 

work [31], using the same system, they demonstrated the impact of this electrical field on the 

growth of planktonic cells and biofilms of Pseudomonas fluorescens (cell morphology, size at 

cell division, time to division, and biofilm structure). Gall et al. [32] have studied, using Quartz 

Crystal Microbalance with Dissipation analysis (QCM-D), the effect of applying an electrical 

field, perpendicular to the flow of a Pseudomonas fluorescens suspension, on the adhesion of 

bacterial cells to the gold electrode. Surprisingly, they demonstrated that the tested bacteria 

were rigidly attached to the negatively charged surface, unlike to the positively charged one, 

suggesting that the applied electric potential could influence the conformation of the bacterial 

cell surface, allowing the cells to overcome the electrostatic energy barrier.  

In this study, we investigated the adhesion of different bacterial species, in a static mode 

(without flow), on metallic and PDMS surfaces under an electrical field (without any current), 

generated by two parallel metal electrodes (as in a capacitor) immersed in an aqueous 

suspension of bacteria. The impact of the applied electrical field on bacterial survival has also 

been studied.   
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Materials and methods 

Materials 
Sylgard® 184 was purchased from DOW chemical company (USA) and was used as the 

coating material. Copper, zinc and aluminum blades (10×100×1.5 mm3, Jeulin, France) were 

used as electrodes. Staphylococcus aureus (ATCC 29213), Staphylococcus epidermidis (ATCC 

35984), Enterococcus faecalis (ATCC 29212), Pseudomonas aeruginosa (PA14) and 

Escherichia coli (K12 MG1655) strains were stored as frozen aliquots in brain heart infusion 

broth (BHI, Bacto, France) and 30% of glycerol at -20°C. Ultrapure water, obtained from a 

Milli-Q system (Siemens, France), was used in all cases.  

Preparation of PDMS-coated copper or zinc electrodes  
15 g of the two parts of Sylgard® 184, i.e. silicone elastomer base and curing agent, in a 

ratio of 10:1 (w/w) were mixed and casted into a low-density polyethylene petri dish square 

(120×120×17 mm3). Then, the mixture was degassed under vacuum, until all air bubbles were 

removed, and cured at 70 °C for 3 h to form a first PDMS layer. Six blades were then put on 

top of this layer and covered with a second layer of PDMS (20 g) using the same process. The 

resulting PDMS-coated electrodes (12×3.5×40 mm3) were cut out by using a scalpel. The 

thickness of the coating was around 1 mm.  

Preparation of Bacterial suspensions  
For each experiment, all bacterial species were pre-cultured in BHI at 37°C under 

shaking at 140 rpm for approximately16 h. Then, bacteria were harvested by centrifugation 

(Sigma® 3-16KL, rotor 19776, Germany) under 1600 g for 15 minutes at 20°C and resuspended 

at a concentration of 107 ~108 CFU/ml in Milli-Q water to avoid the influence of charged 

particles in BHI or Phosphate Buffered Saline (PBS, Gibco, UK). 

Zeta potential measurements 
Zeta potentials of bacteria were measured with a Zetasizer Nano-ZS system (Malvern 

Panalytical, Ltd., UK) at 25 °C in Milli-Q water solution at 107 ~108 CFU/ml. Three 

measurements were carried out for each bacterial suspension.  
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Assessment of bacteria attachment onto PDMS and metallic blade surfaces 

under an electric field 
The process used to evaluate the attachment of bacteria to the surface of metallic or 

PDMS-coated electrodes is shown in Figure 1. The PDMS-coated electrodes were sterilized in 

70% ethanol overnight and washed twice with Milli-Q water before use. Uncoated electrodes 

were sterilized in 70% ethanol for 20 min, followed by sonication for 30 min, and washed twice 

with Milli-Q water before use.  

Figure 1. Process used to evaluate the adhesion of bacteria to the surface of metallic or PDMS-coated electrodes. 

The bacterial adhesion was studied in a system of parallel plates with a distance of 1 cm 

between the two electrodes connected to the potensiostat (0-30 V, Velleman®). The electrodes 

were immersed (1 cm) in 7 ml of the previous prepared bacterial suspension during 2 h. Then, 

to remove unattached bacteria, these electrodes were washed in 15 ml of sterile Milli-Q water 

under slight shaking while the potentiostat was still on. They were then detached from the 

potentiostat. To recover the bacteria fixed to the surface, metallic electrodes were directly 

immersed in 7 mL of PBS solution, under sonication for 3 min. For PDMS-coated electrodes, 

a sample of PDMS was taken with a circular punch (Ø=1 cm) and was immersed in 3 ml of 

PBS solution under sonication for 3 min. Decimal dilutions of the resulting bacterial 

suspensions, containing bacteria detached from the surface, as well as those where the 

experiments were conducted, containing unattached surviving bacteria, were spread (20 µl or 

100 µl) on BHI agar plates and incubated at 37°C for 24 h before colony counting. All 

experiments were performed in at least triplicate. 
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Results and discussion 
 Bacterial adhesion onto a surface is often explained by the Derjaguin, Landau, 

Verwey and Overbeek (DLVO) theory of colloidal stability. It describes initially repulsive 

electrical double layer interactions (electrostatic repulsion) between bacteria and similarly 

charged surfaces. At the same time, bacteria are attracted by van der Waals forces and approach 

surface contact as soon as they cross the electrostatic energy barrier by decreasing the interfacial 

distance. [5,6] 

Thus, we have used two parallel electrodes, as in a capacitor, immersed in an aqueous 

suspension of bacteria (Figure 2). Cu, Al and Zn were used as models for metallic electrodes; 

PDMS was used as representative electrodes for plastic-based biomaterials. 

Figure 2. Schematic principle of antibacterial action of cathode. 

Bacterial adhesion to metal electrodes 
The results of the enumeration of live S. aureus adhering to electrodes of Cu, Zn and 

Al, after immersion in bacterial suspensions for 2 hours at an electrical voltage of 0 to 1 V, are 

shown in Figure 3 (A1). Above 1 V, the presence of current and electrolysis reactions can be 

observed, making it unnecessary to study electrostatic interactions. The survival of suspended 

bacteria was also monitored before and after immersion of the electrodes (Figure 3 (A2)). 
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Figure 3. Adhesion of S. aureus onto the surface of Cu, Zn and Al after 2h of contact under 0, 0.2, 0.4 and 1V: (A1) live 
bacteria adhered to the surface; (A2) live bacteria in suspension; control: live bacteria in suspension without any electrode. 

For copper electrodes at 0 V, the concentration of adhered S. aureus was only about 2 

log of CFU/cm2 (Figure 3 (A1)). This low adhesion can be explained by the well-known 

bactericidal properties of copper [33-35], which is confirmed by the percentage of bacterial 

surviving in solution (Figure 3 (A2)). Indeed, less than 20 % of bacteria in solution are still 

alive (or cultivable) after 2 h. However, a slight difference in bacterial adhesion between anode 

(positively charged) and cathode (negatively charged) at 0.2 and 0.4 V was observed. 

Furthermore, the increase of voltage to 1 V, suppressed the adhesion of S. aureus onto the 

surface and increased the suspended bacterial mortality to more than 95 %. These results 

suggest that the bactericidal effect of copper could be enhanced by the application of an electric 

field and are consistent with the "bioelectric effect" [25-29]. 

For the two other electrodes, a bacterial adhesion of approximately 4.5 log of CFU/cm2 

was achieved at 0 V. In the case of Al, no difference in bacterial adhesion between cathode and 

anode was observed regardless of the applied voltage. This could be explained by the well-

known passivation of the aluminum surface by oxidation leading to the formation of a thin layer 

of alumina, which is an ionic salt (Al2O3). The electrical properties of this layer are very 

different from those of its pure metal, and its electrochemical static polarization is more difficult 

to achieve. For Zn electrodes, at all applied voltages, there was a decrease in the adhesion of 

S. aureus on the cathode compared to bacterial adhesion at 0V. At the same time, a slight 

increase on the anode was observed inducing a difference of more or less 2 log of CFU/cm2 

between these two electrodes. This result suggests that electrostatic interactions are, in this case, 

quite predominant. Therefore, this result also indicates that bacterial adhesion could be 

modulated on the Zn electrodes by the use of an electric field. Moreover, for a voltage ranging 
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from 0 to 0.4V, an insignificant decrease, of about 10 to 40%, of live bacteria in suspension 

was observed for both Al and Zn electrodes. However, at 1 V, a decrease in the live bacteria 

population in solution of about 80 % was observed for both electrodes. Soumya et al. [36] 

reported that potentials at about 0.9 V would affect the redox potential across the cell membrane 

and disrupt redox homeostasis, thereby accelerating the production of endogenous reactive 

oxygen species (ROS) and inhibiting bacterial growth. In summary, these results show that the 

nature of the electrode and the voltage values have an impact on the adhesion of S. aureus to 

the surface as well as on suspended bacterial mortality. 

On the other hand, in order to determine whether the structure of the external membrane 

of bacteria cells has any influence on these results, we studied the adhesion of E. coli, as a 

model of Gram-negative bacteria, to zinc electrodes under voltage values ranging from 0 to 1 

V.  

Figure 4. Adhesion of E. coli to the surface of zinc electrodes after 2h of contact at voltage values between 0 and 1 V: (A3) 
live bacteria adhered to the surface; (A4) live bacteria in suspension; control: live bacteria in suspension without any 

electrode. 

Figure 4 shows that E. coli behaves almost similarly to S. aureus in terms of adhesion 

to the Zn electrodes after 2 h of contact. Indeed, a difference in E. coli adhesion of about 1.5 to 

2 log of CFU/cm2 between the anode and cathode was observed. In addition, the percentage of 

killing of E. coli in suspension was also quite similar to that of S. aureus, i.e. low for a voltage 

of 0, 0.2 or 0.4 V, and higher than 80% at 1 V.       

Experiments were then carried out with different types of bacteria to verify whether 

these results are universal or not on zinc electrodes. The bacteria chosen are the most 

representative species involved in the phenomenon of contamination in the hospital 

environment. S. epidermidis and E. faecalis are Gram-positive bacteria and mainly cause skin 
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and endocardial infections, respectively [37, 38]. Gram-negative bacteria such as P. aeruginosa 

and E. coli account for more than 30 % of nosocomial infections [37]. P. aeruginosa causes 

several infections in human organs such as the urinary, blood, respiratory and gastrointestinal 

systems [40]. E. coli can also cause urinary or bloodstream infections for example [41]. These 

experiments were performed only at 0 and 0.2 V.  

Figure 5. Adhesion of different bacterial species to the surface of zinc after 2h of contact at voltage values of 0 and 0.2 V: 
(A5) live bacteria adhered to the surface; (A6) live bacteria in suspension, control: live bacteria in suspension without any 

electrode. 

As shown in Figure 5, at 0.2 V, a difference of bacterial adhesion was obtained between 

the cathode and the anode for each strain, with a lower adhesion on the cathode. These results 

suggest that bacterial adhesion could be controlled under an electric field whatever the bacterial 

species. Furthermore, no significant decrease of bacterial concentration in solution was 

observed for all tested species. 

Bacterial adhesion to the surface of PDMS under an electrical field  
In a second part, we studied the bacterial adhesion, under the effect of an electric field, 

on the surface of PDMS, which is a material widely used as biomaterial. Previous copper 

electrodes were coated with a PDMS layer of a thickness around 1 mm and used as electrodes. 

The applied voltage ranged from 0 to 30 V, which is the maximum voltage provided by the 

potentiostat. The copper electrodes were chosen because they can easily reveal whether the 

metal surface was completely covered by the PDMS or not due to the disappearance of the 

bactericidal activity of the Cu in suspension. 
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Figure 6. Adhesion of S. aureus to the PDMS-coated copper surface (1mm) after 2 hours of contact at voltage values between 
0 and 30 V: (B1) live bacteria adhering to the surface; (B2) live bacteria in suspension; control: live bacteria in suspension 

without electrode. 

The results of the adhesion of S. aureus to the surface of the PDMS under an electric 

field are shown in Figure 6. It can be seen that without an electrical voltage, the bacterial 

adhesion was about 3 log CFU/cm2, which is higher than its value on the surface of the uncoated 

copper (Figure 3). The difference in bacterial adhesion between cathode and anode at 1 and 5 

V was not significant. On the other hand, at higher applied voltages (10 to 30 V), a lower 

bacterial adhesion on the cathode, around 2 log CFU/cm2, was observed, probably due to the 

electrostatic repulsion between the negative charges on the surface of the PDMS and the 

negatively charged bacterial cells. In addition, the percentage of live bacteria in suspension was 

approximately 90% regardless of the applied voltage, which is quite consistent with the 

percentage observed in milli-Q water. These results show that the PDMS coating on the copper 

electrodes leads to (i) the disappearance of the bactericidal effect of copper in the bacterial 

suspension, meaning that the electrodes were fully coated, and (ii) no significant bacterial stress 

at applied high voltage, probably due to the chemical and electrical insulating properties of 

PDMS. Consequently, the applied voltage must be increased above 30 V to achieve a greater 

anti-adhesion effect. 

The study of adhesion of different bacterial species onto PDMS surfaces was also 

carried out at 30 V (Figure 7). No copper bactericidal activity was detected for all species. 

However, S. epidermidis appears to be quite sensitive to the applied electric field and showed 

a reduction of about 50% in the concentration of live bacteria in suspension. For surface 

adhesion, only S. epidermidis showed the same behavior as S. aureus with a difference of about 

1 log CFU/cm2 between cathode and anode. This result is in contradiction with the previous 
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result on the zinc electrodes at 0.2V. To understand this specificity of the Staphylococcus genus, 

measurements of the zeta potential of the bacterial membrane were performed (Table 1).   

 

Figure 7. Adhesion of different bacterial species to the surface of PDMS coated copper (1mm) after 2 hours of contact at 30 
V: (B3) live bacteria adhering to the surface; (B4) live bacteria in suspension; control: live bacteria in suspension without any 

electrode. 

Table 1. Zeta potential of bacteria in sterile milli-Q water at a concentration of 107-108 CFU / ml. 

Bacteria Zeta potential (mV) Percentage 

S. aureus (ATCC 29213) -39.3± 0.9 100% 

S. epidermidis (ATCC 35984) 
-38.5±1.7 51.80%±0.02 

-26.8±1.2 48.20%±0.02 

E. faecalis (ATCC 29212) -35.8±1.0 100% 

E. coli (K12 MG1655) -50.6±1.0 100% 

P. aeruginosa (PA 14) -41.6±0.9 100% 

 

As expected, all bacterial membranes are negatively charged, but E. coli and P. 

aeruginosa bacteria have the lowest zeta potential and therefore the highest overall negative 

charge. Theoretically, with a higher negative charge, E. coli and P. aeruginosa should undertake 

stronger repulsive electrostatic interactions with the PDMS surface, resulting in lower adhesion 
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to the anode surface, which is in contradiction with our experimental results (Figure 7). 

Therefore, these observations suggest that, in the presence of a PDMS coating, the electrostatic 

interactions are too weak to be the predominant factor governing bacterial adhesion. There are 

two possible reasons why Staphylococcus species are more sensitive to the low surface 

polarization of PDMS: (1) they are Gram+ bacteria, which have only one external 

phospholipidic membrane, unlike Gram- bacteria, which have two; (2) they are spherical in 

shape with a lower contact surface, while the other bacteria are bacillus-shaped.   

Conclusion 
In this work, we have studied the bacterial adhesion of Gram positive (S. aureus, S. 

epidermidis and E. faecalis) and Gram negative (E. coli and P. aeruginosa) bacteria to metal 

and PDMS electrode surfaces under an electric field. After 2h of contact with each of these 

bacteria, the Zn electrodes showed a difference of 1.5-2 log of UFC/cm2 between cathode and 

anode at voltages of 0.2 and 0.4 V, without significant killing of bacteria in suspension. Under 

the same conditions, the Al electrodes were found to be inactive in limiting and directing 

bacterial adhesion, probably because of surface oxidation causing its passivation. However, at 

1V, the Zn and Al electrodes became bactericidal by killing bacteria in suspension. On the other 

hand, the bactericidal effect of Cu electrodes was very high at 0 V and seems to be reinforced 

by the electrical filed. Nevertheless, the bacterial adhesion on its surface was too weak to see a 

difference between the cathode and the anode. Once coated with PDMS, the bactericidal effect 

of Cu disappeared and a difference of 1 log of UFC/cm2, specific to staphylococcus species, 

was observed between the two electrodes above 10 V. Finally, this study demonstrates that the 

electrostatic force is the predominant factor governing the bacterial adhesion to Zn surfaces but 

not to those of Al and PDMS. For future works, high voltage should be used in order to increase 

the electrostatic bacterial repellent effect onto PDMS surfaces. Furthermore, metal electrodes 

could be used as physical disinfecting agents at 1V without current.  
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II.2 Informations supplémentaires 
Avant les expériences sous champ électrique, nous avons voulu valider certains points 

du protocole. Tout d’abord, nous avons réalisé la courbe de croissance bactérienne dans les 

conditions de préculture utilisé par la suite (i.e., incubation à 37°C dans du milieu BHI sous 

agitation à 140 rpm) afin de connaître l’état dans laquelle se situe les bactéries lors des 

expériences (après 16h de préculture). Les résultats sont regroupés sur la Figure II-1. On a 

remarqué que les espèces bactériennes avaient le même profil de croissance et qu’elles étaient 

en phase stationnaire à 16 h de préculture.  

 

Figure II-1. Courbe de croissance de S. aureus, E. coli, S. epidermidis, E. faecalis et P. aeruginosa. 

Ensuite, nous avons étudié la viabilité des bactéries dans l'eau, qui est le milieu utilisé 

pour les expériences sous champ électrique (Figure II-2). Nous avons choisi de réaliser les 

expériences sous champ électrique dans l'eau car la présence de composés chargées dans un 

milieu de culture ou une solution tampon, telles que les protéines peuvent influencer le résultat 

de l'expérience. En effet, ces espèces chargées peuvent aussi adhérer à la surface des électrodes 

et les passiver. De plus, la présence de sels en solution peut entrainer l’écrantage des charges 

des bactéries et de la surface et donc annuler les interactions électrostatiques.  Les résultats ont 

montré aucune diminution de la concentration bactérienne de ces cinq types de bactéries dans 

le temps étudié.   
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Figure II-2. Test de viabilité de S. aureus, S. epidermidis, E. coli, E. faecalis et P. aeruginosa dans une solution d’eau milli-Q 
stérile en fonction du temps. 

Ensuite, l’adhésion d’une suspension bactérienne sur la surface du PDMS native (1×1 

cm2) en fonction du temps a été étudié pour déterminer la durée de contact entre les bactéries 

et les électrodes lors de l’expérience sous l’effet du champ électrique. En effet, il est nécessaire 

d’avoir une concentration bactérienne adhérée sur le PDMS suffisante pour pouvoir discriminer 

l’effet du champ électrique sur l’adhésion bactérienne en fonction de l’électrode. Pour cela, S. 

aureus a été utilisé comme modèle avec une concentration dans l’eau d'environ 107 UFC/ml. 

D’après la Figure II-3, on remarque que l’adhésion bactérienne a augmenté avec le temps de 

contact. De plus, après 2 h de contact, environ 5,6 log d’UFC/cm2 de S. aureus ont déjà adhérés 

à la surface du PDMS, ce qui est suffisant pour l’expérience sous champ électrique. De plus, 

cette durée, nous permet d’étudier l’adhésion initial des bactéries sur les électrodes sans avoir 

d’effet sur la viabilité bactérienne dû à la solution aqueuse. 
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Figure II-3. Test de l’adhésion d’une suspension de S. aureus à 107 UFC/ml dans l’eau sur une surface de PDMS surface en 
fonction du temps. 

Par la suite, nous avons aussi voulu vérifier si le PDMS était toxique pour les bactéries 

en utilisant, encore une fois, S. aureus comme modèle. Pour cela, une suspension bactérienne à 

environ 3×108 UFC/ml a été mise en contact, pendant 2 et 4h, avec des surfaces de PDMS de 1 

cm2 non stérilisées et, stérilisées par une solution d’éthanol à 70%. Les résultats ont été 

comparés avec des solutions n’ayant pas été en contact avec des surfaces de PDMS (Figure II-

4). Aucune différence n’a été observée pour le même temps de contact, ce qui indique que le 

PDMS n’a aucun effet sur la population bactérienne et donc qu’il est non toxique. 

 

Figure II-4. Test de la toxicité du PDMS sur une suspension de S. aureus. 
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Le PDMS étant un matériau électriquement isolant et demandant un champ électrique 

plus important en vue de subir une polarisation, nous avons voulu vérifier si le protocole utilisé 

pour l’étude de l’adhésion bactérienne sur les surfaces métalliques non revêtues était applicable 

pour les surfaces métalliques une fois revêtues par le PDMS. Pour cela, une surface de cuivre 

recouverte de PDMS d’épaisseur d'environ 1 mm (Figure II-5) a été utilisée, et une tension de 

30 V qui est la tension maximale que le potentiostat peut fournir a été appliqué en utilisant le 

même protocole que celui décrit dans l’article pour les surfaces métalliques non revêtues. 

 

Figure II-5. Illustration d’électrode de cuivre revêtu de PDMS avec une épaisseur d’environ 1 mm. 

Cependant, aucune différence d'adhésion bactérienne entre la cathode et l'anode a été 

constaté comme le montre la Figure II-6.  

 

Figure II-6. Adhésion de S. aureus à la surface de cuivre revêtue de PDMS (1 mm) après 2 heures de contact à des valeurs de 
tension de 0 V et 30 V. 
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Plusieurs hypothèses étaient possibles : (i) le revêtement PDMS était peut-être trop épais 

pour subir une polarisation significative à 30V, (ii), le champ électrique n’était pas homogène 

sur l’ensemble du revêtement (en particulier sur les côtés des électrodes), et/ou (iii) que la 

rugosité, visible à l’œil nu, du revêtement PDMS se trouvant sur les côtés et au bout des 

électrodes favorisait l'adhésion des bactéries et donc masquait l’influence du champ électrique 

sur l’adhésion bactérienne.  

Pour vérifier la première hypothèse, des électrodes revêtues de PDMS d'une épaisseur 

plus faible de l’ordre de 0,05 mm et aussi intégralement lisses ont été préparées (Figure II-7). 

Cependant, les revêtements minces étant fragiles et cassants, une diminution de la tension 

appliquée durant l’expérience a été observée. En effet, la tension a chuté de 30 V au début de 

l’expérience à 2 V pour maintenir le courant à 0 A, laissant supposer que le revêtement s’était 

dégradé et n’était donc plus homogène. 

 

Figure II-7 Illustration d’électrode de cuivre revêtu de PDMS avec une épaisseur d’environ 0,05 mm. 

Afin de s’affranchir des endroits rugueux du revêtement PDMS, nous avons décidé 

d’utiliser un emporte-pièce circulaire (Ø=1 cm) pour détacher des parties du revêtement PDMS 

des électrodes se trouvant face à face suite au 2h de contact avec la suspension bactérienne et 

après avoir retiré les électrodes du potensiostat. Ensuite, les échantillons de PDMS ont été 

immergés dans 3 ml d’une solution de PBS afin de compter les bactéries adhérées à la surface 

des différents revêtements de PDMS. Une différence d’adhésion bactérienne entre l’anode et la 

cathode a été observée. Suite à ces résultats, nous avons décidé d’utiliser ce protocole pour 

réaliser l’ensemble des expériences sur les surfaces métalliques revêtues de PDMS (cf. article 

résultats article II.1). 
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Introduction 

Ce chapitre porte sur l’élaboration d’une surface de PDMS modifiée par un dérivé de la 

claramine via une réaction de chimie click. La cycloaddition 1,3-dipolaire de Huisgen azide-

alkyne catalysée par le cuivre(I) (CuAAC) est l'une des réactions de chimie click les plus 

populaires en raison de ses nombreux avantages tels que la simplicité, l'efficacité et la chimio-

sélectivité. Elle a été largement appliquée à la modification des surfaces pour immobiliser de 

façon covalente des composés conférant aux surfaces des propriétés antibactériennes. Mais à 

notre connaissance, la modification de la surface du PDMS par cette réaction pour concevoir 

une surface « Contact-Killing », qui est l'un des trois principaux types de surface 

antibactérienne décrits dans le chapitre I, n'a jamais été exploitée auparavant. Ici, nous avons 

donc utiliser cette méthode pour concevoir une surface de PDMS antibactérienne. 

Comme nous l'avons présenté dans le chapitre I, le développement de nouveaux 

composés antibactériens est l'un des challenges les plus importants dans la lutte contre la 

contamination bactérienne due à la résistance bactérienne aux antibiotiques. Les composés 

polyaminostérols tels que les dérivés de la squalamine ou de la claramine ont suscité de plus en 

plus d'intérêt en raison de leurs activités antibactériennes à large spectre et à leurs procédés de 

synthèse plus simple à partir de matières premières moins coûteuses que les peptides 

antimicrobiens par exemple. Ainsi, dans ce chapitre, un dérivé de la claramine permettant de la 

réaliser une réaction de chimie click a été utilisé comme molécule active. Celle-ci a été 

synthétisée par le Dr Jean-Michel Brunel de l'UMR_MD1 "Membranes et Cibles 

Thérapeutiques" dans le cadre d’une collaboration. 

Le dérivé de la claramine a ensuite été immobilisé par la réaction CuAAC sur la surface 

de PDMS préalablement modifiée par silanisation afin d’incorporer une fonction alcyne. La 

surface a été caractérisée par des mesures d’angle de contact avec l’eau en mode statique et en 

mode dynamique, par microscopie à force atomique (AFM) et par spectroscopie 

photoélectronique par rayons X (XPS). Enfin, l'activité antibactérienne de la surface de PDMS 

modifiée a été évaluée par le test Live/Dead contre deux bactéries pathogènes : S. epidermidis 

et E. coli. 

Les résultats de ce chapitre seront présentés sous forme d’un article soumis à « colloids 

and surface B » (le 27/04/2021) sous le titre « Antibacterial PDMS surfaces based on a 

claramine-derivative through click-chemistry grafting ».  
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De plus, des expériences non décrites dans l’article sont présentées et discutées dans le 

paragraphe III.2, intitulé « informations supplémentaires ». 
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III.1 Article 2: Antibacterial PDMS surfaces based on a 
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Abstract 
PDMS is one of the most widely used materials in the biomedical field, but due to its 

hydrophobic character it is subject to bacterial adhesion and biofilm formation. Prevention of 

bacterial adhesion by contact-killing surface is one of the promising strategies even if the 

bacterial resistance toward classical active molecules complicates the antibacterial fight. A 

PDMS surface with alkyne groups was covalently modified with an azidated claramine-

derivative, through the simple and orthogonal CuI-catalyzed Huisgen 1,3-dipolar click 

cycloaddition. The azidated claramine derivative was prepared in a four-step synthesis from 

deoxycholic acid and the alkyne groups were introduced onto the PDMS surface via a 

silanization reaction. XPS analysis has demonstrated the covalent immobilization of claramine 

with a total conversion of the azide group into a triazole ring. Fluorescent microscopy has 

showed an antibacterial activity of the modified surface against both Gram – (Escherichia coli) 

and Gram + (Staphyloccocus epidermidis) bacteria, which could be derived from electrostatic 

attraction leading to destabilization of the bacterial membrane. These results confirmed the 

importance of using a chemioselective reaction to control the orientation of covalently 

immobilized antibacterial molecules in order to keep their activity. PDMS surfaces based on 

claramine-derivative can be potentially useful for the elaboration of biomaterials preventing 

biofilm formation and addressing the issue of antibacterial resistance. 

Keywords: PDMS; claramine; antibacterial surfaces; click-addition. 
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Introduction 

PDMS, or silicone, is a well-known biocompatible material currently used in medical 

devices such implants1, catheters2 or contact lenses3. But due to its hydrophobic nature, PDMS 

is likely to be colonized by bacteria and also by proteins or biomolecules4. Bacterial adhesion 

could lead to biofilm formation which corresponds to an adhered microbial population grouped 

in community with other cells, embedded in a biopolymer matrix5. Bacteria in biofilm mode 

are protected against any treatments and lead to unsolved infections causing devices failure, 

removed of biomaterials and even death6. Prevention of biofilm formation seems clearly 

preferable to any treatment. 

One strategy to prevent bacterial contamination and biofilm formation is the covalent 

immobilization of (macro)molecules on the surface of biomaterials in order to bring them an 

antiadhesive property to repel bacteria or a bactericidal property to kill adhered bacteria7,8. The 

majority of the studies are based on antiadhesive (or antifouling) PDMS through hydrophilic 

polymers (e.g., polyethylene glycol) or zwitterionic polymers (e.g., polysulfobetaine)4,9. But 

the complex process of bacterial adhesion, involving many parameters, makes it very 

complicated to develop a “universal” antiadhesive strategy able to completely inhibiting 

bacterial adhesion. Some works deal with the elaboration of bactericidal/bacteriostatic PDMS 

by grafting cationic polymers9 or antimicrobial peptides11, which act directly on the bacterial 

integrity12. 

The greatest challenge in order to not decrease or lose the activity of the active 

compound after its covalent immobilization is (i) not to use reactive functions involved in the 

antibacterial activity (ii) to have a suitable orientation of the molecule once immobilized. It is 

therefore important to use an orthogonal and chemoselective reaction. The click chemistry 

reaction possesses these advantages and also the creation of a long-term stable bound13. This 

reaction can occur thanks to the copper(I)-catalyzed azide-alkyne Huisgen 1,3-dipolar 

cycloaddition (CuAAC)14. It has been used to design killing-contact surfaces through the 

formation of a stable triazole group between active molecules and different surfaces such as 

glass15, silicon16 or graphene17 but never on PDMS. 

Since the last decades, multi-drug resistant (MDR) bacteria have emerged and have been 

declared as a global health threat18,19. Indeed, due to the overuse and misuse of antibiotics and 

others biocides, bacterial adaptation leading to resistance phenomenon has been accelerated. 

Moreover, discovery of new antibiotics has declined over the past 20 years20. To overcome this 
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problem, the development of new active compounds is one of the major issues in the field of 

antibacterial fighting (in solution or on surface)21. For this purpose, more attention is being 

given to molecules of natural origin22,23. The most important class of such molecules are the 

antimicrobial peptides (AMPs) but none of them has been approved due to their proteolytic 

degradation, high cost, low availability and recent bacterial resistant appearance24. Besides 

AMPs, polyaminosterol compounds such as squalamine 1 and claramine A1 2 recently 

appeared as a promising family of antibacterial compounds25,26 (Figure 1). 
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Figure 1. Structure of squalamine 1 and claramine A1 2. 

Herein, we report the design of an antibacterial PDMS surface based on the versatile 

CuAAC click addition to covalently immobilized a claramine derivative. Prior to surface 

modification, azidated claramine derivative was synthesized and characterized by 1H and 13C 

NMR and ESI mass spectrometry. Then, selective CuAAC reaction was performed with alkyne 

groups incorporated onto a PDMS surface via a silanization reaction. Surface modifications 

were characterized by contact angle measurements, Atomic Force Microscopy (AFM) and X-

ray Photoelectron Spectroscopy (XPS) analyses. The final antibacterial activity of the 

claramine-based surface against two common pathogenic bacteria, i.e. Staphylococcus 

epidermidis and Escherichia coli, was evaluated through the Live and Dead fluorescent 

microscopy test. 

Materials and methods 

Materials 
All solvents were purified according to reported procedures, and reagents were used as 

commercially received.  

Sylgard® 184 was purchased from DOW chemical company (USA). [3-(2-

propynylcarbamate)propyl]triethoxysilane (PPTEOS, 90%) was purchased from Gelest. 

Methanol, ethyl acetate, dichloromethane, ammonia and petroleum ether (35-60 °C) were 



 CHAPITRE III : SURFACES DE PDMS ANTIBACTERINNES PAR CHIMIE CLICK 
 

86 

 

purchased from Merck and used without further purification. Column chromatography was 

performed on Macherey-Nagel silica gel (70-230 mesh). Ethanol (99,8%) was analytical grade 

and was purchased form Fisher. Copper (II) sulfate pentahydrate (ca. 100%) was purchased 

from VWR and sodium ascorbate (99%) was purchased from Acros. Ultrapure water purified 

with the Milli-Q system (Siemens, France) was used in all cases. 

S. epidermidis (ATCC 35984) and E. coli (K12 MG1655) strains were stored as frozen 

aliquots in brain heart infusion (BHI, Bacto, France) broth and 30 % of glycerol at -20 °C. The 

LIVE/DEAD Bacterial Viability Kit, L7007 (SYTO®9 dye, 1.67 mM / Propidium iodide, 18.3 

mM) was purchased form Thermo Fisher Scientific. Phosphate buffered saline (PBS) prepared 

from the PBS tablets (Gibro, Swiss) and ultrapure water, obtained from a Milli-Q system 

(Siemens, France) ware autoclaved before use.  

Synthesis 
Synthesis of bromopropyl deoxycholate 4 

In a 50 mL two necked round flask were introduced 3.5 mL of bromopropanol (37 

mmol), 20 mL of dichloromethane, 3.3 g of deoxycholic acid (8.44 mmol) and 1 g of para-

toluene sulfonic acid (6 mmol). The mixture was heated at reflux under vigorous stirring for 8 

hours. The reaction was subsequently concentrated under vacuum and 50 mL of 

dichloromethane was added. The organic phase was washed 3 times with 25 mL of NaHCO3 

(10%) solution. The aqueous phases were extracted twice with dichloromethane and the 

combined organic phases were dried over Na2SO4, filtered, and concentrated in vacuo. The 

residue was purified by flash chromatography on silica gel (ethylacetate/ petroleum ether (1/1)) 

to afford the expected product as a viscous oil in 92% yield. NMR 1H (400 MHz, CDCl3): δ 

(ppm) = 4.58-4.62 (m, 2H), 4.46-4.48 (m, 1H), 4.20-4.22 (m, 1H), 3.98-4.12 (m, 4H), 3.79 (s, 

1H), 3.39-3.53 (m, 4H, 1.92-2.12 (m, 4H), 1.44-1.66 (m, 18H), 0.81- 1.29 (m, 7H), 0.59 (s, 3H). 

NMR 13C (100 MHz, CDCl3): δ (ppm) = 173.30, 71.04, 70.01, 59.80, 58.45, 47.48, 46.14, 

46.03, 41.66, 36.31, 35.68, 35.52, 35.19, 34.98, 33.84, 32.94, 32.04, 31.31, 30.96, 30.69, 27.24, 

27.03, 26.15, 23.55, 20.78, 16.85, 12.42. MS (ESI+): m/z 513.2501 ([M+H]+) 

Synthesis of 3-oxo bromopropyl deoxycholate 5 

In a 50 mL two necked round flask were introduced 30 mL of toluene, 15 mL of acetone 

and 3 g of bromopropyl deoxycholate 4 (5.85 mmol). 3g of aluminum tert-butoxide (12 mmol) 

were subsequently added and stirring was maintained under reflux for 12 hours. 20 mL of 

H2SO4 solution (2N) was added, and the mixture was stirred for an additional 1 hour.  The 
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organic phase was washed 3 times with 20 mL of H2SO4 solution and 25 mL of water. The 

combined organic phases were dried over Na2SO4, filtered, and concentrated in vacuo to afford 

a crude product, which was purified by flash chromatography on silica gel (ethylacetate/ 

petroleum ether (1/1)). The expected 3-oxo bromopropyl deoxycholate 5 was successfully 

obtained as a clear oil in 56% yield. NMR 1H (400 MHz, CDCl3): δ (ppm) = 3.90-4.10 (m, 3H), 

3.58-3.62 (m, 2H), 3.41-3.45 (m, 5H), 2.41-2.46 (m, 1H), 1.60-1.95 (m, 8H), 0.99-1.46 (m, 

15H), 0.72-0.81 (m, 6H), 0.50 (s, 3H). NMR 13C (100 MHz, CDCl3): δ (ppm) = 208.29, 174.20, 

73.12, 61.95, 60.28, 52.82, 48.30, 47.12, 46.48, 35.60, 35.08, 33.76, 32.90, 31.68, 31.15, 30.86, 

30.46, 29.52, 29.11, 27.42, 25.73, 23.70, 22.12, 21.08, 17.30, 14.21, 12.80. MS (ESI+): m/z 

512.2324 ([M+H]+). 

Synthesis of 3-oxo azidopropyl deoxycholate 6 

In a 50 mL two necked round flask was introduced in 10 mL of DMSO 1.25g of 3-oxo 

bromopropyl deoxycholate 5 (2.45 mmol). 175 mg of sodium azide (2.69 mmol) were 

subsequently added (diluted in DMSO as a 0.5M solution) and stirring was maintained at room 

temperature for 12 hours. Then, 20 mL of water was added and the mixture was stirred for an 

additional 1 hour and after, 30 mL of ethylacetate were added.  The organic phase was washed 

with NaCl solution. The combined organic phases were dried over Na2SO4, filtered, and 

concentrated in vacuo to afford a crude product, which was purified by flash chromatography 

on silica gel (ethylacetate/ petroleum ether (1/1)). The expected 3-oxo azidopropyl 

deoxycholate 6 was obtained as a clear oil in 82% yield. NMR 1H (400 MHz, CDCl3): δ (ppm) 

= 4.06-4.11 (m, 3H), 3.38-3.40 (m, 1H), 2.21-2.38 (m, 5H), 1.57-2.11 (m, 16H), 1.02-1.34 (m, 

12H), 0.88-0.91 (m, 3H), 0.68 (s, 3H). NMR 13C (100 MHz, CDCl3) : δ (ppm) = 211.60, 173.94, 

71.01, 63.57, 48.62, 47.16, 46.32, 45.84, 45.71, 43.91, 42.34, 37.91, 37.49, 35.92, 35.87, 35.03, 

31.40, 30.91, 29.95, 29.27, 28.91, 27.85, 26.81, 23.55, 18.01, 16.83, 12.53. MS (ESI+): m/z 

474.3287 ([M+H]+). 

Synthesis of 3-spermino azidopropyl deoxycholate 7 

In a 25 mL two necked round flask were introduced 10 mL of methanol and a mixture 

of 3-oxo azidopropyl deoxycholate 6 (852 mg, 1.8 mmol), titanium(IV) isopropoxide (1.6 g, 

7.2 mmol) and spermine (1 g, 5.4 mmol). This mixture was stirred under argon at room 

temperature for 24 hours. After cooling the flask at -78°C, sodium borohydride (136 mg, 3.6 

mmol) was then added, and the resulting mixture was stirred for additional 12 hours. The 

reaction was then quenched by adding water (4 mL). Stirring was continued at room 

temperature for 1 hour. Then, the reaction mixture was filtered over a pad of Celite, which was 
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subsequently rinsed with NH4OH and methanol. The mixture was concentrated in vacuo to 

afford the expected crude compound, which was purified by flash chromatography on silica gel 

using CH2Cl2/MeOH/NH4OH (7:3:1) as eluent. The expected 3-spermino azidopropyl 

deoxycholate 7 was obtained as a viscous yellow oil in 34% yield. NMR 1H (250 MHz, 

CD3OD): δ (ppm) = 4.06-4.11 (m, 3H), 3.11-3.27 (m, 2H), 2.89-2.95 (m, 6H), 2.13-2.77 (m, 

10H), 1.08-2.09 (m, 37H), 0.86-1.04 (m, 8H), 0.68 (s, 3H). NMR 13C (63 MHz, CD3OD): δ 

(ppm) = 176.42, 74.00, 58.91, 50.52, 49.85, 49.17, 48.77, 48.23, 48.04, 47.60, 46.22, 45.64, 

45.08, 43.91, 40.59, 37.43, 37.22, 36.95, 36.72, 35.75, 34.80, 34.32, 33.16, 32.22, 31.84, 30.17, 

29.84, 28.66, 28.47, 28.20, 27.49, 24.89, 23.91, 23.03, 22.34, 17.55, 13.19. MS (ESI+): m/z 

660.5495 ([M+H]+). 

PDMS preparation 
PDMS was prepared following the manufacturer’s instructions. Briefly, silicone 

elastomer base and curing agent (Sylgard® 184) at a ratio of 10:1 (w/w) were mixed and poured 

into a flat petri dish. Then, the mixture was degassed under vacuum, until all the air bubbles 

formed during mixing were removed, and cured at 100°C for 40 min in an oven. The cured 

PDMS film at a thickness of around 1 mm was cut into 10×10 mm2 pieces for further chemical 

modification and analysis. 

Chemical modification of PDMS surface 
The PDMS substrates were subjected to UV-Ozone treatment (Jelight Company, Inc.) 

for 45 min. A low-pressure mercury (Hg) vapor lamp with an average intensity from 28 to 32 

mW/cm2 at 253,7 nm at a distance of 2,5 cm is used in the UV-Ozone equipment. Immediately 

after, the PDMS substrates were immersed in an ethanol/water (21/9 mL) solution containing 

511 µl (50 mM) of PPTEOS. After, the solution was slightly shaken at room temperature 

overnight to obtain PDMS-PPTEOS. Then, the PDMS-PPTEOS samples were rinsed with 70% 

ethanol and dried at least 3 h at room temperature under vacuum and were kept in a sealed 

container with argon at 4°C until next step or analysis. 

The PDMS-PPTEOS substrates were immersed in 15 ml of methanol containing about 

15 µmol of claramine derivative, 2 mol% of copper (II) sulphate and 10 mol% of sodium 

ascorbate with regards to claramine derivative content. Then, the system was slightly shaken at 

room temperature during 24 h. After, the obtained samples (PDMS-clar) were washed with 

methanol and dried 3 h at room temperature under vacuum and stored in a sealed container with 

argon at 4°C until analysis. 



 CHAPITRE III : SURFACES DE PDMS ANTIBACTERINNES PAR CHIMIE CLICK 
 

89 

 

Characterization 
1H NMR and 13C NMR spectra were recorded in CDCl3 or CD3OD on a Bruker AC 400 

spectrometer working at 400 MHz and 100 MHz, respectively (the usual abbreviations are used: 

s: singlet, d: doublet, t: triplet, q: quadruplet, m: multiplet). Tetramethylsilane was used as 

internal standard. All chemical shifts are given in ppm. Mass spectroscopy analysis was 

performed using a QStar Elite (Applied Biosystems SCIEX) mass spectrometer equipped with 

an atmospheric pressure ionization source (API) at the Spectropole (Analytical Laboratory, Aix 

Marseille University). 

Static and dynamic water contact angles measurements (3 µl) on modified an 

unmodified PDMS substrates were carried out by using a contact angle goniometer “digidrop” 

(United Kingdom) in air at room temperature on at least three independent samples, using at 

least three different zones by sample. 

The topography of PDMS surfaces before and after modification were analyzed by using 

a Nanoscope 8 Multimode microscope (Bruker Nano Surfaces, Santa Barbara, CA, USA). 

Imaging was achieved in the air using the PeakForce®-QNM mode with a 100µm piezoelectric 

scanner. A silicon (RTESPA-300, Bruker) cantilever with a spring constant of about 40 N/m 

and a silicon tip was used. Images were obtained with a PeakForce tapping frequency of 1 kHz 

and the auto-amplitude on. The AFM imaging was performed in multiple locations on at least 

two independent samples at two scan sizes: 5 × 5 and 20 × 20 µm2. All images are presented 

in the height mode and are top view images.  

The surface chemical characterization was performed using a Thermo ESCALAB 250 

R-Ray photoelectron spectrometer with a monochromatic Al-Kα ray source (hν = 1486.6 eV) 

with a size spot of 500µm operating at a pressure around 2 10-9mbar.  The analyzer pass energy 

was 50 eV for survey spectra and 20 eV for C1s and N1s high-resolution spectra. Charging 

effect was compensated during analysis and corrected using the aliphatic carbon of the C1s 

peak at 285.0 eV. Spectra were recorded and analyzed using Thermo Avantage software. 

Antimicrobial activity assay (Live/Dead test) 
A 130 µl droplet of E. coli or S. epidermidis suspension in distilled water (about 5.108 

CFU/ml) were spread on the modified surfaces (1.8 ×1.8 cm2) using a glass slide with the same 

surface size for 1 h. Then, the glass slide was taken away and the studied surface was washed 

by a distilled water flow to remove the non-attached bacteria. After, 130 µl of an 80-fold diluted 



 CHAPITRE III : SURFACES DE PDMS ANTIBACTERINNES PAR CHIMIE CLICK 
 

90 

 

solution of fluorescent markers were deposited and spread on the surface for 15 min. Images 

(1024x1024 pixels) of surfaces were acquired using an upright fixed-stage Leica TCS SP8 CFS 

confocal microscope (Leica Microsystems, Nanterre, France) equipped with diodes laser 

(Coherent, Les Ulis, France) at 488 nm to excite the SYTO®9 and at 552 nm to excite Propidium 

Iodide and a conventionnal scanner at 400 Hz. Using a 63x (1.40, oil immersion) objective, 

fluorescence emission was sequentially detected through hybrid detector (Leica Microsystems, 

Nanterre, France) in photon counting mode with a specific band from 500 to 540 nm for 

SYTO®9 and 580 to 630 nm for Propidium Iodide. Z-Stack’s images were acquired using an 

adapted step-size from Nyquist Criteria. ImageJ (Rasband W.S., U.S. National Institutes of 

Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997-2020) was used to adjust 

brightness and contrast and to perform z projections of 3D images (xyz). 

Results and discussion 

Synthesis 
Squalamine was first isolated from the dogfish shark and exhibited antimicrobial 

activity against a broad spectrum of bacteria and fungi27. However, obtention of a large amount 

of squalamine from natural sources is difficult. Thus, many researchers decided to synthesize 

squalamine mimics and investigated their antimicrobial properties28-34. More recently, Blanchet 

et al. reported the design and biological evaluation of claramine A1 2, which possesses excellent 

antimicrobial activities against a large panel of both Gram-positive and Gram-negative 

bacteria26. Based on our continued interest in squalamine biogical evaluation, we were 

interested in designing a concise and economical synthesis of a compound that could be grafted 

onto a surface. In this respect, a polyaminosterol parent compound, namely claramine A1 7, 

possessing a suitable azido group was prepared in a four-step synthesis (14% overall yield) 

from deoxycholic acid, using an efficient stereoselective titanium-mediated reductive 

amination that controlled the stereochemistry at the C-3 position (Figure 2). 

http://imagej.nih.gov/ij/
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Figure 2. Synthetic pathway for the preparation of azido-claramine A1 derivative 7. 

Surface modification and characterization 
The procedure of surface modification was illustrated in Figure 3. Briefly, hydroxyl 

groups were introduced on PDMS surface through an UV/Ozone treatment, immediately 

followed by immersion in PPTEOS solution under ambient conditions overnight to obtain 

alkyne-terminated PDMS. Then, the CuAAC coupling reaction between the alkyne-PDMS 

surface and the azido-claramine derivative was achieved in the presence of copper sulfate and 

sodium ascorbate.  

 

Figure 3. Chemical pathway of grafting antibacterial molecules bearing an azide group onto a PDMS surface (R=claramine 
derivative). 

First, static water contact angle (WCA) measurements were realized. Pristine PDMS 

(control 1), PDMS treated with UV/Ozone for 45 minutes and then immersed immediately in 

EtOH/water (21/9 ml) solution without PPTEOS (control 2) or with PPTEOS (control 3) 

overnight were used as controls. Pristine PDMS was hydrophobic with an average WCA at 

approximately 108° while the fresh prepared PDMS-UV/O3 and PDMS-PPTEOS after drying 

under vacuum for 3 hours exhibit a WCA of around 48 and 62°, respectively. The WCA value 

of PDMS-UV/O3 and PDMS-PPTEOS were both increased after 3 days of storage in ambient 
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with around 65 and 83° respectively owing to the hydrophobic recovery behavior of PDMS35,36. 

However, the WCA values of PDMS-PPTEOS were always higher than that of PDMS-UV/O3 

suggesting the successful grafting of silane onto PDMS. In contrast, the difference before and 

after the introduction of claramine derivative via CuAAC was not significant with an average 

WCA of 83 and 77°, respectively.  

Table 1. Data of water contact angles measurements and surface roughness on the optimal modified PDMS surface and its 
controls. 

 
Static 

mode 
Dynamic mode 

Roughness by 

AFMb (nm) 

Samples  
θwater 

(°)a 
AA (°)a RA (°)a Hyst (°)a Ra RMS 

PDMS (control 1) 108±2 116±3 58±4 57±2 1.6±0.3 2.3±0.0 

PDMS-UV/O3 (control 2) 65±6 74±1 47±6 27±5 / / 

PDMS-PPTEOS (control 3) 83±5 89±5 51±3 39±7 3.0±1.4 5.4±2.4 

PDMS-clar 77±6 88±7 45±5 43±4 13.7±0.4 20.4±5.9 

a θwater: contact angle with water after 3 days of storage; AA: Advancing Angle; RA: Receding Angle; Hyst: Hysteresis.  
b Ra: arithmetic roughness, RMS: Mean Square roughness.  

The dynamic water contact angle measurements were also performed. The advancing 

angle of PDMS-PPTEOS increased significantly compared to PDMS-UV/O3 from 74 to 89°. 

Moreover, the receding angle of PDMS-PPTEOS was also decreased with a difference of 4°, 

resulting in an increase in hysteresis from 27 to 39° compared to PDMS-UV/O3, suggesting the 

successful modification of PDMS surface with PPTEOS. However, the advancing angle of 

silanized PDMS before and after claramine derivative grafting was almost the same, and only 

around 5° of difference for the receding angle value was observed, which was not significant 

neither.  

The surface morphologies of pristine PDMS, silanized PDMS and claramine derivative 

grafted PDMS were observed by atomic force microscopy (AFM) at two different 

magnifications (5 × 5 µm2 and 20 × 20 µm2) as shown in Figure 4. It revealed that unmodified 

PDMS exhibited smooth and homogenous surface with an average roughness (Ra) and a root 
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mean square roughness (Rq) of 0.9 and 1.2 nm at 5 × 5 µm2 and 1.4 and 2.4 nm at 20 × 20 µm2, 

respectively. After silanization, samples became slightly rougher with a Ra and Rq of 0.9 and 

2.2 nm at 5 × 5 µm2, and 2.2 and 6.5 nm at 20 × 20 µm2, respectively, due to the presence of 

some aggregates. Excepted that, the PPTEOS layer was homogenous and smooth. PDMS-clar 

exhibited higher values of Ra and Rq , i.e. 1.8 and 5.7 nm at 5 × 5 µm2, and 13.4 and 16.3 nm at 

20 × 20 µm2, respectively. Much larger aggregates can be observed compared to PDMS-

PPTEOS suggesting that claramine derivatives were successfully grafted. 
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Figure 4. AFM images of (A) PDMS surface (control 1), (B) PDMS-PPTEOS surface (control 3) and (C) PDMS-clar surface. 
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To confirm the covalent click-chemistry reaction between the PDMS surface and the 

azido-claramine molecules, high resolution XPS spectrum of the N1s region for the PDMS-clar 

surface was realized (Figure 5). It has been deconvoluted using 3 components at 399.4, 399.9 

and 401.9 eV. The first component can be attributed to the amino groups from the claramine 

derivate38. The second and third components are characteristic of nitrogen from the triazole ring 

(N-N=N and N-N=N respectively)39. The ratio obtained between each component (57/28/14) is 

in agreement with expected stoichiometry of nitrogen group (4/2/1) indicating that claramine 

derivative is grafted at the surface of the PDMS. Furthermore, no peak was observed around 

405 eV corresponding to the electron deficient nitrogen atom of the azido group present in the 

claramine derivative. This result shows that the claramine is undoubtedly covalently bound to 

the surface. Furthermore, no residual copper was observed on the survey spectrum of the 

PDMS-clar surface (see Fig. S1 of the supporting information) which could have (i) an impact 

on the antibacterial activity and (ii) a problematic toxicity for later biological applications. 

 

 

Figure 5. High resolution XPS spectrum of the N1s region for the PDMS-Clar surface. 
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Assessment of the antibacterial properties 
E. coli and S. epidermidis were used to evaluate the antibacterial properties of modified 

PDMS via the LIVE/DEAD test by using confocal fluorescent microscopy (Figure 6 and S2, 

S3 et S4 in supporting information). A droplet of bacterial suspension was spread onto modified 

or untreated PDMS surface for 1 hour, then the adhered bacteria were stained and observed. 

The bacteria with intact membrane were stained in green whereas bacteria with damaged 

membrane were stained in red. As shown in Figure 6, no bacteria were observed for pristine 

PDMS and for PDMS-PPTEOS, expected some red E. coli for the silanized surface. These 

results were probably due to the short time of contact between bacteria and surface. On the 

other hand, a lot of adhered bacteria were observed for the PDMS-clar surface with a majority 

of red bacteria. Furthermore, a less affinity and attachment onto PDMS-clar of S. epidermidis 

compared to E. coli was noticed. But as for E. coli, the membrane integrity of adhered bacteria 

was perturbed. The presence of only red bacteria for the modified surface may suggested an 

antibacterial action of covalently immobilized claramine derivative by an electrostatic 

attraction of bacteria onto the surface via its amino cationic tail leading to a membrane 

destabilization. 
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Figure 6. Fluorescence microscopy images of sessile bacteria cells stained with a marker of viability and deposited on 
surfaces of modified and unmodified PDMS surfaces: (A1) E. coli on pristine PDMS surface (control 1), (A2) E. coli on 

PDMS-PPTEOS (control 3) surface, (A3) E. coli on PDMS-clar, (B1) S. epidermidis on unmodified PDMS surface (control 
1), (B2) S. epidermidis on PDMS-PPTEOS (control 3) surface, (B3) S. epidermidis on PDMS-clar surface. 
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Conclusion 
In the present work, a new claramine derivative 7 was synthezied and successfully 

grafted onto PDMS surface by chemioselective CuAAC click chemistry. XPS analysis of the 

N1s region has confirmed covalent claramine derivative immobilization by the formation of 

triazole ring. The membrane integrity of E. coli and S. epidermidis was destabilized probably 

by a strong eltrostatic attraction via the cationic amino tail of immobilized claramine derivative. 

These results confirmed the importance of the orientation of active molecules once immobilized 

and the usefulness of the CuAAC reaction. PDMS grafted with a claramine derivative can be 

potentially applied in medical divices to prevent bacterial infections and overcome the bacterial 

resistance’s problem. The biocomptibility and in vivo  antibacterial properties need to be further 

investigated.  
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Supporting information 

 
Figure S1. Survey XPS spectrum of PDMS-clar surface. 
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Figure S2. Supplemental fluorescence microscopy images of sessile E. coli cells stained with a marker of viability and 
deposited on PDMS-PPTEOS surface. 

 

Figure S3. Supplemental fluorescence microscopy images of sessile E. coli cells stained with a marker of viability and 
deposited on PDMS-clar surfaces. 

 

Figure S4. Supplemental fluorescence microscopy images of sessile S. epidermidis cells stained with a marker of viability 
and deposited on PDMS-clar surface. 
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III.2 Informations supplémentaires 
Avant de réaliser les différentes étapes de modifications chimiques des surfaces de 

PDMS, les conditions d'activation de la surface du PDMS par traitement UV/Ozone, en termes 

de temps de réaction, ont été étudiées par la mesure de l'angle de contact avec l’eau en mode 

statique (Figure III-1) et par spectroscopie ATR-FTIR (Figure III-2). Le PDMS non traité a été 

utilisé comme contrôle. Les résultats de la mesure de l'angle de contact avec l'eau (ACE) en 

fonction du temps de traitement ont montré que les valeurs d’ACE diminuaient de manière 

linéaire au fur et à mesure que le temps d'exposition sous UV/Ozone augmentait. Après un 

traitement de 45 et 60 minutes, des valeurs de l’angle de contact avec l'eau d'environ 29 et 8° 

ont été respectivement obtenues contre une valeur initiale pour le PDMS natif de 108°, ce qui 

suggère une augmentation du caractère hydrophile du PDMS par le traitement UV/Ozone.  

 

Figure III-1. Valeurs de l’angle de contact avec l'eau en mode statique des surfaces de PDMS exposées à un traitement 
UV/Ozone pendant différents temps. 

Afin de connaitre, les modifications chimiques apportées par le traitement UV/Ozone, 

des analyses par ATR-FTIR ont donc été réalisées. D’après la Figure III-2, on remarque que la 

tendance observée lors des mesures d’angle de contact en fonction du temps de traitement 

correspond à l'augmentation de l'intensité de la large bande d'absorption entre 3600 et 3000 cm-

1, caractéristique des fonctions hydroxyles (-OH). 

De plus, une diminution de l'intensité des différentes bandes des CH3 (à 800, 1260 et 

2965 cm-1 correspondant aux vibrations de déformation, d’élongation symétrique et 



 CHAPITRE III : SURFACES DE PDMS ANTIBACTERINNES PAR CHIMIE CLICK 
 

105 

 

d'élongation asymétrique respectivement) a également été observée, suggérant la disparition 

progressive des groupements méthyles à la surface du PDMS, comme décrit par Berdichevsky 

et al 1. De plus, la forme des bandes entre 1020 et 1100 cm-1, correspondant aux vibrations 

d'élongation asymétrique de la liaison Si-O, a fortement changé lors de l'exposition au 

traitement UV/Ozone comme décrit dans la littérature pour ce type de traitement sur les surfaces 

de PDMS 1,2, indiquant la conversion des fragments CH3-Si-O en réseau -O-Si-O-. En se basant 

sur les résultats d’angle de contact et de FTIR, et afin de s'assurer de la présence de fonctions 

hydroxyles sur la surface du PDMS sans former de fonctions carboxyles, un temps de traitement 

UV/Ozone de 45 min a été choisi pour la suite de l’étude. 

 

Figure III-2. Spectres ATR-FTIR des surfaces de PDMS exposées aux UV/Ozone avec des temps différents et leur contrôle : 
(A) 4000-800 cm-1 et (B) 3600-2800 cm-1. 

 

 

 

  

 

 

 

  

1 Y. Berdichevsky, J. Khandurina, A. Guttman, Y.-H. Lo, UV/ozone modification of poly (dimethylsiloxane) 
microfluidic channels, Sensors Actuators B Chem., vol. 97, no. 2-3 (2004) 402–408. 
2 Y.-J. Fu, H. Qui, K.-S. Liao, S.J. Lue, C.-C. Hu, K.-R. Lee, J.-Y. Lai, Effect of UV-ozone treatment on poly 
(dimethylsiloxane) membranes: surface characterization and gas separation performance, Langmuir, vol. 26, no. 6 
(2010) 4392–4399. 
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Ensuite, des molécules de PPTEOS ont été immobilisées sur les surfaces de PDMS par 

formation de lisons Si-O-Si au cours du processus d’auto-assemblage 4,5 permettant 

l’introduction sur les surfaces de PDMS des fonctions alcynes en position terminale. Pour 

déterminer les conditions optimales de cette étape de silanisation, les surfaces ont tout d’abord 

été analysées par AFM.  

A l’aide de l’optique de l’AFM (Figure III-3), on observe que la concentration d’éthanol 

(EtOH), utilisé comme solvant lors de la réaction de silanisation, semble influencer la 

topographie de la surface du PDMS. En effet, des creux, d’environ une centaine de micromètres 

de long (valeur obtenue par comparaison avec les dimensions du micro-levier qui sont de 

115×25 µm) se sont formés sur la surface même à des temps courts (dès 45 min). Il semble que 

l’apparition de ces creux proviendrait du phénomène d’évaporation de l’éthanol pendant le 

séchage (sous vide à température ambiante pendant au moins 3 h) 6. Ensuite un mélange 

EtOH/eau (70/30 : v/v) a été testé et aucune modification visuelle de la surface de PDMS n’a 

été observée par rapport à la surface de PDMS native. Ce mélange a donc été choisi pour la 

suite des tests de l’étape de silanisation. 

 

Figure III-3. Images obtenues à l’aide de l’optique de l’AFM de surfaces de PDMS après contact pendant la nuit avec 
différentes concentrations d’une solution d’EtOH : (A) 100% et (B) 70%. 

 

 
4 X. Meng, J. Hu, Z. Chao, Y. Liu, H. Ju, Q. Cheng, Thermoresponsive arrays patterned via photoclick chemistry: 
Smart MALDI plate for protein digest enrichment, desalting, and direct ms analysis, ACS Appl. Mater. Interfaces, 
vol. 10, no. 1 (2018), pp. 1324–1333. 
5 Q. Liu, Y. Sun, Z. Li, Terminal silanization of perfluoropolyether, polydimethylsiloxane, their block polymer 
and the self-assembled films on plasma-treated silicon surfaces, Chem. Pap., vol.73, no. 1 (2019), pp. 105–117. 
6 J. McQuade, L.T. Vuong, Solvent retention and crack evolution in dropcast PEDOT: PSS and dependence on 
surface wetting, ACS Omega., vol. 3, no. 4 (2018), pp. 3868–3873. 
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Ensuite, en se basant sur la littérature, différentes températures et différents temps de 
réaction de cette étape, regroupés dans le Tableau III-1, ont été testés, à partir d’une solution de 
PPTEOS à 50 mM (Tableau III-1).  

Tableau III-1. Les différentes conditions opératoires testées lors de la réaction de silanisation. 

N° Température (°C) Temps 

(B) Température ambiante Toute la nuit (environ 18 h) 

(C1) 40 45 min 

(C2) 40 4 h 

(C3) 40 6 h 

(D) 60 4 h 

L’ensemble des surfaces de PDMS modifiées sous les différentes conditions a 

été analysé par AFM (Figure III-4). 

D’après les images AFM, on constate la présence d’agrégats sur l’ensemble des surfaces 

modifiées correspondant à la présence de PPTEOS sur les surfaces. Cependant, l’échantillon 

modifiée par les conditions B (température ambiante pendant 18 h) présente la surface la plus 

homogène et les plus petits agrégats avec un meilleur recouvrement de la surface. De ce fait, 

nous avons choisis, pour la suite, de travailler à température ambiante pendant la nuit avec une 

solution à 50 mM de PPTEOS dans un mélange EtOH/eau (70/30 : v/v). 
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Figure III-4. Images AFM de surfaces de PDMS modifiées par le PPTEOS à différentes températures et à différents temps de 
réaction : (A) PDMS non modifié ; (B) 20 °C et 18 h ; (C1) 40 °C et 45 min ; (C2) 40 °C et 4 h ; (C3) 40 °C et 6 h et (D) 60 

°C et 4 h. 



 

109 

 

 

 

 

 

 

 

 

Chapitre IV : Surfaces de PDMS antibactériennes 

par photo-greffage



 

 

 

 

 

  



CHAPITRE IV : SURFACES DE PDMS ANTIBACTÉRIENNES PAR PHOTO-GREFFAGE  
 

110 

 

Introduction 
Ce chapitre est dédié à l’élaboration de surfaces de PDMS cationiques préparées par 

photo-greffage, amorcé par de la benzophénone, de polymères porteurs de groupements 

ammonium ou phosphonium quaternaire. Des procédés de ‘grafting from’ et ’grafting to’ ont 

été testés. A notre connaissance, comme déjà décrit dans le chapitre I, il n'existe que deux voies 

chimiques pour la modification chimique directe de la surface du PDMS : le greffage par 

hydrosilylation et le greffage photo-induit. Dans ce chapitre, nous avons choisi cette dernière 

méthode pour modifier la surface du PDMS car il s'agit non seulement d'une méthode directe 

mais aussi d'un processus très rapide (en quelques minutes). 

Les agents antibactériens à base de polymères présentent plus d'avantages que les agents 

antibactériens de faible poids moléculaire en raison de leur caractère non volatile, leur stabilité 

chimique et leur facilité d’utilisation. Les polymères polycationiques sont l'un des types de 

polymères antimicrobiens les plus importants présentant généralement une activité 

antibactérienne élevée à large spectre contre les bactéries à gram-positif et à gram-négatif, les 

champignons, les parasites et les virus lipophiles. Ainsi, deux monomères porteurs de 

groupements ammonium quaternaire et deux polymères porteurs de groupements ammonium 

ou phosphonium quaternaires ont été synthétisés et utilisés pour élaborer des surfaces de PDMS 

cationiques. Les deux polymères cationiques ont été synthétisées par le Dr Taril Eren de 

l’université de Yildiz Technique “Département de Chimie” dans le cadre d’une collaboration. 

Ce chapitre est divisé en trois parties. 

La première partie porte sur la modification de la surface du PDMS par 

photopolymérisation d’un monomère de styrène ammonium via une approche 'grafting from' 

en présence de benzophénone préalablement immobilisée sur la surface. L’ensemble des 

modifications a été caractérisée par des mesures d’angle de contact avec l’eau en mode statique 

et en mode dynamique, par spectroscopie infrarouge à transformée de fourier (FTIR), par 

microscopie à force atomique (AFM) et par spectroscopie photoélectronique par rayons X 

(XPS). Enfin, l'activité antibactérienne du PDMS modifiée a été évaluée par microscopie à 

fluorescence à l’aide du kit live/dead contre S. aureus, S. epidermidis et E. coli et par 

dénombrement des bactéries en suspension contre S. aureus et E. coli. Les résultats de cette 

partie sont présentés sous forme d’un article publié sous la référence « Lou, Y., Schapman, D., 

Mercier, D., Alexandre, S., Burel, F., Thebault, P., & Kébir, N. “Self-disinfecting PDMS 

surfaces with high quaternary ammonium functionality by direct surface photoinitiated 
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polymerization of vinylbenzyl dimethylbutylammonium chloride,” Eur. Polym. J., vol. 152, p. 

110473, 2021 ». 

La deuxième partie concerne la modification de la surface du PDMS par 

photopolymérisation d'un monomère d’acrylate ammonium avec ou sans thiol comme espaceur 

via une approche ‘grafting from’. La surface modifiée a été caractérisée par des mesures d’angle 

de contact avec l’eau, AFM, FTIR et XPS. Les propriétés antibactériennes ont été étudié par 

microscopie à fluorescence à l’aide du kit Live/Dead contre S. epidermidis et E. coli. Les 

résultats de cette partie sont présentés sous forme d’un article qui vient d’être accepté pour 

publication dans le journal « Reactive and Functional Polymers » sous le titre « Preparation of 

bactericidal surfaces through photo-initiated polymerization of N-[2-(acryloyloxy)ethyl]-N,N-

dimethyl-N-butylammonium iodide from native and thiolated PDMS surfaces ». 

La troisième et dernière partie porte sur la modification de la surface du PDMS par 

photogreffage de deux polymères cationiques, en utilisant un thiol comme espaceur, via une 

approche, cette fois ci, "grafting to" en présence encore une fois de benzophénone. Les surfaces 

modifiées ont été caractérisées avec les techniques mentionnées précédemment et l’activité 

antimicrobienne a été évalué de la même façon et contre les mêmes espèces bactériennes que 

la 2ème partie. Les résultats de cette partie sont présentés sous forme d’un article soumis au 

journal « European Polymer Journal » sous le titre « Preparation of bactericidal PDMS surfaces 

by benzophenone photo-initiated grafting of polynorbornenes functionalized with quaternary 

phosphonium or pyridinium groups ». 

De plus, des expériences non décrites dans les articles sont présentées et discutées dans 

le paragraphe IV.4, intitulé « informations supplémentaires ». 
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IV.1 Article 3: Self-disinfecting PDMS surfaces with high 
quaternary ammonium functionality by direct surface 
photoinitiated polymerization of vinylbenzyl 
dimethylbutylammonium chloride  

Yuzhen Lou1, Damien Schapman2, Dimitri Mercier3, Stéphane Alexandre4, Fabrice Burel1, 
Pascal Thebault4, Nasreddine Kébir1 
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Abstract 
Vinylbenzyl dimethylbutylammonium chloride was successfully grafted and photo-

polymerized from a PDMS surface, in presence of benzophenone. The obtained surface 

exhibited quaternary ammonium density above 1017 charge/cm2 and very high hydrophilicity 

compared to ungrafted surfaces. Bacterial enumeration and fluorescence microscopy revealed 

an efficient contact killing of this surface against Escherichia coli, Staphylococcus aureus and 

Staphylococcus epidermidis. 

Keywords: Quaternary ammonium; photo; grafting from; PDMS; bactericidal, 

antibacterial.  
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Introduction 
Planktonic bacteria or early attached cells are sensitive to environmental factors while 

bacteria in biofilms are more resistant. Indeed, it has been reported that antibiotic concentrations 

required to effectively eradicate biofilm bacteria are 100 to 1000 times higher than for 

planktonic bacteria. Therefore, it is suggested that preventing bacterial adhesion on material 

surfaces is a key property to avoid biofilm formation and microbial contamination [1-2]. 

There are three kinds of antibacterial surfaces: anti-adhesive or bacteriophobic surfaces 

that resist microbial adhesion [3-8]; release-based surfaces, which kill both adhered and 

planktonic bacteria by leaching antibacterial agents [9-11] and contact-killing surfaces bearing 

cationic groups that attract and kill bacteria by disrupting their cell membrane [12-13]. 

However, the antibacterial activity of release coatings is limited in time and overuse of 

antibiotics can lead to the phenomenon of bacterial resistance [14].  

Polymer-based antibacterial agents called antibacterial polymers have more advantages 

over low molecular weight antibacterial agents, contributing not only to their non-volatile and 

chemically stable structure, but also to their ease of use [15]. Polycationic polymers especially 

quaternary ammonium (QA)-based polymers, are ones of the most efficient antibacterial 

polymers. Indeed, QA compounds exhibit extensive antimicrobial activity against bacteria, 

fungi, parasites and lipophilic viruses [16-18]. The hydrophilic-hydrophobic balance and 

molecular weight of the polymer, as well as the length of the alkyl chains attached to the 

nitrogen atom of the QA moieties, have been found to significantly affect their antimicrobial 

activity [19-22]. 

Thanks to their high flexibility, hydrophobicity, chemical and thermal stability and 

biocompatibility, silicone materials are widely used in medical field including orthopedic 

application (e.g., the hand and foot joint implants), catheters, extracorporeal equipment (e.g., 

blood oxygenator, thermal bypass machines and kidney dialysis) and aesthetic implants (e.g., 

silicone breast implant) etc. [23-29]. Nonetheless, its hydrophobicity easily exposes it to protein 

adsorption, bacterial contamination and biofilm formation, which limits its use due to serious 

health and economic implications [30-32].  

Covalent grafting of antibacterial polymers onto silicone surfaces is one of the most 

important and promising strategies to avoid contamination and/or biofouling. Due to the 

chemical stability and inertness of PDMS, direct chemical modification is difficult to realize. 
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Often, plasma treatment is performed on PDMS surface to generate functional anchoring sites 

such as hydroxyl groups, which provide high hydrophilicity to the surface [33]. However, the 

post-chemical coupling must be achieved rapidly after a few minutes due to the recovery of 

hydrophobicity of plasma-treated PDMS surfaces, which results from the high dynamics of 

PDMS macromolecular chains and the diffusion of hydroxyl groups into the bulk [34].  

In the last two last decades, some chemical routes have been developed to functionalize 

PDMS surfaces and to modify their properties [35-43]. One of the most used strategy is the 

coupling reaction by hydrosilylation between the surface Si-H groups and carbon-carbon 

double bonds from bioactive polymers or molecules [35-40]. Indeed, the Si-H groups present 

on the PDMS surface, before, during and after the hydrosilylation curing process, have been 

successfully used to graft bioactive copolymers onto PDMS surfaces [35-38]. Si-H groups can 

also be introduced to the surface by acid-catalyzed insertion of polymethylhydroxysiloxane [39-

40].  

Alternatively, direct chemical modification of PDMS surfaces can be also performed by 

photoinduced processes, using benzophenone as photo-initiator. For instance, covalent 

micropatterning of PDMS surface have been achieved by photo-grafting, through a mask, of 

acrylic acid, [41] polyethylene glycol monoacrylate and polyethylene glycol diacrylate [42]. 

Recently, Braden et al. developed a simultaneous photo-grafting/photo-crosslinking process to 

prepare antifouling PDMS substrates by coating the surface with two zwitterionic polymers: 

poly(sulfobetaine methacrylate) or poly(carboxybetaine methacrylate), in the presence of 

poly(ethylene) glycol diacrylate as crosslinker [43]. 

The “grafting to” and “grafting from” approaches are two major irreversible grafting 

methods to prepare antimicrobial surfaces by tethering functional polymers with QA functional 

groups [44]. In the “grafting to” approach, functionalized polymers are directly immobilized on 

a suitable surface under appropriate conditions. As a result, an already immobilized polymer 

film blocks other chains of that polymer from reaching the reactive sites on the surface, which 

limits the grafting density. In contrast, in the "grafting from" approach, suitable initiators are 

first immobilized on the surface, allowing the in situ polymerization of the monomers to form 

a homogeneous and dense polymer film on that surface [45]. 

Poly(trialkylvinylbenzyl ammonium chloride) polymers have been shown to be among 

the most bactericidal polymers [16-22]. Kebir et al. [35] prepared a Poly(N,N-dimethylbutyl 

vinylbenzyl ammonium chloride) random copolymer bearing carbon-carbon double bounds and 



CHAPITRE IV : SURFACES DE PDMS ANTIBACTÉRIENNES PAR PHOTO-GREFFAGE  
 

115 

 

grafted it onto PDMS surfaces by hydrosilylation. The grafting density of the copolymer was 

modified by varying the Si-H content by changing the curing time or the ratio between the 

silicone components. The resulting cationic PDMS surfaces exhibited accessible ammonium 

charge densities ranging from 1.8×1014 to 2.8×1015 N+.cm-2 and contact angle with water 

varying between 102 and 88°, respectively. For Sylgard®184 PDMS films prepared with the 

conventional PartA/PartB = 1/10 ratio, grafting of the copolymer after curing led to the lowest 

surface coverage and wettability. Nevertheless, high killing efficiency (96-100%, respectively) 

against E. coli and S. epidermidis after 1h of contact was obtained in all cases.  

 In this work, we describe the design of highly QA-functionalized self-disinfecting 

PDMS surfaces by a straightforward process consisting of direct surface photoinitiated 

polymerization of vinylbenzyl dimethylbutylammonium chloride in the presence of 

benzophenone as photo-initiator. The physico-chemical and antimicrobial properties of the 

modified surfaces are investigated in comparison with literature data.   

Experimental section 

Materials  
Sylgard® 184 was purchased from DOW chemical company (USA). N,N-

dimethylbutylamine (99%) and vinylbenzyl chloride (>90%) were purchased from Sigma-

Aldrich. Dry methanol (99.8%) and acetone were purchased from Acros Organics. Dry diethyl 

ether and glass coverslip (18×18 mm2, FisherbrandTM) were purchased from Thermo Fisher 

Scientific. Benzophenone (BP) (≥99%) was purchased from Merck. Ultrapure water was 

obtained from a Milli-Q system (Siemens, France). All chemicals were used without further 

purification.  

S. aureus (ATCC 29213), S. epidermidis (ATCC 35984) and E. coli (K12 MG1655) 

strains were stored as frozen aliquots in brain-heart infusion broth (BHI, Bacto, France) and 30 

% glycerol at -20 °C. The LIVE/DEAD bacterial viability Kit, L7007 (SYTO®9 dye, 1.67 mM 

/ Propidium iodide, 18.3 mM) was purchased form Thermo Fisher Scientific. Phosphate 

buffered saline (PBS), prepared from PBS tablets (Gibro, Swiss) and ultrapure water, was 

autoclaved before use.  

Preparation of vinylbenzyl dimethylbutylammonium chloride (VBAC) 
Vinylbenzyl dimethylbutylammonium chloride (VBAC) was synthesized according to 

a procedure described in the literature, [46-47] with some modifications. Briefly, vinylbenzyl 
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chloride (VBC) was added dropwise to a vigorously stirred solution of N,N-dimethylbutylamine 

(DMBA) in dry methanol (5.55 mol/L) at room temperature under an inert atmosphere. The 

final VBC/DMBA molar ratio was of 1/1.5 The mixture was left to react overnight under 

stirring. Then, the mixture was concentrated and added dropwise into a large excess of dry 

diethyl ether. The precipitated product was collected by filtration and dried under vacuum. 1H 

NMR (MHz, DMSO-d6): δ 7.57 (dd, 4H), 6.79 (dd, 1H), 5.96 (d, 1H), 5.39 (d, 1H), 4.61 (s, 

2H), 3.29 (m, 2H), 2.99 (s, 6H), 1.76 (m, 2H), 1.30 (dt, 2H), 0.94 (t, 2H). FTIR-ATR (cm-1): 

3069 and 3031 (=C-H stretching vibration); 3000-2800 (C-H stretching vibration in CH, CH2 and 

CH3 groups); 1630, 1608, 1513 (C=C stretching vibration of the vinyl group and the benzene ring); 

1498 (C-H bending vibration in N+-CH2-Ar); 1463 (C-H bending vibration in N+-CH2); 1440 (C-H 

bending vibration in N+-CH3); 1410 (=C-H bending vibration); 1300-1000 (C-H bending vibrations 

in plane of the benzene ring); 1062 (C-N stretching vibration); 950-700 (C-H bending vibrations 

out of plane of the benzene ring).  

Preparation of PDMS film 
15 g of a mixture of the two parts of Sylgard® 184, i.e. base and curing agent, in a ratio 

of 10:1 (w/w), were casted into a square low-density polyethylene Petri dish (120×120×17 

mm3). The mixture was then degassed under vacuum until the air bubbles were completely 

removed. The PDMS film formed after two days at room temperature and was cut into 18 × 18 

mm2 squares with a thickness less than 1 mm. The curing time can be considerably reduced by 

increasing the temperature (few hours at 70°C and about 1h at 120°C) [35]. 

Preparation of PDMS-PVBAC surfaces 
The PDMS films were immersed in an acetone solution containing 20 wt% of BP for 30 

min to absorb enough BP for the photografting and photopolymerization. The samples were 

quickly washed with methanol and then placed on a plate to dry in the dark. Then, 50 to 80 µl 

of a methanol solution containing VBAC was applied to the dry samples and covered with a 

glass slide so that the monomer solution was spread evenly over the surface of the PDMS by 

capillary force. The PDMS assembly was placed in a UV conveyor (UV Fusion Light Hammer 

6), and irradiated with the UV light emitted from a small diameter electrodeless bulb combined 

with the elliptical reflector microwave-powered lamp (500 watts/inch) at a lamp-PDMS 

distance of 53 mm. Then, BP-initiated VBAC photopolymerization took place from the PDMS 

surface. After grafting, the samples were collected by immersion in water to detach from the 

glass slide and then washed in methanol three times. Samples were washed in methanol 
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overnight with gentle agitation and washed again with methanol the next day before being dried 

under vacuum to ensure that all unreacted monomer and ungrafted BP or VBAC compounds 

were removed. Untreated PDMS (control 1), PDMS treated with methanol and UV (control 2) 

as well as PDMS treated with a monomer solution (65wt%) without UV exposure (control 3) 

were prepared under the same conditions and they underwent the same washing procedure as 

the PDMS-PVBAC sample. 

Measurements 
1H NMR spectra were recorded on a Bruker 300 MHz spectrometer. The ATR-FTIR 

spectra were recorded on a Nicolet IS-50 FTIR (Thermo, USA) spectrometer, using the 

VariGATR accessory (Harrick Scientific, Pleasantville, NY) and the DTGS detector, on three 

independent samples for each experimental condition, with a wave-number range between 600 

and 4000 cm-1. Data were obtained with a spectral resolution of 4 cm-1 per 250 scans.  

Static and dynamic water contact angles measurements were performed using a contact 

angle goniometer “digidrop” (United Kingdom) in air at room temperature on at least three 

independent samples, using at least 3 droplets by sample. 

X-Ray Photoelectron spectroscopy (XPS) analysis was performed using a Thermo 

Electron Escalab 250 spectrometer, with a monochromatic Al Ka X-ray source (hn = 1486.6eV) 

operating at a pressure around 10-9 mbar. The spectrometer was calibrated using Au4f7/2 at 

84.1Ev. The take-off angle was 90° and the analyzed surface was a 500µm diameter disk. 

Survey spectra were recorded with a pass energy of 100eV and a step of 1eV. Spectra were 

recorded using the Thermo Avantage software and analyzed using CasaXPS software.  

The topography of PDMS surfaces before and after modification were analyzed by using 

a Nanoscope 8 Multimode microscope (Bruker Nano Surfaces, Santa Barbara, CA, USA). 

Imaging was achieved in the air using the PeakForce®-QNM mode with a 100µm piezoelectric 

scanner. A silicon cantilever (RTESPA-300, Bruker) with a spring constant of approximately 

40 N/m and a silicon tip was used. Images were obtained with a PeakForce tapping frequency 

of 1 kHz and the auto-amplitude on. AFM imaging was performed at multiple locations (at least 

2) on at least two independent samples at two scan sizes: 5 x 5 and 20x20 µm2. All images are 

presented in the height mode and are top view images. Flatten & three points levelling 

operations were usually done using the Gwyddion AFM software. 
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Determination of the surface accessible quaternary ammonium density 
Surface quaternary ammonium densities were quantified according to a method 

described by Tiller et al. [48]. Modified and unmodified PDMS surfaces (1.8 × 1.8 cm2) were 

immersed in a solution of fluorescein sodium salt (1% in distilled water) for 10 min. Afterwards, 

the unreacted fluorescein molecules were removed by washing the surface with distilled water. 

The samples were then placed in 3 mL of a 0.5% hexadecyltrimethyl ammonium bromide 

solution to exchange with the bounded fluorescein molecules under ultrasound for 15min. 0.45 

mL of saturated NaHCO3 solution was added after sonication. Then the absorbance of solution 

was recorded at 501 nm, using a ‘Cary bio’ UV-visible spectrophotometer (from Varian). The 

fluorescein concentration was then calculated using a calibration curve. 

Antimicrobial activity assay of planktonic bacteria with CFU counting 
The antimicrobial activity towards bacteria in suspension was performed by using a 

modified ASTM standard: E2149-01 Standard Test Method for Determining the Anti-microbial 

Activity of Immobilized Antimicrobial Agents Under Dynamic Contact Conditions [49]. Briefly, 

bacterial species were pre-cultured in 15 mL of BHI in a sterile 50 mL conical tube (Falcon) at 

37 °C under shaking at 140 rpm overnight. Subsequently, the bacteria were harvested by 

centrifugation (Sigma® 3-16KI, rotor 19776, Germany) at 1600 rpm for 15 min at 20 °C and 

resuspended in PBS and diluted to the desired concentration. Modified and unmodified PDMS 

samples (control) were incubated with 10 ml of bacterial suspension in a 50 ml conical tube at 

37 °C, 200 rpm for 1 h. The samples were then collected and rinsed with PBS (1 ml×3 times). 

Decimal dilutions of the resulting bacterial suspension were spread on BHI agar plates and 

incubated at 37 °C for 24 h before colony counting. All experiments were performed in triplicate 

and the experiments were repeated at least three times. The percentage of bacteria killed in 

suspension by the modified surface was calculated with regards to the number of suspended 

bacteria in the control (unmodified PDMS). 

Antimicrobial activity assay (Live/Dead test) 
A 130 µl droplet of E. coli or S. aureus suspension in distilled water (5.8×108 cell/ml) 

was spread on the modified surfaces (1.8 cm×1.8 cm) using a glass slide of the same surface 

size for 1 h. Then the glass slide was removed and the surface was washed with a stream of 

distilled water to remove unattached bacteria. After, a 130 µl mixture of two fluorescent 

markers: the SYTO® and the propidium iodide, was deposed and spread on the surface for 15 

min. The mixture was diluted before use (20 µmol/l of SYTO®9). Images (1024x1024 pixels) 
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of the surfaces were acquired using a Leica TCS SP8 CFS confocal microscope with fixed 

stature (Leica Microsystems, Nanterre, France) equipped with diodes laser (Coherent, Les Ulis, 

France) at 488 nm to excite the SYTO®9 and at 552 nm to excite Propidium Iodide and a 

conventional scanner at 400 Hz. Fluorescence emission was detected sequentially by a hybrid 

detector (Leica Microsystems, Nanterre, France) in photon counting mode with a specific band 

from 500 to 540 nm for SYTO®9 and 580 to 630 nm for Propidium Iodide. Z-Stack images 

were acquired using an adapted step-size from Nyquist Criteria. ImageJ (Rasband W.S., U.S. 

National Institutes of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997-2020) 

was used to adjust brightness and contrast and to perform z projections of 3D images (xyz). 

Results and discussion  

Study of the photo-initiated polymerization of VBAC from the PDMS 

surface (preparation of PDMS-PVBAC)  
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Scheme 1. Synthesis of N,N-dimethylbutyl vinylbenzyl ammonium chloride (VBAC) and its photo-polymerization from the 

PDMS surface. 

In this work, we propose to prepare poly(N,N-dimethylbutyl vinylbenzyl ammonium 

chloride) grafted PDMS surfaces with high QA density and wettability, through a direct photo-

initiated surface polymerization of the corresponding monomer. This ‘grafting from’ process 

will be compared to the previously described ‘grafting to’ process, where this polymer was 

grafted to the PDMS surface by hydrosilylation in water [35].    

http://imagej.nih.gov/ij/
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We have shown in previous works [35,55] that for poly(N,N-

dimethylbutylvinylbenzylammonium chloride) (PVBAC) based homo- and co-polymers, 

prepared from a poly(vinylbenzyl chloride) (PVBC) of Mw=50000 g/mol, the butyl chain of 

the ammonium group was sufficiently long to provide an appropriate hydrophilic/hydrophobic 

balance to the polymer chain, making it water soluble and highly bactericidal. The minimum 

inhibitory concentration (MIC) of the polymer in water was estimated to be 12 g/ml against E. 

coli (Gram-) and 6 g/ml against S. epidermidis (Gram+). In contrast, for longer chain lengths 

(C8 and longer), the polymer partially or completely loses its solubility in water, so the "grafting 

on" process cannot be performed in pure water medium and MIC values cannot be determined 

under appropriate comparative conditions. 

Ikeda et al [20] found that the activities of the synthesized polycations were highly 

dependent on their Mw and had a bell shape. The polymers were found to be much more active 

than their corresponding monomers. Effective antibacterial activity was obtained for optimal 

Mw values ranging from 50000 to 100000 g/mol. Thus, for Mw=24400 g/mol, poly(N,N-

dimethylbutyl vinylbenzyl ammonium chloride) exhibited MIC values of 330-660 g/ml against 

E. coli, and 33-66 against S. aureus [47].  

In this work, we anticipated that photopolymerization will lead to a grafted polymer 

with an appropriate molecular weight and/or charge density providing bactericidal properties 

on the PDMS surface. 

The monomer N,N-dimethylbutyl vinylbenzyl ammonium chloride was prepared by 

reaction of benzyl chloride with N,N-dimethylbutyl amine in methanol overnight at room 

temperature. The pure monomer was recovered after crystallization and was soluble in water 

and alcohols, unlike its precursor, i.e. vinylbenzylchloride. 1H NMR spectrum (supporting 

information) confirmed the chemical structure through the signals of protons of the carbon-

carbon double bonds from 5.39 to 6.79 ppm and the protons of methylene of alkyl and benzyl 

groups in α position to the ammonium atoms from 2.99 to 4.61 ppm, respectively. FTIR 

analysis (supporting information) confirmed the complete conversion of the chloride group into 

an ammonium group, through the disappearance of the specific VBC vibration bands, especially 

the one at 1260 cm-1 related to C-H bending vibration in the CH2Cl group. One can observe 

also three new bands at 1498, 1463 and 1440 cm-1, corresponding to C-H bending vibration in 

CH2 and CH3 groups, respectively, in the alpha position to N+.    
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The photopolymerization of the styrene ammonium monomer from the PDMS surface 

was initiated by benzophenone (Scheme 1) and was studied in several conditions in terms of 

reaction time (corresponding to the number of UV exposures) and monomer solution 

concentration. Fully cured Sylgard®184 PDMS films, prepared with the conventional 

PartA/PartB = 1/10 ratio, were used as model and control. A drop of monomer solution was 

deposed on the PDMS surface and spread using a thin glass plate. Then, the sample was placed 

in the UV conveyor with a passage speed of around 6.5 m/min, which corresponds to about 

1.55 s of UV exposure per passage.  

The polymer grafting densities on the silicone surfaces were monitored by contact angle 

measurements (Figures 1 and 2, Table 1). Untreated PDMS (control 1), PDMS treated with 

methanol and UV (control 2) as well as PDMS treated with a monomer solution (65wt%) 

without UV exposure (control 3) were used as controls. They exhibited water contact angle 

values around 108, 99 and 105°, respectively, consistent with the high hydrophobicity of PDMS. 

First, the effect of the number of UV exposures was studied for two monomers concentration 

(25 and 50wt%) (Figure 1). One can observe that for 25wt%, the value of the contact angle with 

water decreased slightly from 108° to around 100° regardless of the number of passages under 

UV, suggesting a small change in the surface, which kept its hydrophobic character. On the 

other hand, for a 50wt% monomer solution, the average value of the water contact angle 

decreased from 101° to 25° when the number of passages under UV increased from 10 to 60, 

suggesting an enhancement in surface coverage. Next, we monitored the impact of monomer 

concentration on surface modification for 50 UV exposures (Figure 2). The results showed that 

between 25 and 40wt% monomer concentration, the contact angle values were between 100 

and 80°, which are close to the values obtained with similar surfaces prepared by the ‘grafting 

to’ method [35]. For concentrations above 40wt%, the contact angle dropped dramatically to 

10° for a concentration of 65wt%, which is characteristic of a highly hydrophilic surface, 

suggesting a good degree of surface coverage. Thus, all subsequent studies were performed on 

PDMS surfaces treated with a 65wt% monomer solution after 50 UV runs (Table 1).  

Dynamic water contact angle measurements were also performed on the optimal surface 

(Table 1). The advancing angle (AA) is characteristic of the wettability of the hydrophobic part 

of the surface whereas the receding angle (RA) is ascribed to the hydrophilic part. One can 

observe that AA, RA and the hysteresis (AA-RA) decreased dramatically, after the polymer 

was grafted onto the surface, from 116, 58 and 57° (control 1) to 36, 12 and 23° (PDMS-
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PVBAC), respectively, suggesting once again a good surface coverage. Changes in hysteresis 

values are commonly ascribed to changes in chemical and/or physical surface heterogeneities.    
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Figure 1. Static water contact angle values of PDMS modified with 25 and 50 wt% monomer solution with different number 
of passages under UV. 
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Figure 2. Static water contact angle values and log of quaternary ammonium density of modified PDMS with 25, 30, 40, 50 
and 65wt% monomer solution, under 50 UV runs. 
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Table 1. Data of water contact angle measurements and surface charge densities on the optimal treated PDMS surface (65wt% 
monomer solution under 50 UV runs) and its controls.   

Samples 

Static 

θwater 

(°)a 

Dynamic θwater (°)a QA density 

N+.cm-2 

Roughness by 

AFMb (nm) 

AA RA Hyst (°) Ra RMS 

PDMS  (control 

1) 
108±2 116±3 58±4 57±2 NDc 0.9±0.1 1.2±0.2 

PDMS-MeOH 

(control 2) 
99±7 121±8 45±10 77±2 NDc / / 

PDMS-VBAC 

without UV 

(control 3) 

105±2 118±2 54±1 65±2 NDc / / 

PDMS-PVBAC  10±3 36±2 12±5 23±4 (4.8±0.1) ×1017 5.5±0.6 6.7±0.6 

a θwater: contact angle with water; AA: Advancing Angle; RA: Receding Angle; Hyst: Hysteresis.  
b Ra: arithmetic roughness, RMS: Mean Square roughness. 
c ND: means not determined, because of the absence of a UV/visible signal.    

Assessment of surface charge density is very useful to predict the contact killing 

efficiency of quaternary ammonium surfaces [50-57]. It has been shown that the surface must 

exhibit a charge density above 1014 N+.cm-2 to kill efficiently E. coli and S. epidermidis [57]. 

The values of charge density of cationic PDMS surfaces prepared with different 

monomer concentrations at 50 UV passages are depicted in Figure 2 and Table 1. One can 

observe that all the values were above 1014 N+.cm-2, suggesting a high potential for bacterial 

killing. Furthermore, these values increased with the hydrophilicity of the surface, i.e. with 

decreasing values of the contact angle with water, reaching a very high value of 4.8×1017 N+.cm-

2 for the optimal surface. On the other hand, cationic PDMS surfaces with water contact angle 

above 80° exhibited charge densities ranging from 5×1014 to 5×1015 N+.cm-2, i.e. close to those 

of analogous surfaces prepared by the “grafting to” approach [35].  

Moreover, the proposed "grafting from" photo process has many advantages over the 

"grafting to" hydrosilylation process [35]:  
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- The synthesis of the QA monomer (grafting from) is faster and easier than the synthesis 

of the corresponding copolymer (grafting to). 

- The photografting process is very fast than the hydosilylation process. 

- The photografting process provides an effective surface modification after full 

crosslinking of PDMS compared to the hydosilylation process, with respectively: 

Charge density values around 1017 N+/cm2 vs. 1014 N+/cm2 and WCA of 10° vs. 102°. 

In addition, the enhancement of the surface grafting by hydrosilylation, using partially 

cured PDMS or by changing the A/B ration of the Sylgard 184 components, led to 

maximal values of charge densities of about 1015 N+/cm2 and WCA of about 88°, which 

was still lower than the ‘grafting from’ values. 

 

Surface characterization by AFM 
AFM analyses revealed the structural and topographical changes on the PDMS surfaces 

after photochemical grafting and polymerization of the cationic monomer (Figure 3 and 

supplementary data). The roughness values of these PDMS surfaces are depicted in Table 1. 

The native PDMS surface was very smooth with an arithmetic roughness of about 0.9±0.1 nm 

and a mean square roughness of about 1.2±0.2 nm (Figure 3-A). The quaternary ammonium 

PDMS surface exhibited an increased roughness values of about 5.5±0.6 nm and 6.7±0.6 nm, 

respectively (Figure 3-B). One can observe also that the surface coverage increased with the 

concentration of the starting monomer solution, which led to the increase of the surface 

hydrophilicity and the decrease of the average roughness values and/or their standard deviations 

(supplementary data). In addition, AFM images suggest an island-like growth of polymer chains 

in all three spatial directions. In fact, the polymerization reactions are initiated only from the 

surface sites where BP is present. Moreover, the start times of the initiation and propagation 

steps of the free radical polymerization can vary from site to site, depending on the accessibility 

of the BP, causing a gradient of grafted polymer leading to chemical (coverage) and physical 

(roughness) surface heterogeneities. The white spots in the AFM images can be ascribed to 

polymer aggerates on the surface. The spots in the untreated surface are rarely present, which 

can be ascribed to slight surface contamination by dust or other particles in the atmosphere or 

during manipulation with the clamp.  
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Figure 3. AFM images of (A) PDMS surface (control 1) and (B) PDMS-PVBAC surface. 
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Spectroscopic surface characterizations 

  

Figure 4. FTIR- ATR spectra of (from the top to bottom): PDMS (control 1), PDMS-VBAC without UV (control 3) and 
PDMS-PVBAC. 

FTIR-ATR analysis (Figure 4) of the prepared cationic surface, compared to its controls, 

showed supplementary bands between 1440 and 1700 cm-1 ascribed to the benzyl ring of the 

grafted cationic polymer and also to the C-H bending vibration in N+-CH2-Ar, N+-CH2 and N+-

CH3 (1440 and 1498 cm-1). A slight contribution of the butyl chain was also observed in the 

region of 2800 - 3100 cm-1 (supplementary information). One can observe also a band at 3300 

cm-1 arising from moisture, due to the hygroscopic character of the cationic surface. The FTIR 

spectra of controls 1 and 3 were identical, suggesting that UV treatment was indispensable for 

the grafting reaction to occur and that the washing with methanol to remove the monomer was 

effective.  

 The atomic compositions of PDMS and PDMS-PVBAC surfaces were obtained by 

XPS and the results are presented in the Table 2. XPS analysis of the PDMS surface showed 

clearly the presence of carbon, oxygen and silicon with a composition close to that expected. 

The slight enrichment observed for O and Si could be explained by the fact that Sylgard 184 

does not have a pure PDMS chemical structure, it contains hydro-siloxane (Si-H) groups in 

residual amount after curing, which may contribute to the observed decrease in carbon content. 

C-H 
(N+CH2/N+CH3/
N+CH2-Ar)

C=C (benzene ring)
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The presence of residual SiO2 precursor is also a likely reason. PDMS-PVBAC surface also 

revealed the presence of N (1.2%) and Cl (1.2%) at a ratio of 1, associated with a strong 

enrichment of carbon, suggesting that the photo-grafting reaction was successful. It is 

noteworthy that the C/N and C/Cl ratios are equal to 15 in the VBAC and PVBAC, which 

explain the low values of the N and Cl percentages. 

Table 2. XPS elemental analysis of the optimal modified PDMS surface and its unmodified PDMS control. 

 C1s O1s Si2p N1s Cl2p C/O C/Si O/Si N/Cl O/Cl 

PDMS 43.4 30.2 26.4 -- -- 1.4 1.6 1.1 -- -- 

PDMS-

PVBAC 
71.7 14.7 11.2 1.2 1.2 4.9 6.4 1.3 1.0 12.3 

A way to represent the grafting density is to calculate an average thickness of the organic 

layer formed at the surface of the PDMS substrate. Thus, using a model including the coverage 

rate of the grafter layer on the PDMS surface, it is possible to use the following set of equations 

to determine an average thickness of island [58]:  

𝐼𝐼𝐶𝐶𝐶𝐶 = 𝛾𝛾𝛾𝛾𝑛𝑛𝐶𝐶𝐶𝐶
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝜎𝜎𝐶𝐶𝐶𝐶𝜆𝜆𝐶𝐶𝐶𝐶

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑇𝑇𝐶𝐶𝐶𝐶(1 − 𝑒𝑒𝑒𝑒𝑒𝑒 −𝑑𝑑

𝜆𝜆𝐶𝐶𝐶𝐶
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)  (1) 

𝐼𝐼𝑆𝑆𝑆𝑆 = 𝛾𝛾𝛾𝛾𝑛𝑛𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝜎𝜎𝑆𝑆𝑆𝑆𝜆𝜆𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑇𝑇𝑆𝑆𝑆𝑆 �𝑒𝑒𝑒𝑒𝑒𝑒
−𝑑𝑑

𝜆𝜆𝑆𝑆𝑆𝑆
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙� + (1 − γ)𝐾𝐾𝑛𝑛𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝜎𝜎𝑆𝑆𝑆𝑆𝜆𝜆𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑇𝑇𝑆𝑆𝑆𝑆(2)  

With γ is the coverage rate, I is the intensity of photoelectrons emitted by the element 

X, K a constant characteristic of the spectrometer, σ the photoionization cross section of the 

core level of the considered element, λ the inelastic mean free path of the photoelectrons emitted 

by the core level of the considered element, n is the bulk concentration, T the transmission 

function for the electrons emitted by the core level of the element and d the thickness of the 

organic layer (values are given in the supplementary data). 

Thus, assuming that the coverage rate is between 50 and 60%, as suggested by the AFM 

images, solving these equations resulted in an equivalent average grafted layer thickness of 

about 1.2-1.35nm. 
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Assessment of the surface bactericidal properties 
The bactericidal properties of the PDMS cationic surfaces against E. coli (Gram-), S. 

aureus (Gram+) and S. epidermidis (Gram+) were studied by confocal fluorescent microscopy 

through the Live and Dead assay. Figure 5 displays examples of Live and Dead fluorescent 

images performed on modified and unmodified PDMS surfaces. Bacteria were spread onto the 

surfaces and then stained with a mixture of fluorescent probes that stain bacteria with damaged 

membrane red and those with intact membrane green. For the cationic PDMS surfaces, only red 

bacteria were observed confirming their contact killing property.  

Moreover, the adhesion of E. coli (Figure 5A) and S. epidermidis (Figure 5B) seems to 

be principally governed by electrostatic forces since the bacteria have an overall negative 

charge and their attachment onto cationic surfaces is very dense (around 106 cell/cm2) and very 

fast comparing to the unmodified PDMS surface (control), which did not display any 

significative bacteria attachment after 1h of contact. This result is consistent with the literature 

data in terms of the dependence of the surface bacterial density and the bactericidal efficiency 

on the surface charge density. Similar surfaces prepared by the “grafting to” method exhibited 

98 to 100% killing efficiency after 1h of contact with E. coli and S. epidermidis suspensions. 

They also displayed a density of surface attached bacteria between 105 and 106 cell/cm2, while 

the charge densities varied from 2×1014 to 1.2×1015 N+.cm-2 [35]. In contrast, S. aureus 

exhibited surprisingly high affinity and attachment on the unmodified PDMS surface (around 

106 cell/cm2), where they keep their viability, suggesting that this attachment is independent on 

the electrostatic phenomenon. On the other hand, after 1h of contact with the cationic PDMS 

surface, the integrity of the bacterial membrane was also perturbed and quasi-only red bacteria 

were observed (Figure 5C). 
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Figure 5. Fluorescence microscopy images of sessile bacteria cells stained with a marker of viability and deposited on 
surfaces of modified and unmodified PDMS surfaces: (A1) E. coli on unmodified PDMS surface (control), (A2) E. coli on 

cationic PDMS-PVBAC surface, (B1) S. epidermidis on unmodified PDMS surface (control), (B2) S. epidermidis on cationic 
PDMS-PVBAC surface, (C1) S. aureus on unmodified PDMS surface (control), (C2) S. aureus on cationic PDMS-PVBAC 

surface. Bacteria become non-viable after less than 1h of contact with the charged surface. 
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The bacterial killing capacity of the optimal cationic surface against E. coli and S. aureus 

in suspension was also studied using a modified ASTM standard: E2149-01. The long-term 

bactericidal activity of a cationic surface depends on the concentration of bacteria exposed to 

it. To study this parameter, the surface was challenged with different bacterial concentrations 

in suspension during 1h of contact, then the number of viable cells in suspension was counted 

by bacterial enumeration on BHI agar plates (Figure 6). The cationic surfaces exhibited a high 

bactericidal activity with a quantitative eradication of bacteria in suspension. One can observe 

that a drop off in the percentage of bacterial killing occurs at around 108 cells/cm2, which 

corresponds to the limit of coverage of the surface by bacteria. Indeed, it has been shown that 

the bactericidal power of the cationic surface increases with its charge density. Above 5×1015 

charges/cm2 the surface becomes capable of killing at least one monolayer of E. coli cells, 

before passing through fouling and losing its bioactivity. Since the bacteria cell covers about 1 

µm2 of the surface, 1 cm2 should be completely covered with around 108 cells if they are 

perfectly arrayed [49]. Furthermore, under the shaking conditions of this test, all suspended 

bacteria must be in contact with the surface during the hour of testing. Bacteria will attach 

firmly to the surface but can potentially be driven off by surface shear forces. When the number 

of bacteria reaches or exceeds the number of bacteria saturating the surface, the unoccupied 

spaces on the surface are reduced and some bacteria escape death [49]. Thus, the bactericidal 

effect of the QA surface in bacterial suspension is its ability to bind bacteria, to kill them and 

keep them on it. 
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Figure 6. Determination of the bacterial killing capacity for the optimal cationic PDMS surface (PDMS-PVBAC) with a 
charge density of (4.8±0.1) ×1017 N+.cm-2. Samples were incubated with increasing challenges of E. coli. The survivors were 

counted and compared with a control. 
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 One can observe also is that QA-PDMS surfaces prepared by the photografting 

process showed higher capacity in terms of bacterial killing capacity compared to analogues 

prepared by the hydrosilylation process. Indeed, when hydrosilylation was performed after 

PDMS curing, 96% of killing efficiency was obtained on the surface. The enhancement of the 

surface grafting by hydrosilylation, using partially cured PDMS or by changing the A/B ration 

of the Sylgard 184 components led to about 100% of bacterial killing capacity on the surface, 

which was not, however, measured in suspension [35]. On the other hand, on the base of these 

results and the reported dependance of killing capacity on charge density [49], we can suggest 

that the longevity of the QA-PDMS surfaces prepared by the photografting process is higher, 

since it will take more time to these surfaces to be exposed to bacterial concentration that 

passivate it.  

 Some studies have evidenced that, in solution, quaternary ammonium may be 

cytotoxic, depending on concentration, time exposure and chemical structure [59-61]. 

However, the biocompatibility of cationic surfaces needs further investigations to determine 

whether we would use them for medical device applications [62]. In a previous work [35], we 

have demonstrated that plasmatic proteins, because they are electrically charged, are adsorbed 

on QA surfaces, which quantitatively lost their bactericidal efficiency after 24 hours of contact 

with them. Consequently, this result suggested to avoid their use in blood contact applications. 

On the other hand, currently, we can suggest to use this kind of surface in all silicone devices 

that are not in contact with blood, such as the external surfaces of catheter chambers and 

extracorporeal equipment. 

Conclusion 
Bactericidal cationic PDMS surfaces were successfully prepared by photo-induced 

polymerization of a styrene ammonium monomer from the surface in the presence of 

benzophenone. The reaction was optimized in terms of duration and monomer concentration. 

By varying these two parameters, surface charge densities and contact angle with water 

(hydrophilicity) can be fine-tuned from about 1014 to 1017 N+.cm-2 and from about 100 to 10°, 

respectively. The Live and Dead test by fluorescence microscopy revealed an efficient contact 

killing of the optimal surface against E. coli, S. aureus and S. epidermidis. Bacterial 

enumeration showed that this surface is capable of killing bacteria in suspension up to a 

concentration greater than 106 CFU/mL. Finally, the prepared QA-PDMS surfaces revealed 

higher performances comparing to the analogues prepared by the hydrosilylation process.  
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Supporting information 

 

Figure S1. 1H NMR spectrum in DMSO-d6 of VBAC. 

 

Figure S2. Global FTIR-ATR spectrum from 4000 to 600 cm-1 of DMBA, VBC and VBAC. 
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Figure S3. FTIR-ATR spectrum zooms from 1200 to 600 cm-1 of DMBA, VBC and VBAC. 

 

Figure S4. FTIR-ATR spectrum zooms from 2000 to 1200 cm-1 of DMBA, VBC and VBAC. 
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Figure S5. FTIR-ATR spectrum zooms from 4000 to 2000 cm-1 of DMBA, VBC and VBAC. 

 
Figure S6. FTIR-ATR spectrum zooms (from 3100 to 2800 cm-1) of (from top to bottom): PDMS (control 1), PDMS-VBAC 

without UV (control 3) and PDMS-PVBAC. 
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Figure S7. AFM images of PDMS surfaces at different size: A) 5×5 µm2 with RMS and Ra of 1.2 ± 0.2 nm and 0.9 ± 0.1 nm 
respectively, B) 20×20 µm2 with RMS and Ra of 2.3 ± 0.0 and 1.6 ± 0.3. 
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Figure S8. AFM images of PDMS surfaces prepared with monomer solution at 65wt% with 50 passages under UV (with 
water contact angle around 10°) at different size: A1-2) 5×5 µm2 with RMS and Ra of 6.7 ± 0.6 nm and 5.5 ± 0.6 nm 

respectively, B) 20×20 µm2. 
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Figure S9. AFM images of PDMS surfaces prepared with monomer solution at 50wt% with 50 passages under UV (with 
water contact angle around 50°) at different size: A1-2) 5×5 µm2 with RMS and Ra of 10.0 ± 1.0 nm and 8.3 ± 0.9 nm 

respectively, B) 20×20 µm2 with RMS and Ra of 9.8 ± 0.0 nm and 7.9 ± 0.0 nm respectively. 
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Figure S10. AFM images of PDMS surfaces prepared with monomer solution at 40wt% with 50 passages under UV (with 
water contact angle around 77°) at different size: A) 5×5 µm2 with RMS and Ra of 6.8 ± 2.4 nm and 5.5 ± 2.0 nm 

respectively, B) 20×20 µm2. 

 

 

Figure S11. Survey XPS spectrum of PDMS-PVBAC surface and its unmodified PDMS control. 

PDMS

PDMS-VBAC
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Table S1: Characteristic values used for the estimation of the organic layer thickness. 

Elements Si2p Cl2p 

Intensity (cts.s-1) 5841 1650 

σ 0.817 2.28 

T 2864 2975 

Bulk concentration 

(mol.cm-3) 

𝑛𝑛𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 0.013 𝑛𝑛𝐶𝐶𝐶𝐶
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 0.004 

Mean free path (nm) 𝜆𝜆𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 3.6 𝜆𝜆𝑆𝑆𝑆𝑆
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 3.6 𝜆𝜆𝐶𝐶𝐶𝐶

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 3.4 

 

 

Figure S12. Supplemental fluorescence microscopy images of sessile E. coli cells stained with a marker of viability and 
deposited on surfaces of PDMS-PVBAC surfaces. 
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Figure S13. Supplemental fluorescence microscopy images of sessile S. epidermidis cells stained with a marker of viability 
and deposited on surfaces of PDMS-PVBAC surfaces. 

 

Figure S14. Supplemental fluorescence microscopy images of sessile S. aureus cells stained with a marker of viability and 
deposited on surfaces of PDMS-PVBAC surfaces. 
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IV.2 Article 4: Preparation of bactericidal surfaces with 
high quaternary ammonium content through photo-
initiated polymerization of N-[2-(acryloyloxy)ethyl]-
N,N-dimethyl-N-butylammonium iodide from native 
and thiolated PDMS surfaces 

Yuzhen Lou1, Damien Schapman2, Dimitri Mercier3, Stéphane Alexandre4, Fabrice Burel1, 
Pascal Thebault4, Nasreddine Kébir1   
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Abstract 
N-[2-(acryloyloxy)ethyl]-N,N-dimethyl-N-butylammonium iodide was successfully 

photo-polymerized from native and thiolated PDMS surface, in the presence of benzophenone. 

The directly and indirectly grafted surfaces exhibited quaternary ammonium densities of about 

1015 and 1017 charge/cm2, respectively, and very high hydrophilicity compared to non-grafted 

surfaces. The live and dead tests performed by fluorescence microscopy revealed an effective 

contact bactericidal effect of this surface against Escherichia coli and Staphylococcus 

epidermidis. 

Keywords: Quaternary ammonium; photo; grafting from; PDMS; bactericidal; thiol. 
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Introduction 
Silicones, especially PDMS, is a very important family of polymer materials combining 

flexibility, hydrophobicity, chemical and thermal stability as well as biocompatibility. Silicone 

materials are widely used in the medical field, such as joint implants, catheters, kidney dialysis 

machines and breast prostheses [1-7]. However, like any organic material, it is subject to 

biofouling and bacterial contamination phenomena leading to serious health and economic 

problems [8]. Consequently, many approaches have been developed to overcome this problem 

[9-21]. 

The chemical tethering of antibacterial polymers onto the PDMS surface is one of the 

most serious routes to avoid its contamination and/or biofouling. Due to its chemical stability, 

PDMS often undergoes physical pretreatment, such as plasma, to generate functional anchoring 

sites, as for example hydroxyl groups, leading to very hydrophilic surfaces [11]. However, due 

to the fast diffusion of these groups within the bulk regenerating hydrophobicity, the post-

chemical grafting must be performed rapidly (i.e., few minutes after) [12].  

During the two last decades, two direct chemical routes for PDMS surface derivatization 

were described in the literature [13-21]. Hydrosilylation coupling reaction was used to graft 

bioactive polymers or molecules bearing carbon-carbon double bonds onto PDMS surface 

presenting Si-H groups [13-18]. The extent of Si-H groups can be varied by tuning the ratio 

between the PDMS components and/or their curing time [13-16]. Si-H groups can also be 

inserted on the surface by an acid-catalyzed reaction with poly(methylhydroxysiloxane) [17-

18]. The use of the hydrosilylation process to prepare bactericidal PDMS surface bearing 

quaternary ammonium (QA) groups has been described in the work of Kebir et al. [13]. The 

authors synthesized a Poly(N,N-dimethylbutyl vinylbenzyl ammonium chloride) copolymer 

bearing carbon-carbon double bounds and grafted it by hydrosilylation onto PDMS surfaces. 

The extent of polymer grafting was tuned by varying the Si-H content through variations 

performed on the curing time or the relative composition in the silicone components. The charge 

densities of the obtained cationic PDMS surfaces ranged from 1.8×1014 to 2.8×1015 N+.cm-2 and 

the contact angle with water (WCA) varied from 102 and 88°, respectively. However, the direct 

grafting on fully cured PDMS offered the lowest surface coverage and wettability. 

Nevertheless, high killing efficiency (96-100%, respectively) against E. coli and S. epidermidis 

after 1h of contact was obtained in all cases.  
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Photo-induced grafting, in presence of benzophenone, have also been used in few 

studies for the direct chemical modification of PDMS surfaces. Thus, acrylic acid, [19] 

polyethylene glycol monoacrylate and polyethylene glycol diacrylate [20] have been photo-

grafted through a mask to prepare micropatterned PDMS surfaces. Recently, antifouling PDMS 

surfaces were designed through simultaneous photo-grafting/photo-crosslinking reactions of 

zwitterionic polymers, i.e. poly(sulfobetaine methacrylate) or poly(carboxybetaine 

methacrylate), using poly(ethylene) glycol diacrylate as crosslinker [21].  

 Thus, in this work, we describe the use of this straightforward photochemical process 

to prepare highly QA-functionalized bactericidal cationic PDMS surfaces through surface 

photo-initiated radical polymerization of N-[2-(acryloyloxy)ethyl]-N,N-dimethyl-N-

butylammonium iodide, in the presence of benzophenone as photo-initiator. The main objective 

of this work is to prepare new QA-PDMS surfaces with high bactericidal longevity and 

hydrophilicity comparing to analogues prepared by the hydrosilylation process. In addition, 

cationic PDMS surface with grafted acrylate ammonium chains have never been prepared 

neither by the hydrosilylation ‘grafting to’ nor by the photochemical ‘grafting from’ processes. 

It is to note that each chemical structure of the grafted polymer brings to the surface original 

physico-chemcial properties and biological activity spectra.  We will start by describing the 

optimization of this process on the native and fully cured PDMS surface. Then, in order to 

increase the reactivity of this surface, thiol groups will be introduced (PDMS-T), using the same 

photochemical process. The polymer grafting on the native and thiolated PDMS surfaces will 

be studied by FTIR-ATR and XPS spectroscopies as well as by contact angle and charge density 

measurements. The antimicrobial properties of the cationic surfaces will be investigated by the 

live and dead fluorescent test.  

Experimental section 
Materials 

Sylgard® 184 was purchased from DOW chemical company (USA). 2-

(dimethylamino)ethyl acrylate (98%) (DMAEA) and 1-iodobutane (99%) were purchased from 

Alfa Aesar. Dry methanol (99,8%), acetone and extra dry acetonitrile were purchased from 

Acros Organics. Pure hydroquinone was purchased from Prolabo. Dry diethyl ether and glass 

coverslip (18 mm×18 mm, FisherbrandTM) were purchased from Thermo Fisher Scientific. 

Pentaerythritol tetrakis (3-mercaptopropionate) (PTTMP) was purchased from Aldrich. 
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Benzophenone (BP) (≥99%) was purchased from Merck. Ultrapure water was obtained from a 

Milli-Q system (Siemens, France). All the chemicals were used without further purification.  

S. epidermidis (ATCC 35984) and E. coli (K12 MG1655) strains were stored as frozen 

aliquots in brain heart infusion (BHI, Bacto, France) broth and 30 % of glycerol at -20 °C. The 

LIVE/DEAD Bacterial Viability Kit, L7007 (SYTO®9 dye, 1.67 mM / Propidium iodide, 18.3 

mM) was purchased form Thermo Fisher Scientific. All solutions used for the antibacterial 

assay were sterilized by autoclave (121°C, 15 min).  

Preparation of N-[2-(acryloyloxy)ethyl]-N,N-dimethyl-N-butylammonium 

iodide (AONAI) 
N-[2-(acryloyloxy)ethyl]-N,N-dimethyl-N-butylammonium iodide (AONAI) was 

synthesized according to a procedure described in the literature, [22-24]with some 

modifications. Briefly, in a three-neck round-bottom flask equipped with magnetic stirring and 

a condenser, 1-iodobutane (0.0703 mol) and 2-(dimethylamino)ethyl acrylate (DMAEA) 

(0.06586 mol) were added dropwise to a vigorously stirred solution of dry acetonitrile (30 ml) 

containing a small amount of hydroquinone (0.03 g)  at 40 °C under inert atmosphere. The 

mixture was left to react 48h under stirring. Then, the mixture was concentrated and added 

dropwise into a large excess (10 folds in volume) of dry diethyl ether. After 30 min, the 

recrystallized product was collected by filtration and dried under vacuum (yield: 91 %). 

1H NMR (300 MHz, DMSO) δ: 6.39 (dd, J = 17.3 and 1.7 Hz, 1H), 6.21 (dd, J = 17.1 

and 10.3 Hz, 1H), 6.05 (dd, J = 13.7 and 1.5 Hz, 1H), 4.55 (s, 2H), 3.79 – 3.61 (m, 2H), 3.41 – 

3.35 (m, 2H), 3.11 (s, 6H), 1.81 – 1.56 (m, 2H), 1.37 – 1.15 (m, 2H), 0.94 (t, J = 7.5 Hz, 3H). 

FTIR-ATR (cm-1): 3031 (=C-H stretching vibration); 3000-2800 (C-H stretching vibration in 

CH, CH2 and CH3 groups); 1730 (C=O stretching vibration of the ester group); 1634(C=C 

stretching vibration of the vinyl group); 1491 (C-H bending vibration in N+-CH2 (ester side)); 

1464 (C-H bending vibration in N+-CH2 (butyl chain side)); 1448 (C-H bending vibration in 

N+-CH3); 1406 (=C-H bending vibration); 1063 (C-N stretching vibration). 

Preparation of PDMS film 
15 g of a mixture of the two parts of Sylgard® 184, i.e. base and curing agent, at a ratio 

of 10:1 (w/w), were casted into a low-density polyethylene petri dish square (120×120×17 

mm3). The mixture was then degassed under vacuum, until the air bubbles were completely 

removed. The PDMS film was formed after two days at room temperature and was cut into 18 
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× 18 mm2 squares with a thickness less than 1 mm. The curing time can be considerably reduced 

by increasing the temperature (few hours at 70°C and about 1h at 120°C) [13]. 

Preparation of PDMS-PAONAI and PDMS-TPAONAI surfaces 
PDMS films were first immersed in an acetone solution containing 20 wt% of BP for 

30 min to absorb enough BP for the photo-grafting. The samples were quickly washed with 

methanol and then placed on a plate to dry in the dark. Then 50 to 80 µl of an acetone solution 

containing PTTMP was applied to the dry samples and covered with a glass slide so that the 

PTTMP solution was spread evenly over the surface of the PDMS by capillary force. The 

PDMS assembly was placed in a UV conveyor (UV Fusion Light Hammer 6), and irradiated 

with the UV light emitted from a small diameter electrodeless bulb combined with the elliptical 

reflector, microwave-powered lamp (500 watts/inch) at a lamp-PDMS distance of 53 mm. 

Then, the BP-initiated photo grafting and photopolymerization of the PTTMP took place from 

the PDMS surface. After grafting, substrates were collected and washed in acetone overnight 

with slight shaking and washed again with acetone the next day before drying to remove all 

unreacted BP or PTTMP. The substrates were noted PDMS-T. Then, photopolymerization were 

realized by using the methanol solution containing AONAI in the same way on substrate of 

PDMS or PDMS-T and they were noted PDMS-PAONAI and PDMS-TPAONAI, respectively. 

After modification, the samples were collected by immersion in water to detach from 

the glass slide and then washed with methanol three times. Then, the samples were washed in 

methanol overnight with slight shaking and washed again with methanol the next day before 

vacuum drying to ensure that all unreacted monomer and ungrafted BP or AONAI compounds 

were removed.   

Characterizations 
1H NMR spectra were recorded on a Bruker 300 MHz spectrometer. The ATR-FTIR 

spectra were recorded on a Nicolet IS-50 FTIR (Thermo, USA) spectrometer using the 

VariGATR accessory (Harrick Scientific, Pleasantville, NY) and the DTGS detector on three 

independent samples for each experimental condition, with a wave-number range between 600 

and 4000 cm-1. The data was obtained with a spectral resolution of 4 cm-1 by 250 scans.  

Static and dynamic water contact angles measurements were performed using a contact 

angle goniometer “digidrop” (United Kingdom) in air at room temperature on at least three 

independent samples. 
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X-Ray Photoelectron spectroscopy (XPS) analysis was performed using a Thermo 

Electron Escalab 250 spectrometer, with a monochromatic Al Kα X-ray source (hν = 

1486.6eV) operating at a pressure around 10-9 mbar. The spectrometer was calibrated using 

Au4f7/2 at 84.1eV. The take-off angle was 90° and the analyzed surface was a 500µm diameter 

disk. Survey spectra were recorded with a pass energy of 100eV and a step of 1eV and C1s, 

O1s, Si2p high level resolution spectra were recorded with a pass energy of 20eV and a step of 

0.1eV. The charge effect was evaluated using the main component of the C1s peak, associated 

with C-C/C-H hydrocarbons with a binding enery of 285eV. Spectra were recorded using the 

Thermo Avantage software and analyzed using CasaXPS software.  

The topography of PDMS surfaces before and after modification were analyzed by using 

a Nanoscope 8 Multimode microscope (Bruker Nano Surfaces, Santa Barbara, CA, USA). 

Imaging was achieved in the air using the PeakForce®-QNM mode with a 100µm piezoelectric 

scanner. A silicon (RTESPA-300, Bruker) cantilever with a spring constant of about 40 N/m 

and a silicon tip was used. Images were obtained with a PeakForce tapping frequency of 1 kHz 

and the auto-amplitude on. The AFM imaging was performed in multiple locations on at least 

two independent samples at two scan sizes: 5 x 5 and 20 x 20 µm2. All images are presented in 

the height mode and are top view images. Flatten & three points levelling operations were 

usually done using the Gwyddion AFM software. 

Determination of the surface accessible quaternary ammonium density 
Modified and unmodified PDMS surfaces (1.8 × 1.8 cm2) were immersed in a solution 

of fluorescein sodium salt (1% in distilled water) for 10 min. Afterwards, the unreacted 

fluorescein molecules were removed by washing with distilled water. The samples were then 

placed in 3 mL of a 0.5% solution of hexadecyltrimethyl ammonium bromide to exchange with 

the bounded fluorescein molecules under ultrasound for 15min. 0.45 mL of saturated NaHCO3 

solution was added after sonication. Then the absorbance of solution was recorded at 501 nm. 

The fluorescein concentration was then calculated using a calibration curve. 

Antibacterial activity assay (Live/Dead test) 
A 130 µl droplet of E. coli or S. epidermidis suspension in distilled water (5.8×108 

cells/ml) was spread on the modified surfaces (1.8 cm×1.8 cm) using a glass slide with the same 

surface size for 1 h. Then the glass slide was taken away and the studied surface was washed 

by distilled water flow to remove the non-attached bacteria. After that, a 130 µl mixture of two 

fluorescent markers: the SYTO® and the propidium iodide, was deposed and spread on the 
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surface for 15 min. The mixture was diluted prior to use (20 µmol/l of SYTO®9). Images 

(1024x1024 pixels) of surfaces were acquired using an upright fixed-stage Leica TCS SP8 CFS 

confocal microscope (Leica Microsystems, Nanterre, France) equipped with diodes laser 

(Coherent, Les Ulis, France) at 488 nm to excite the SYTO®9 and at 552 nm to excite Propidium 

Iodide and a conventional scanner at 400 Hz. Using a 63x (1.40, oil immersion) objective, 

fluorescence emission was sequentially detected through hybrid detector (Leica Microsystems, 

Nanterre, France) in photon counting mode with a specific band from 500 to 540 nm for 

SYTO®9 and 580 to 630 nm for Propidium Iodide. Z-Stack’s images were acquired using an 

adapted step-size from Nyquist Criteria. ImageJ (Rasband W.S., U.S. National Institutes of 

Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997-2020) was used to adjust 

brightness and contrast and to perform z projections of 3D images (xyz) [25]. 

Results and discussion  

Cationic polymers bearing quaternary ammonium (QA) groups exhibit high biocidal 

activity against bacteria, fungi, parasites and viruses. Moreover, this activity is dramatically 

dependent on the chemical structure of the polymer involving the hydrophilic-hydrophobic 

balance, the molecular weight and the length or nature of the alkyl chains of the QA groups 

[26-34]. For instance, Lu et al. [33] have prepared by quaternization poly(dimethylaminoethyl 

methacrylate (poly(DMAEMA)) with benzyl chloride (BC), butyl bromide (BB), dodecyl 

bromide (DB) or hexadecyl bromide (HB) and have found that polymers quaternarized with BC 

and BB exhibited the highest bactericidal activity in solution. Lafarge et al. [34] have prepared 

a copolymer based on poly(DMAEMA), quaternarized with butyl iodide and bearing propargyl 

groups, and have grafted it onto azidated PVC surface by the click HDC cycloaddition. The 

obtained cationic PVC surfaces exhibited a high bactericidal effect against E. coli and S. 

epidermidis.  

In this work, we study the photo-initiated surface radical polymerization of N-[2-

(acryloyloxy)ethyl]-N,N-dimethyl-N-butylammonium iodide) (AONAI) from native and 

thiolated PDMS surfaces, in order to design high QA-functionalized bactericidal surface. we 

anticipated that this process will offer a grafted polymer with an appropriate molecular weight 

and/or surface charge density that promotes high and long-term bactericidal effect on the PDMS 

surface.  

http://imagej.nih.gov/ij/
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Study of the direct photo-initiated polymerization of AONAI from native 

and thiolated PDMS surfaces (preparation of PDMS-PAONAI and PDMS-

T-PAONAI)  
N-[2-(acryloyloxy)ethyl]-N,N-dimethyl-N-butylammonium iodide (AONAI) monomer 

was synthesized by the reaction of 1-Iodobutane with 2-(dimethylamino)ethyl acrylate 

(DMAEA) in acetonitrile at 40°C for 48h, in the presence of hydroquinone as a stabilizer 

avoiding the self-polymerization of the acrylate monomer. The pure monomer was obtained by 

recrystallization and was soluble in water and alcohol solvents.  

The 1H NMR spectrum (Figure S1) of the obtained monomer mainly revealed the signals 

of protons of the carbon-carbon double bonds at 6.02 to 6.38 ppm and the protons of methyl 

and methylene groups in the α position to the ammonium group from 3.1 to 3.7 ppm, 

respectively. In addition, the FTIR analysis showed the complete conversion of the amine group 

into an ammonium group, through mainly the appearance of new bands at around 1491 and 

900-950 cm-1 (Figures S2, S3, S4 and S5). 
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Scheme 1. Synthesis of N-[2-(acryloyloxy)ethyl]-N, N-dimethyl-N-butylammonium iodide (AONAI) and its photo-
polymerization from the PDMS surface with or without Pentaerythritol tetrakis (3-mercaptopropionate) (PTTMP) 

pretreatment. 
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The radical photo-polymerization of the acrylate ammonium monomer from the native 

PDMS surface was initiated by benzophenone (Scheme 1) and was monitored at several 

reaction times (number of passages under UV) and concentrations of the started monomer 

solution. The studied PDMS film was a totally cured Sylgard®184 prepared at the conventional 

ratio of PartA/PartB = 1/10. A drop of the acrylate ammonium monomer solution was spread 

on the PDMS surface by deposing a thin glass plate on it. The sample was then placed in the 

UV conveyor for 1.55 s of UV exposure by passage. 50 to 90 passages were used, depending 

on the grafting efficiency. Three PDMS surface controls were also prepared, i.e. untreated 

PDMS (control 1), PDMS treated with methanol and UV (80 passages) (control 2) and PDMS 

treated with a monomer solution (76wt%) during 80 passages in the conveyer without UV 

exposure (control 3).  

The extent of polymer grafting onto silicone surfaces was evaluated by water contact 

angle measurements (Figures 1, Tables 1). PDMS controls (1, 2 and 3, Table 1) displayed water 

contact angle values around 108±2, 99±7 and 105±3°, respectively, which are consistent with 

the high hydrophobicity of PDMS and suggesting no modification of the PDMS surface 

properties without UV.  

 

Figure 1. Water static contact angle of directly modified PDMS with a series of monomer concentration solution: 25wt%, 
30wt%, 40wt%, 50wt%, 65wt% and 76%, using 50, 60 and 80 passages under UV. Values of Log of quaternary ammonium 

density were recorded for 50 passages. 

The influence of the monomer concentration on the extent of polymer grafting onto the 

surface after 50 to 80 passages under UV was first studied (Figure 1). One can observe that for 

a monomer concentration ranging from 25 to 65 wt% and a number of passages under UV of 
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50, the water contact angle slightly decreased from 108° to around 95°, which suggests a weak 

surface grafting efficiency. For a monomer concentration at 76 wt%, the average water contact 

angle value decreased to around 85°. At this concentration, when the number of passages was 

increased to 60 or 80, the average water contact angle fell to a steady value around 75°, which 

was considered as the optimal value.  

Measurement of the dynamic water contact angles were achieved on the optimal surface 

(Table 1). It is noteworthy that the advancing angle (AA) is corelated to the wettability of the 

hydrophobic part of the surface while the receding angle (RA) arise from the hydrophilic part. 

For the direct surface modification, the values of AA, RA and the hysteresis (AA-RA) changed 

dramatically after the polymer grafting.  The PDMS surface treated only with methanol (control 

2) or with AONAI without UV (control 3) did not exhibit any significant change on the surface 

comparing to the native one (control 1). AA dropped from 116 to 83°, RA dropped from 58 to 

9° and hysteresis increased from 57° to 74° (Table 1, control 1 and PDMS-AONAI, 

respectively). However, the increase of the hysteresis is usually ascribed either to a physical 

(roughness) and/or chemical (gradient of grafting density) heterogeneities of the prepared 

surface.  

The contact killing capacity of quaternary ammonium surfaces is directly linked to their 

surface charge density. Indeed, it has been shown in many studies that the surface must display 

a minimal charge density value of 1014 N+.cm-2 to kill effectively E. coli and S. epidermidis [13, 

34-37]. The charge density values of the cationic PDMS surfaces prepared at different monomer 

concentrations and passages are presented in Figure 1 and Table 1. One can observe charge 

density values ranging from around 1014 to 1015 N+.cm-2. The optimal surface, obtained with a 

monomer solution at 76 wt% and 60 passages under UV, exhibited a charge density value of 

(2.5±0.6) ×1015 N+.cm-2 suggesting, anyway, a high potential of bacterial killing.  
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Table 1. Data of contact angles measurements and surface charge densities on the optimal treated PDMS surfaces and their 
controls.  

Samples 

Static  

θwater 

(°)a 

Dynamic θwater (°)a QA density 

(N+.cm-2) 

Roughness by 

AFMb (nm) 

AA RA Hyst Ra RMS 

PDMS 

(control 1) 
108±2 116±3 58±4 57±2 ND 1.4 2.4 

PDMS-MeOH (control 2) 99±7 121±8 45±10 77±2 ND / / 

PDMS-AONAI without 

UV (control 3) 
106±3 116±1 40±4 76±5 ND / / 

PDMS-PAONAI  75±8 83±2 9±1 74±1 
(2.5±0.6) 

×1015 
11.2 18.2 

PDMS-T  

(control 4) 
97±8 121±2 68±1 53±2 ND 2.8 3.8 

PDMS-T-AONAI 

without UV (control 5) 
103±3 116±1 39±5 77±5 ND / / 

PDMS-T-PAONAI 28±8 44±4 15±4 29±0 
(9.6±0.3) 

×1016 
7.6 10.2 

a θwater: contact angle with water; AA: Advancing Angle; RA: Receding Angle; Hyst: Hysteresis (AA-RA).  
b Ra: arithmetic roughness, RMS: Mean Square roughness.  

Overall, the direct photo-grafting process provided an effective surface modification 

after full crosslinking of the PDMS compared to the hydosilylation process performed on 

similar surfaces [13], with respectively, charge density values around 1015 N+/cm2 vs. 1014 

N+/cm2 and WCA of 76° vs. 102°. However, these values were very close to those obtained 

after the enhancement of the surface grafting by hydrosilylation, using partially cured PDMS 

or by changing the A/B ration of the Sylgard 184 components.   
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Thus, the direct photo-initiated polymerization of the acrylate ammonium monomer 

from the native PDMS surface was not sufficient to get highly functionalized quaternary 

ammonium surfaces, as expected for a grafting from process.  

As mentioned before, to enhance quaternary ammonium density, a thiolation 

pretreatment of the PDMS surface was performed. Indeed, by radical-initiation process, 

forming radical polymerization sites from thiol groups is clearly easier than from methyl 

groups. Thus, a drop of pentaerythritol tetrakis (3-mercaptopropionate) (PTTMP) in methanol 

solution was spread on the PDMS surface by mean of a glass plate. The PTTMP concentration 

was varied from 25 to 75 wt% with a number of passages under UV of 50 and the number of 

passages was varied from 30 to 100 for a PTTMP concentration at 50 wt% (Figure 2). One can 

observe that, regardless the thiolation conditions, the obtained water contact angle was around 

100° (against 108° for the native PDMS) suggesting a degree of modification of the PDMS 

surface with PTTMP. However, since PTTMP is hydrophobic, the impact of the PDMS surface 

modification on its wettability was not significant.  

 

Figure 2. Water static contact angle of modified PDMS with PTTMP solution at different concentration and under several 
number of passages under UV. 

The photo-initiated polymerization of AONAI from the thiolated surface was performed 

by varying the monomer concentration from 25 to 76 wt% and the number of passages from 50 

to 60 with also different conditions of the thiolation step (Table 2). A monomer concentration 

of 76 wt% and 50 passages under UV were found to be the optimal conditions leading to the 

most hydrophilic and functionalized surface, with a contact angle with water around 28°. 
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Indeed, because of solubility and viscosity concerns, the concentration cannot be increased 

above 76wt%. In addition, when we increased the number of passages under UV both for 

thiolation and photopolymerization the value of the contact angle with water remained around 

28° (Table 2).  

The thiolated PDMS surface (Table 1, control 4) revealed AA, RA and hysteresis values 

of 121, 68 and 53°, respectively. After treatment with the monomer solution in the absence of 

UV (control 5), a slight decrease of the RA was observed under room conditions suggesting a 

low degree of grafting, which attest the high reactivity of thiol groups. After the polymer 

grafting under UV, the optimal modified surface showed a dramatical decrease of these three 

parameters to 44, 15 and 29°, respectively, suggesting a very high surface coverage.  

The intermediate cationic surfaces exhibited charge density values slightly above 1015 

N+.cm-2, whereas the optimal surface displayed a value close to 1017 N+.cm-2 suggesting a very 

high potential of bacterial killing. These results demonstrated the importance of the 

pretreatment by thiolation to have the highest surface coverage and grafting density. 

Thus, the optimal grafted surface exhibited higher charge density and hydrophilicity 

values comparing to the best QA-PDMS surface prepared by hydrosilylation. i.e 1017 N+/cm2, 

vs 1015 N+/cm and WCA of 28° vs. 88°.  

In summary, for all the next studies, the direct modification of the native PDMS surfaces 

was performed with a monomer solution at 76 wt% with 60 passages under UV and the indirect 

modification was performed on thiolated PDMS surfaces treated with a monomer solution at 

76 wt% with 50 passages under UV (Table 1). For the thiolation step, a solution of PTTMP at 

50 wt% with 90 passages under UV was used (Table 2).   
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Table 2. Water static contact angle and surface charge densities of modified PDMS with monomer solution by using PDMS 
pretreated with PTTMP (PDMS-T) under different conditions. 

P(T)a P(AONAI)b C(AONAI) (wt%)c θwater (°)d 
QA density 

(N+.cm-2) 

50 50 25 57±26 (4.3±0.7) ×1015 

50 50 30 54±25 (3.4±0.6) ×1015 

50 50 40 63±24 (3.6±0.04) ×1015 

50 50 50 50±28 (1.9±0.1) ×1015 

50 50 65 52±20 (1.8±0.5) ×1015 

70 50 65 56±21 / 

80 50 65 51±21 / 

90 50 65 45±20 / 

90 50 76 28±8 (9.6±0.3) ×1016 

100 60 76 27±11 / 

a Number of passages under UV of PDMS with 50wt% PTTMP solution. 
b Number of passages under UV of PDMS-T with monomer solution. 
c The concentration of monomer. 
d θwater: contact angle with water. 

Surface characterization by AFM 
AFM analyses revealed the structural and topographical changes on the PDMS surfaces 

after thiolation as well as after direct and indirect photo-chemical polymerizations of the 

cationic monomer (Figure 3). The roughness values of the prepared PDMS surfaces compared 

to their controls are presented in Table 2. The native PDMS exhibited a very smooth surface 

with an arithmetic roughness of around 1.4 nm (Figure 3-A).  
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Figure 3. AFM images of (A) PDMS surface (control 1), (B) PDMS-PAONAI surface, (C) PDMS-T surface (control 4) and 
(D) PDMS-T-PAONAI surface. 
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The directly functionalized quaternary ammonium PDMS surface (PDMS-PAONAI) 

displayed an increased roughness around 11.2 nm with a lot of island suggesting an 

heterogenous grafting of the polymer (Figure 3-B). The roughness of the thiolated PDMS 

surface (PDMS-T) was around 2.8 nm without any aggregates (Figure 3-C), and increased to 

7.6 nm after polymer grafting (PDMS-T-PAONAI) (Figure 3-D). However, a homogeneous 

grafting of the polymer was observed on the surface except for some areas where holes can be 

observed. AFM analysis confirmed contact angle and quaternary ammonium density values, 

i.e., that the thiolated cationic PDMS surface exhibited a higher surface coverage than the non 

thiolated one.  

Spectroscopic surface characterizations 

 

Figure 4. ATR-FTIR spectra of (a) PDMS (control 1), (b) PDMS-T (control 4), (c) PDMS-PAONAI and (d) PDMS-T-PAONAI. 

The FTIR-ATR analysis (Figures 4, S6, S7 and S8) of the prepared cationic surfaces, 

compared to their controls, showed the appearance of a new band at around 1730 cm-1 arising 

from the carbonyl group of the grafted cationic polymer. The C-H bending vibration in N+-CH2 

and N+-CH3 were observed between 1440 and 1498 cm-1. A slight contribution of the butyl 

chain was also observed in the region of 2800 - 3100 cm-1 (Figure S6). Due to the hygroscopic 

character of the cationic surface, one can observe also a new band at 3300 cm-1 arising from the 

moisture. The FTIR spectra of controls 1 to 5 were identical, suggesting that: 1- The grafted 

PTTMP formed a very thin monomolecular layer, which was not detected by this technique; 2- 
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UV treatment was indispensable for the grafting reaction to occur; 3- the washing of the surface 

with methanol to remove the unreacted monomer was effective.  

XPS analysis (Figure S9) afforded the atomic compositions of the different modified 

and unmodified PDMS surfaces. The results are depicted in Table 3. As expected, XPS analysis 

of the PDMS reference surface shows the presence of carbon, oxygen and silicon (survey 

spectra in the supporting information). The atomic composition is close to the expected one for 

PDMS. A weak enrichment in silicon and oxygen, could be ascribed to residual SiO2 coming 

from the synthesis process of the PDMS and also to residual Si-H groups after curing. After 

grafting, new characteristic elements of the grafted organic layers were observed by XPS. Thus, 

for the PDMS-PAONAI surface, nitrogen (1.4 at. %) and iodine (1.1 at. %) were detected in a 

close concentration, as expected. PDMS-T surface exhibited a sulfur composition of 1.7 at.%. 

For the PDMS-T-PAONAI surface, nitrogen (4.9 at. %), iodine (3.9 at. %) and sulfur (1 at %) 

were observed. Combined to the increase of the C at. %, these results suggested a successful 

grafting for each step. 

Actually, it is possible to determine an average thickness for each grafted layer. Fort the 

PDMS-PAONAI and PDMS-T, the thickness can be estimated using a simplified model 

considering a homogeneous and continuous organic layer on the top of the PDMS. For the 

PDMS-T-PAONAI which is composed of 2 distinct organic layers, a bilayer model has been 

used. Thus, the average thickness values have been calculated by solving the following set of 

three equations. 

𝐼𝐼𝑁𝑁 = 𝐾𝐾𝑛𝑛𝑁𝑁𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝜎𝜎𝑁𝑁𝜆𝜆𝑁𝑁𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑇𝑇𝑁𝑁(1 − 𝑒𝑒𝑒𝑒𝑒𝑒 −𝑑𝑑𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
𝜆𝜆𝑁𝑁
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 )  (1) 

𝐼𝐼𝑆𝑆 = 𝐾𝐾𝑛𝑛𝑆𝑆𝑇𝑇𝜎𝜎𝑆𝑆𝜆𝜆𝑆𝑆𝑇𝑇𝑇𝑇𝑆𝑆(1 − 𝑒𝑒𝑒𝑒𝑒𝑒 −𝑑𝑑𝑇𝑇
𝜆𝜆𝑆𝑆
𝑇𝑇 )exp (−𝑑𝑑𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

𝜆𝜆𝑆𝑆
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 )   (2) 

 𝐼𝐼𝑆𝑆𝑆𝑆 = 𝐾𝐾𝑛𝑛𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝜎𝜎𝑆𝑆𝑆𝑆𝜆𝜆𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑇𝑇𝑆𝑆𝑆𝑆exp (−𝑑𝑑𝑇𝑇
𝜆𝜆𝑆𝑆𝑆𝑆
𝑇𝑇 )(exp (−𝑑𝑑𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

𝜆𝜆𝑆𝑆𝑆𝑆
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 )   (3) 

With: 

I: intensity of photoelectrons emitted by the element X; K: a spectrometer constant; σ: the 

photoionization cross section of the core level of the considered element; λ: the inelastic mean 

free path of the photoelectrons emitted by the core level of the considered element; n: the bulk 

concentration; T: the transmission function for the electrons emitted by the core level of the 

element and d the thickness of the organic layer (values are given in Table S1). 
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The average thicknesses of the organic layer in PDMS-PAONAI and PDMS-T have 

been estimated to be 0.7 and 0.2 nm, respectively. For the PDMS-T-PAONAI, a similar average 

thickness (0.2 nm) was obtained for the intermediate Pentaerythritol tetrakis layer (T layer), 

whereas the PAONAI layer exhibited and average thickness of 2.6 nm. However, this method 

has some limitations: (i) The density of the grafted polymer is assimilated to the density of its 

monomer, i.e. around 1g/cm3, which is a rough approximation since the polymer is grafted as 

spaced brushes on the PDMS surface. The brushes could also contain ramifications due to chain 

transfer during the radical polymerization; (ii) The mathematical model doesn’t take into 

account the surface roughness and the surface coverage by the grafted polymer. It considers 

that the polymer chains were perfectly arranged on the surface, which is also hypothetic and 

not actual; (iii) Since XPS detects only 10 nm of the extreme surface, the grafted density can 

be under estimated if the real thickness exceeds 10 nm, particularly in the case of the presence 

of islands. Usually, thicknesses obtained by this method are lower than 5 nm. 

Thus, this method gives a way to express the polymer grafting density as an average 

thickness of a hypothetic homogeneous and compact polymer layer and not as an actual 

thickness. Indeed, if we take a look on AFM images, we can see that the difference in height 

between dark and light zones is around 60 nm. In addition, in many areas of the surface, the 

real thickness exceeded 10 nm, suggesting an under estimation of the grafting density and the 

average thicknesses determined by XPS.  

Table 3. XPS elemental analysis of the optimal PDMS modified surface and its unmodified PDMS control 

 C1s O1s Si2p N1s I3d S2p 

PDMS 43.4 26.4 30.2 -- -- -- 

PDMS-

PAONAI 
46.5 27.2 23.6 1.4 1.1 -- 

PDMS-T 47.1 28.3 22.9 -- -- 1.7 

PDMS-T-

PAONAI 
56.7 19.0 13.3 4.9 3.9 1.0 
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Assessment of the surface bactericidal properties 
The bactericidal properties of the prepared cationic PDMS surfaces were studied by 

confocal fluorescent microscopy through the Live and Dead test, against E. coli (Gram-) and 

S. epidermidis (Gram+), two of the pathogens mostly involved in bacterial contaminations.  

Actually, in the literature there are two suggested mechanisms for the bactericidal action 

of QA surfaces [38]. The most popular one suggests that long cationic polymer chains penetrate 

cells and thereby damage the membrane, like a needle that bursts a balloon. The second one 

suggests an ion exchange between the positive charges on the surface and the structurally 

critical mobile divalent cations within the membrane, which diffuse out of the membrane. The 

loss of these cations causes membrane destruction. 

Bacteria were put in contact with the cationic surfaces as well as their controls during 

1h, and then adhered bacteria were stained with a mixture of fluorescent probes that stained 

bacteria with damaged membrane in red and bacteria with intact membrane in green. The Live 

and Dead fluorescent images are presented in Figures 5, S10, S11, S12 and S13. One can 

observe that both thiolated (PDMS-T-PANONAI) and non-thiolated (PDMS-PANONAI) 

cationic PDMS surfaces exhibited a high bactericidal effect, i.e. quasi-only red bacteria were 

observed on contact with them (Figure 5-A2, B2, A4 and B4). Some residual green bacteria 

were observed in a few areas, often on other bacteria but not in contact with the cationic surface.  

Furthermore, the density of E. coli (Figure 5-A2 and A4) and S. epidermidis (Figure 5-B2 and 

B4) on the cationic surfaces was very high (around 106 cell/cm2) and their attachment was very 

fast comparing to the non-cationic PDMS surfaces (controls 1 (PDMS) and 4 (PDMS-T)), for 

which no bacteria attachment was observed after 1h of contact. This suggests that the bacterial 

adhesion in this case is mainly governed by the electrostatic forces, since bacteria have an 

overall negative charge. This dependence of the bactericidal efficiency against E. coli and S. 

epidermidis as well as the bacterial adhesion on the charge density of cationic surfaces is in 

good agreement with the literature. For instance, the previously-mentioned azidated cationic 

PVC surface, grafted with an acrylate quaternary ammonium copolymer by the HDC click 

addition, exhibited a surface charge density around 6×1014 charge.cm-2, bacterial densities 

around 5×105 cell/cm2 with a killing efficiency around 99 % after 1h of contact [34]. Moreover, 

the prepared QA-PDMS surfaces displayed higher capacity in terms of bacterial killing capacity 

(around 100%) compared to analogues prepared by the hydrosilylation process after full PDMS 

curing (around 96%) [13]. On the other hand, the analogue surfaces prepared before curing or 



CHAPITRE IV : SURFACES DE PDMS ANTIBACTÉRIENNES PAR PHOTO-GREFFAGE  
 

165 

 

with higher Si-H content in the component mixture led to similar short-term bactericidal effect 

[13].   

Moreover, the long-term biocidal functionality of QA coatings depends on the surface 

charge density and also on the concentration of the bacteria exposed to the surface (the 

challenge). Murata et al. [38] have shown that cationic surfaces with charge densities above 

5.1015 charges/cm2, are able to kill at least a monolayer of E. coli cells (108 CFU/cm2), before 

going through fouling and loss of bioactivity. Under real-world conditions, extreme infection 

or contamination occurs when the bacterial concentration is about 103 CFU/cm2, which is far 

from the concentration that passivates the prepared cationic surface with around 1017 

charges/cm2. Therefore, the passivating bacterial concentration, can take a very long time to be 

reached, depending on the number of bacteria to which this surface is exposed. 

Finally, quaternary ammonium may exhibit cytotoxicity in solution, depending on 

concentration, time exposure and chemical structure [39-41]. However, the biocompatibility of 

QA surfaces needs further investigations to define clearly their potential of application in the 

medical field [42]. Elsewhere [13], we have established that plasmatic proteins, owing to their 

electrical charges, adsorbed on QA surfaces, which caused their fouling after only 24 hours of 

contact. Therefore, at this time, we can suggest to employ this kind of surface in non-blood 

contact silicone devices, such as the external surfaces of catheter chambers and extracorporeal 

equipment. 
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Figure 5. Fluorescence microscopy images of sessile bacteria cells stained with a marker of viability and deposited on 
surfaces of modified and unmodified PDMS surfaces: (A1) E. coli on unmodified PDMS surface (control 1), (A2) E. coli on 
cationic PDMS-PAONAI surface, (A3) E. coli on PDMS-T surface (control 5), (A4) E. coli on cationic PDMS-T-PANONAI 

surface, (B1) S. epidermidis on unmodified PDMS surface (control 1), (B2) S. epidermidis on cationic PDMS-PAONAI 
surface, (B3) S. epidermidis on PDMS-T surface (control 5), (B4) S. epidermidis on cationic PDMS-T-PANONAI surface. 

10 µm 10 µm

10 µm10 µm

10 µm 10 µm

10 µm10 µm

A1

A2

A3

A4

B1

B2

B3

B4



CHAPITRE IV : SURFACES DE PDMS ANTIBACTÉRIENNES PAR PHOTO-GREFFAGE  
 

167 

 

Conclusion 

In this work, we have evidenced the possibility of designing bactericidal cationic PDMS 

surfaces, with tunable quaternary ammonium content and hydrophilicity, by a benzophenone 

photo-induced polymerization of an acrylate ammonium monomer from native and thiolated 

PDMS surfaces. The direct photopolymerization led to an optimal PDMS surface with a water 

contact angle around 75° and a charge density around 1015 N+.cm-2, i.e. like a ‘grafting to’ 

method. Pretreatment of the PDMS surface by thiolation led to cationic PDMS surfaces with 

increased surface hydrophilicity (contact angle around 28°) and increased charge density to 

around 1017 N+.cm-2. The Live and Dead test by fluorescence microscopy revealed an efficient 

contact killing of all the prepared cationic surfaces against E. coli and S. epidermidis. By 

increasing the surface charge density, the longevity of the cationic PDMS surface was implicitly 

enhanced. The prepared surfaces can be intended for application as biomaterials or medical 

devices without contact with blood.  
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Supporting information 

 

Figure S1. 1H NMR spectrum in DMSO-d6 of AONAI. 
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Figure S2. Global FTIR-ATR spectrum from 4000 to 600 cm-1 of DMAMA, 1-iodobutane and AONAI. 

 
Figure S3. FTIR-ATR spectrum zooms from 4000 to 2000 cm-1 of of DMAMA, 1-iodobutane and AONAI. 
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Figure S4. FTIR-ATR spectrum zooms from 2000 to 1230 cm-1 of of DMAMA, 1-iodobutane and AONAI. 

 
Figure S5. FTIR-ATR spectrum zooms from 1230 to 600 cm-1 of of DMAMA, 1-iodobutane and AONAI. 
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Figure S6. FTIR-ATR spectrum zooms (from 3100 to 2800 cm-1) of (a) PDMS (control 1), (b) PDMS-T (control 4), (c) 

PDMS-PAONAI and (d) PDMS-T-PAONAI. 

 

 

Figure S7. ATR-FTIR spectra of (a) PDMS (control 1), (b) PDMS-AONAI without UV (control 3) and (c) PDMS-PAONAI. 
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Figure S8. ATR-FTIR spectra of (a) PDMS (control 1), (b) PDMS-T-AONAI without UV (control 6) and (c) PDMS-T-
PAONAI. 

 

 

Figure S9. Supplemental fluorescence microscopy images of sessile E. coli cells stained with a marker of viability and 
deposited on surfaces of PDMS-PAONAI surfaces. 
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Figure S10. Supplemental fluorescence microscopy images of sessile S. epidermidis cells stained with a marker of viability 
and deposited on surfaces of PDMS-PAONAI surfaces. 

 

 

Figure S11. Supplemental fluorescence microscopy images of sessile E. coli cells stained with a marker of viability and 
deposited on surfaces of PDMS-T-PAONAI surfaces. 

 

Figure S12. Supplemental fluorescence microscopy images of sessile S. epidermidis cells stained with a marker of viability 
and deposited on surfaces of PDMS-T-PAONAI surfaces. 
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Table S1: Characteristic values used for the estimation of the organic layer thickness. 

Elements Si2p N1s S2s 

σ 0.817 1.67 1.8 

T 2864 3233 2940 

Bulk 

concentration 

(mol.cm-3) 

𝑛𝑛𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 0.013 𝑛𝑛𝑁𝑁𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 0.003 𝑛𝑛𝑆𝑆𝑇𝑇 = 0.010 

Mean free path 

(nm) 
𝜆𝜆𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 3.6 

𝜆𝜆𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 3.5 

𝜆𝜆𝑁𝑁𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 2.9 

𝜆𝜆𝑆𝑆𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 3.2 

𝜆𝜆𝑆𝑆𝑆𝑆𝑇𝑇 = 3.5 

𝜆𝜆𝑆𝑆𝑇𝑇 = 3.2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S13. Survey XPS spectra of PDMS, PDMS-PAONAI, PDMS-T and PDMS-T-PAONAI surfaces. 
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IV.3 Article 5: Preparation of bactericidal PDMS surfaces 
by benzophenone photo-initiated grafting of 
polynorbornenes functionalized with quaternary 
phosphonium or pyridinium groups 
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Abstract 
Cationic ROMP-polymers bearing ammonium or phosphonium groups were photo-

grafted onto a PDMS surface via the thiol-ene click reaction, in the presence of benzophenone. 

The PDMS surface was first thiolated using pentaerythritol tetrakis (3-mercaptopropionate) 

(PTTMP) under UV, in the presence of benzophenone. The obtained cationic surfaces exhibited 

charge densities above 1014 charge/cm2 and a higher degree of hydrophilicity compared to non-

grafted surfaces. The live and dead tests performed by fluorescence microscopy revealed an 

effective contact bactericidal effect of these surfaces against Escherichia coli and 

Staphylococcus epidermidis. 

Keywords: Quaternary ammonium; ROMP; photo; grafting to; PDMS; bactericidal; 

thiol-ene. 
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Introduction 

The increase of antibiotic-resistant microorganisms in recent years has become a crucial 

issue, which has spurred significant research efforts to develop more effective antimicrobial 

treatments that use different bactericidal mechanisms to neutralize infectious diseases [1]. 

While around 2.8 million cases of antibiotic-resistant infections occur each year in the United 

States. More than 35,000 of these cases result in death [2]. Cationic antimicrobial polymers 

represent a growing and evolving class of biocides as an alternative to existing biocides and 

antibiotics [3].  

Since man-made materials are completely vulnerable to microbial growth, they can 

easily survive in a humid environment by attaching microbial cells to their surface. As the 

number of cells increases at the surface, they often begin to form a biofilm from a 

polysaccharide matrix with embedded cells. This formed biofilm allows microbial cells to 

survive under harsh conditions [4]. Unfortunately, embedded cells are up to 1,000 times less 

sensitive to most antibiotics and other biocides [5]. Moreover, many toxins expelled from 

biofilms make them pathogenic, and resistant infections spread [6]. Furthermore, there may be 

an exchange of antibiotic genes between bacteria within the biofilm, resulting in multiple 

resistant bacteria being combined [7]. 

Antimicrobial polymers show some advantages over existing biocides and are therefore 

becoming increasingly important in the surface area [8]. Cationic antimicrobial polymers 

generally show high activity, a broad-spectrum activity and have low resistance to build 

potential and reduced toxicity. These biocidal polymers can be physically affiliated onto some 

surfaces, especially glass, which exhibit affinity with them. Since antimicrobial polymers have 

high molecular weights and low diffusion coefficients, their leakage from these surfaces is 

restricted [9]. In addition, antimicrobial polymers can also be covalently bonded to surfaces, 

without losing their biological activity [10].  

Polydimethylsiloxane (PDMS) is one of the most important polymer-based biomaterials. 

It is very flexible, chemically and thermally stable and biocompatible. It can be used in many 

different forms such as joint implants, catheters, kidney dialysis machines and breast prostheses 

[11]–[17]. Nevertheless, PDMS is a very hydrophobic material undergoing biofouling and 

bacterial contamination, which imply an important health and economic impacts [18]–[20]. 

One of the promising strategies to resolve these problems is the chemical anchoring of 

cationic antibacterial polymers onto the PDMS surface. However, because of its chemical 

stability, the PDMS surface often needs a physical pretreatment to introduce coupling sites. For 
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instance, oxygen plasma has been applied to create hydroxyl groups on the PDMS surface 

rendering it very hydrophilic [21]. Actually, in few minutes of contact with air, the surface 

hydroxyl groups diffuse in the polymer matrix bulk, which lead to hydrophobic recovery and 

the loss of surface functionalization.  Therefore, the post-chemical grafting must be achieved 

just after the physical treatment [22].  

Nowadays there is only two chemical pathways for the direct chemical modification of 

the PDMS surface [23]–[31]. The first one is the hydrosilylation reaction between Si-H groups 

present in the PDMS surface and carbon-carbon double bonds incorporated in bioactive 

polymers  [23]–[28]. By varying the ratio between the PDMS components and/or their curing 

time or by insertion of poly(methylhydroxysiloxane), the concentration of Si-H groups can be 

fine-tuned [23]–[28]. The second one is the photo-induced ‘grafting from’ process of monomers 

or macromonomers, namely acrylic acid [29], polyethylene glycol monoacrylate, polyethylene 

glycol diacrylate [30], sulfobetaine methacrylate and carboxybetaine methacrylate [31], and  

vinylbenzyldimethylbutylammonium chloride [32] from the PDMS surfaces, in the presence of 

benzophenone as photo-initiator.  

In this work, we describe a straightforward photo-grafting of ROMP-synthesized 

bactericidal polynorbornenes bearing quaternary phosphonium (p(OPPh)) or pyridinium 

(p(OPyHex)) groups onto native and thiolated PDMS surfaces, in the presence of benzophenone. 

The physico-chemical and antimicrobial properties of the cationic surfaces are assessed and 

discussed with the literature data.   

Experimental section 

Materials 

Sylgard® 184 was purchased from DOW chemical company (USA). Dry methanol 

(99,8%), acetone was purchased from Acros Organics. Glass coverslip (18 mm×18 mm, 

FisherbrandTM) were purchased from Thermo Fisher Scientific. Pentaerythritol tetrakis (3-

mercaptopropionate) (PTTMP) was purchased from Aldrich. Benzophenone (BP) (≥99%) was 

purchased from Merck. Ultrapure water was obtained from a Milli-Q system (Siemens, France). 

All the chemicals were used without further purification.  

S. epidermidis (ATCC 35984) and E. coli (K12 MG1655) strains were stored as frozen 

aliquots in brain heart infusion (BHI, Bacto, France) broth and 30 % of glycerol at -20 °C. The 

LIVE/DEAD Bacterial Viability Kit, L7007 (SYTO®9 dye, 1.67 mM / Propidium iodide, 18.3 

mM) was purchased from Thermo Fisher Scientific. Phosphate buffered saline (PBS), prepared 

from the PBS tablets (Gibro, Swiss) and ultrapure water, was autoclaved before use.  
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Preparation of p(OPPh) and p(OPyHex) 
The monomers and polymers with molecular weight of 10 000 g/mol used in the study 

were synthesized as described in the literature [33], [34].   

Phosphonium based monomer synthesis started with a Diels-Alder reaction between 

maleic anhydride and furan to obtain the starting compound of exo-7-oxabicyclo[2.2.1]hept-5-

ene-2,3-dicarboxylic anhydride [35]. After that, imide transformation was conducted with 3-

bromopropyl amine hydrobromide, according to the literature [36]. Bromo oxanorbornene 

product (0.5 g, 1.75 mmol) was dissolved in 11 mL of ethyl acetate. Excess amount of 

triphenylphosphine (1.376 g, 5.25mmol) was added to reaction medium. The reaction was 

stirred under nitrogen in a sealed vessel at 50 °C for 24 h. The precipitate of the reaction was 

washed with ethyl acetate and THF and dried under nitrogen. 

Pyridinium based monomer was synthesized by the reaction of 3-

(Aminomethyl)pyridine (2.4 mL, 22 mmol) and exo-7-oxabicyclo[2.2.1]hept-5-ene-2,3-

dicarboxylic anhydride (1.92 g, 11 mmol) in the presence of 6 mL N,N-dimethylacetamide at 

60 °C and stirred for 20 min. After addition of a catalytic amount of sodium acetate (0.5 g, 5 

mmol) in 2 mL acetic anhydride to the solution, the reaction mixture was stirred for 2 h at 90 °C. 

The mixture was diluted with ethyl acetate, washed with brine and concentrated using a rotary 

evaporator connected to a vacuum pump. Product was purified by column chromatography 

using ethyl acetate:hexane (4:1, v/v). Quaternization of pyridine bearing oxanorbornene (0.13 

g, 0.47 mmol) was obtained by using the bromohexane (0.67 g, 4.7 mmol) in the presence of 

acetonitrile solution stirred for 48 h at 60 °C, quaternized monomer was obtained by 

precipitation from diethyl ether. 

For polymerization of p(OPPh), freshly prepared Grubbs third generation catalyst in 0.5 

mL of dry dichloromethane was added in one shot to the forcibly stirring monomer solution in 

2 mL dry chloroform and stirred for 24 h at room temperature. Afterwards the polymerization 

was stopped by addition of 0.5 mL 30 % ethylvinyl ether (in dichloromethane). Polymer, 

p(OPPh), was precipitated and washed with diethyl ether and dried under nitrogen. 

For polymerization of OPyHex, the monomer was dissolved in dry methanol and after 

addition of Grubbs third generation catalyst dissolved in dichloromethane stirred for 2 hours. 

All polymers were confirmed by thin layer chromatography (TLC) before the polymerization 

was terminated. 
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Preparation of PDMS film 

15 g of a mixture of the two parts of Sylgard® 184, i.e. base and curing agent, at a ratio 

of 10:1 (w/w), were casted into a low-density polyethylene petri dish square (120×120×17 

mm3). The mixture was then degassed under vacuum, until the air bubbles were completely 

removed. The PDMS film was formed after two days at room temperature and was cut into 18 

× 18 mm2 squares with a thickness less than 1 mm. The curing time can be considerably reduced 

by increasing the temperature (few hours at 70°C and about 1h at 120°C) [23]. 

Preparation of PDMS-T-p(OPPh) and PDMS-T-p(OPyHex) surfaces 
To prepare PDMS-T, the PDMS films were first immersed in an acetone solution 

containing 20 wt% of BP for 30 min to absorb enough BP for the photo-grafting. The samples 

were quickly washed with methanol and then placed on a plate to dry in the dark. Then 50 to 

80 µl of an acetone solution containing PTTMP (25 to 75wt%) was applied to the dry samples 

and covered with a glass slide so that the PTTMP solution was spread evenly over the surface 

of the PDMS by capillary force. The PDMS assembly was placed in a UV conveyor (UV Fusion 

Light Hammer 6), and irradiated with the UV light emitted from a small diameter electrodeless 

bulb combined with the elliptical reflector, microwave-powered lamp (500 watts/inch) at a 

lamp-PDMS distance of 53 mm. Then, the BP-initiated photo grafting and photopolymerization 

of the PTTMP took place from the PDMS surface. After grafting, PDMS-T were collected and 

washed in acetone overnight with slight shaking and washed again with acetone the next day 

before drying to remove all unreacted BP or PTTMP.  

Then, PDMS-T-p(OPPh) or PDMS-T-p(OPyHex) were prepared by using the methanol 

solution containing p(OPPh) or p(OPyHex) in the same way on substrate of PDMS-T. After 

grating, the samples were collected by immersion in water to detach from the glass slide and 

then washed with methanol three times. The samples were washed in methanol overnight with 

slight shaking and washed again with methanol the next day before vacuum drying to ensure 

that all unreacted monomer, ungrafted BP, p(OPPh) or p(OPyHex) compounds were removed.   

Measurements 
The ATR-FTIR spectra were recorded on a Nicolet IS-50 FTIR (Thermo, USA) 

spectrometer using the VariGATR accessory (Harrick Scientific, Pleasantville, NY) and the 

DTGS detector on three independent samples for each experimental condition, with a wave-

number range between 600 and 4000 cm-1. The data was obtained with a spectral resolution of 

4 cm-1 by 250 scans.  
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1H NMR (500 MHz) and 13C NMR (125 MHz) spectra were recorded on a Bruker 

Avance III 500 MHz spectrometer. 31P NMR spectra were obtained using a Varian Mercury 

VX 400 MHz BB spectrometer.  

Static and dynamic water contact angles measurements were measured using a contact 

angle goniometer “digidrop” (United Kingdom) in air at room temperature on at least three 

independent samples and at least three droplets by sample. 

X-Ray Photoelectron spectroscopy (XPS) analysis was performed using a Thermo 

Electron Escalab 250 spectrometer, with a monochromatic Al Kα X-ray source (hν = 1486.6eV) 

operating at a pressure around 10-9 mbar. The spectrometer was calibrated using Au4f7/2 at 

84.1eV. The take-off angle was 90° and the analyzed surface was a 500 µm diameter disk. 

Survey spectra were recorded with a pass energy of 100eV and a step of 1eV and C1s, O1s, 

Si2p high level resolution spectra were recorded with a pass energy of 20eV and a step of 0.1eV. 

The charge effect was evaluated using the main component of the C1s peak, associated with C-

C/C-H hydrocarbons with a binding energy of 285eV. Spectra were recorded using the Thermo 

Avantage software and analyzed using CasaXPS software.  

The topography of PDMS surfaces before and after modification were analyzed by using 

a Nanoscope 8 Multimode microscope (Bruker Nano Surfaces, Santa Barbara, CA, USA). 

Imaging was achieved in the air using the PeakForce®-QNM mode with a 100µm piezoelectric 

scanner. A silicon (RTESPA-300, Bruker) cantilever with a spring constant of about 40 N/m 

and a silicon tip was used. Images were obtained with a PeakForce tapping frequency of 1 kHz 

and the auto-amplitude on. The AFM imaging was performed in multiple locations on at least 

two independent samples at two scan sizes: 5 × 5 and 20 × 20 µm2. All images are presented in 

the height mode and are top view images.   

Determination of the surface accessible quaternary ammonium and 

phosphonium densities 
Modified and unmodified PDMS surfaces (1.8 × 1.8 cm2) were immersed in a solution 

of fluorescein sodium salt (1% in distilled water) for 10 min. Afterwards, the unreacted 

fluorescein molecules were removed by washing with distilled water. The samples were then 

placed in 3 mL of a 0.5% solution of hexadecyltrimethyl ammonium bromide to exchange with 

the bounded fluorescein molecules under ultrasound for 15min. 0.45 mL of saturated NaHCO3 
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solution was added after sonication. Then the absorbance of solution was recorded at 501 nm. 

The fluorescein concentration was then calculated using a calibration curve. 

Antimicrobial activity assay (Live/Dead test) 
A 130 µl droplet of E. coli or S. epidermidis suspension in distilled water (about 5 × 108 

CFU/ml) was spread on the modified surfaces (1.8 × 1.8 cm2) using a glass slide with the same 

surface size for 1 h. Then the glass slide was taken away and the PDMS surfaces were washed 

by distilled water flow to remove the non-attached bacteria. After that, a 130 µl mixture of two 

fluorescent markers: the SYTO® and the propidium iodide, were deposed and spread on the 

surfaces for 15 min. The mixture was diluted prior to use (20 µmol/l of SYTO®9). Images (1024 

× 1024 pixels) of surfaces were acquired using an upright fixed-stage Leica TCS SP8 CFS 

confocal microscope (Leica Microsystems, Nanterre, France) equipped with diodes laser 

(Coherent, Les Ulis, France) at 488 nm to excite the SYTO®9 and at 552 nm to excite Propidium 

Iodide and a conventional scanner at 400 Hz. Using a 63× oil immersion objective (1.40), 

fluorescence emission was sequentially detected through hybrid detector (Leica Microsystems, 

Nanterre, France) in photon counting mode with a specific band from 500 to 540 nm for 

SYTO®9 and 580 to 630 nm for Propidium Iodide. Z-Stack’s images were acquired using an 

adapted step-size from Nyquist Criteria. ImageJ (Rasband W.S., U.S. National Institutes of 

Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997-2020) was used to adjust 

brightness and contrast and to perform z projections of 3D images (xyz). The Live and Dead 

test was performed on at least three independent samples, and two/three representative pictures 

by sample were recorded. 

Results and discussion  
Phosphonium monomer was synthesized in three steps. First, a Diels-Alder adduct (exo-

7-oxabicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic anhydride) was obtained from maleic 

anhydride and furan. Then, imide transformation, in the presence of sodium acetate/acetic 

anhydride mixture, was performed with 3-bromopropylamine hydrobromide. This bromo 

oxanorbornene derivative was further reacted with triphenyl phosphine by nucleophilic addition 

route to afford a phosphonium bearing oxanorbornene monomer [33]. Similarly, pyridinium 

based monomer was prepared by reacting the previous Diels Alder adduct with pyridin-3-

ylmethanamine, in the presence of catalytic amount of sodium acetate Then, the pyridine ring 

was reacted with hexyl bromide to afford a quaternary pyridinium salt [34].  

http://imagej.nih.gov/ij/
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The prepared cationic monomers were then used in the ROMP type polymerization to 

procure well-defined polymers with controlled molecular weight and dispersity (Đ) close to 1. 

Polymers with a targeted number of average molecular weight of 10 000 g/mol were obtained 

by adjusting the catalyst concentration. 

Chemical structures of monomers and polymers were confirmed by NMR techniques. 

Complete conversion from monomer to polymer was inspected by the whole disappearance of 

the monomer olefin proton peaks at 6.0–6.3 ppm and the appearance of polymer backbone 

olefinic broad proton signals at 5.1–5.6 ppm. Binding aryl carbon to phosphonium cation was 

detected at δ 118 ppm in the 13C NMR spectrum. Phosphonium peak of the p(OPPh) was 

observed at 24.5 ppm in the spectra of 31P NMR. Pyridinium based polymers showed the 

characteristic peak of the protons in alpha position to the ammonium group at 2.1 ppm in the 
1H NMR spectrum, while 13C NMR analysis showed the corresponding methylene carbons at 

39 ppm. The molecular weights of the homopolymers were calculated by 1H NMR end group 

analysis [33, 34] which was close to the targeting theoretical Mn values of the polymers.  

The photo-grafting initiated by benzophenone of the cationic polymers onto the PDMS 

surface was first tested without pretreatment. The PDMS films (Sylgard®184) prepared at the 

conventional ratio of PartA (curing agent)/PartB (base) = 1/10 and were totally cured. A drop 

of the cationic polymer solution (10 to 50wt% in methanol) was spread on the PDMS surface 

by covering it with a thin glass plate. The sample was then introduced in the UV conveyor for 

1.55 s of UV exposure by passage. Despite varying the concentration of the polymer solution 

and the number of passages under UV (50 to 90) the direct polymer grafting on the PDMS 

surface was not efficient as suggested by the water contact angle (WCA), which was very close 

to the value of the untreated PDMS (Table 1, control 1), i.e. 108°.  
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Figure 1. Photografting of p(OPPh) or p(OPyHex) onto PDMS surface with Pentaerythritol tetrakis (3-mercaptopropionate) 

(PTTMP) pretreatment. 

Therefore, we have achieved a thiolation pretreatment of the PDMS surface to increase 

its reactivity (Figure 1). Indeed, radical sites can easily be formed from thiol groups under UV 

to achieve thiol-ene coupling reaction with the carbon-carbon double bonds of the polymers. 

Thus, a drop of solution of pentaerythritol tetrakis (3-mercaptopropionate) (PTTMP) in 

methanol was spread on the PDMS surface using a glass plate. The sample was disposed in the 

UV conveyor for several passages under UV. Various PTTMP concentration, ranged from 25 

to 75wt%, and number of passages, ranged from 30 to 100, were tested. A constant value of the 

water contact angle of around 100° was obtained regardless the thiolation conditions (Table 1, 

control 3). For the next step, the thiolation was achieved with a solution of PTTMP at 50 wt% 

with 90 passages under UV, leading to the lowest standard deviation of the WCA value. 
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Then, the cationic polymers were grafted on the thiolated PDMS surfaces under UV at 

several exposure times and polymer concentrations. The optimal conditions were obtained for 

a polymer concentration of 10 wt% and a number of passages under UV of 15 leading to the 

most hydrophilic and functionalized surfaces, with WCA values of 78 and 98° for PDMS-T-

p(OPyHex) and PDMS-T-p(OPPh) surfaces, respectively (Table 1). The difference in WCA 

values between the two surfaces can be ascribed to the higher hydrophobic character of the 

p(OPPh) compared to p(OPyHex), which is due to the number of carbons on theses polymers 

(three phenyl groups versus one hexyl chain, respectively). This difference can also be partially 

ascribed to the overall surface coating efficiencies. Indeed, since the cationic polymers are 

hydrophilic and water soluble, increasing their grafting density would lead to an increase in 

surface hydrophilicity and a decrease of WCA. 

Table 1. Data of contact angles measurements and surface charge densities on the optimal treated PDMS surface (10 wt% of 
polymer solution under UV, under 15 passages under UV) and their controls. 

 Static 
mode Dynamic mode Charge 

density 

Roughness 
by AFMb 

(nm)  
 

 Samples  θwater (°)a AA (°)a RA 
(°)a 

Hyst 
(°)a 

charge.cm-2 Ra RMS 

PDMS 
(control 1) 

108±2 116±3 58±4 57±2 ND 1.4 2.4 

PDMS-T  
(control 2) 

97±8 121±2 68±1 53±2 ND 2.8 3.7 

PDMS-T-p(OPPh) 98±4 106±11 34±16 73±25 
(4.8±1.1) 

×1014 
6.1 8.5 

PDMS-T-

p(OPyHex) 
78±9 93±10 27±23 67±21 

(3.2±0.5) 

×1014 
8.1 12.9 

 a θwater: contact angle with water; AA: Advancing Angle; RA: Receding Angle; Hyst: Hysteresis.  
b Ra: Arithmetic Average Roughness and RMS: Root Mean Square Roughness, from the 20×20 µm2 images.  

Measurements of the dynamic water contact angles were achieved on the optimal 

surfaces (Table 1). The advancing angle (AA) is correlated to the wettability of the hydrophobic 

parts of the surface while the receding angle (RA) is ascribed to the hydrophilic parts. 

Unmodified PDMS surfaces (control 1) exhibited values of AA, RA and the hysteresis (AA-

RA) of 116°, 58° and 57°, respectively. The thiolated PDMS surface (control 2) showed AA, 

RA and hysteresis values of 121°, 68° and 53°, respectively, confirming the success of the 
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thiolation reaction. After treatment with the polymer solutions under UV, the modified surface 

showed a decrease of AA and RA to 106° and 34° for PDMS-T-p(OPPh) and to 93° and 27° 

for PDMS-T-p(OPyHex), respectively, suggesting a significant degree of surface grafting. 

However, the hysteresis increased to 73° and 63°, respectively, suggesting either a physical 

(roughness) and/or chemical (gradient of grafting density) gradients of the grafted surfaces. 

The surface charge density is an important parameter that has been thoroughly used in 

the literature to predict the contact killing capacity of quaternary ammonium and quaternary 

phosphonium surfaces. Indeed, it has been established that the surface must own a minimal 

charge density value of 1014 charge.cm-2 to kill quantitatively E. coli and S. epidermidis [23], 

[37]-[40]. The charge density values of the optimal cationic PDMS surfaces are displayed in 

Table 1. PDMS-T-p(OPPh) surface exhibited a charge density of (4.8±1.1)×1014 P+.cm-2 

whereas PDMS-T-p(OPyHex) showed a value of (3.2±0.5)×1014 N+.cm-2 suggesting a high 

potential of bacterial killing of these prepared surfaces.  

Surface characterization by AFM 
AFM images of the prepared cationic surfaces and their controls are shown in Figure 2 

and the supplementary information. One can observe structural and topographical variations on 

the PDMS surfaces after thiolation as well as after photo-grafting of the cationic polymers. The 

roughness values, from the 20×20 µm2 images, of these modified and unmodified PDMS 

surfaces are presented in Table 1. The unmodified PDMS surface was very smooth with an 

arithmetic average roughness value of about 1.4 nm and a mean square roughness of about 2.4 

nm (Figure 2-A, Table 1). White spots on this surface were rarely observed, which can be 

attributed to slight surface contamination by dust or particles from atmosphere or through 

manipulation with the clamp. The thiolated PDMS surface (PDMS-T) exhibited an increased 

roughness value around 2.8 nm and 3.7 nm, respectively (Figure 2-B, Table 1). PDMS-T-

p(OPPh) surface (Figure 2-C, Table 1) exhibited roughness values around 6.1 nm and 8.5 nm 

whereas the roughness values of PDMS-T-p(OPyHex) (Figure 2-D, Table 1) were of 8.1 and 

12.9 nm, respectively. However, both the two cationic surfaces showed the presence of polymer 

aggregates (white spots), which is often observed with the ‘grafting to’ method. Moreover, 

some big aggregates, of around 5 nm diameter, were observed on the PDMS-T-p(OPyHex) 

surface. However, some zones of this surface were quasi-empty of aggregates and displayed 

roughness values of 0.6 and 1 nm, respectively, i.e. lower than those of PDMS-T. This result 

suggests that the p(OPyHex) was homogenously grafted on these zones.  
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Figure 2. AFM images of (A) PDMS surface (control 1), (B) PDMS-T surface (control 3), (C) PDMS-T-p(OPPh) surface and 

(D) PDMS-T-p(OPyHex) surface. 
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The FTIR-ATR spectra of the prepared cationic surfaces, compared to their controls are 

shown in Figure 3. Zooms of the region between 1150 and 1900 cm-1 are given in the supporting 

information. The grafted PTTMP, which should form a very thin monomolecular layer, was not 

detected by this technique due to their weak amount on the surface. The PDMS-T-p(OPyHex) 

showed the appearance of a new band at around 1700 cm-1 arising from the stretching vibration 

of the carbonyl group of the imide function present in the grafted cationic polymer. One can 

observe also the stretching vibration band related to the polymer’s carbon-carbon double bonds 

at 1636 cm-1. A small band at 1503 cm-1 arising from the bending vibration of C-H in CH2-N+ 

groups was also observed. However, the characteristic bands corresponding to the imide 

function was not observed within the PDMS-T-p(OPPh) surface. This can be explained by the 

lower concentration of this function (∼2 folds) within the p(OPPh). Moreover, the presence of 

big aggregates on the PDMS-T-p(OPyHex) surface may also be the reason of an increased 

signal intensity of the imide group in its FTIR spectrum. Anyway, these results suggest that the 

grafting density of p(OPyHex) on the surface was higher than the one of p(OPPh). 

On the other hand, according to water contact angle results, PDMS-T-p(OPyHex) was 

more hydrophilic (78°) and more hygroscopic than the PDMS-T-p(OPPh) surface, which 

explain the appearance of a small band at 3300 cm-1 arising from the moisture in its FTIR 

spectrum.  

 

Figure 3. ATR-FTIR spectra of (a) PDMS (control 1), (b) PDMS-T (control 2), (c) PDMS-T-p(OPPh) and (d) PDMS-T-
p(OPyHex). 
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The elemental analysis of the modified and unmodified PDMS surfaces was performed 

by XPS analysis. The results are presented in Table 2. The XPS analysis of the PDMS surface 

shows the presence of carbon, oxygen and silicon. A small enrichment of O and Si was observed 

for the native PDMS and could be explained by a residual SiO2 coming from the synthesis 

process of the PDMS and also by the presence of residual Si-H groups after curing. After 

grafting of the PTTMP, peaks assigned to the sulfur element appear and an increase of the 

carbon amount was observed, confirming the presence of the grafted molecule on the surface.  

Table 2. XPS elemental analysis of the optimal PDMS modified surface and its unmodified PDMS control. 

 C1s O1s Si2p N1s P2p Br3d S2p C/O C/Si O/Si N/Br 

PDMS 38.2 32.4 29.3 -- -- -- -- 1.2 1.3 1.1 -- 

PDMS-T 47.1 28.3 22.9 -- -- -- 1.7 1.7 2.1 1.2 -- 

PDMS-T-
p(OPPh) 49.3 24 24.8 <0.3 <0.3 0.3 1.4 2.1 2.0 1.0 -- 

PDMS-T-
p(OPyHex) 57.6 21.6 14.6 3.5 -- 1.7    1 2.7 4.0 1.5 2 

After grafting of p(OPPh) on the PDMS surfaces, a weak amount of Br was detected 

(0.3 at. %) with a decrease of sulfur amount, suggesting that the p(OPPh) was grafted on the 

surface. Unfortunately, the very weak amount of N and P (<0.3 at%) do not allow a fine 

quantification. This result can likely be explained by the ratios C/N and C/P equal to 21 in this 

polymer, conjugated to a partial coverage of the surface. Another aspect to consider is the π-π 

stacking between phenyl groups that may impact the relative accessibilities of P and Br atoms 

to the X-ray beam. Concerning the p(OPyHex), the ratio C/N and C/Br being equal to 10 and 

20, respectively, N and Br elements of this polymer were detected with weak values (3.5 and 

1.7%) and were in the expected stoichiometry (2/1). Thus, with regards to the surface elemental 

composition, the average grafting density is likely higher in the case of p(OPyHex) than in the 

case of p(OPPh). This can be explained by a lower concentration and accessibility of the carbon-

carbon double bonds, due to the steric hindrance of triphenyl unit, as well as a lower solubility 

in methanol in the case of p(OPPh), leading to the decrease of its reactivity towards the surface’s 

thiol groups and the decrease of its grafting yield. The presence of big aggregates on the PDMS-

T-p(OPyHex) surface may also explain this result.    
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Assessment of the surface bactericidal properties 
Previously, we have demonstrated that phosphonium containing polynorbornenes 

(p(OPPh)) [41] and quaternary pyridinium functionalized polynorbornenes (p(OPyHex)) [42] 

have strong biocidal activities in solution against Staphylococcus aureus and E. coli 

respectively, with Minimal Inhibitory Concentrations (MIC) around 15 µg/mL. The bactericidal 

properties of p(OPPh) have also been evidenced in the solid state as a non-grafted coating on a 

glass surface [41]. The ROMP based cationic pyridinium polymer with a hexyl unit exhibited 

the highest bactericidal efficiency in the solid state against E. coli, killing 99% of the bacteria 

in 5 min [42]. In addition, the introduction of phosphonium species at the polymer backbone 

would also increase its thermal stability. This would provide biocidal surface properties at high 

temperatures. 

The most common mechanisms for the bactericidal action of cationic surfaces suggest 

that the long cationic polymer chains infiltrate the cells and thus destroy the membrane, like a 

needle bursting a balloon. Since cationic surfaces with short polymer and alkyl chains have 

shown bactericidal effects, a second mechanism has been highlighted in the literature, 

suggesting an ion exchange between the positive charges of the surface and the divalent cations 

of the membrane, which are released from the cell. The loss of these structurally critical mobile 

cations leads to the destruction of the membrane [43]. 

The bactericidal properties of p(OPPh) and p(OPyHex) grafted onto PDMS surfaces were 

studied by the Live and Dead test, using confocal fluorescent microscopy, against E. coli 

(Gram-) and S. epidermidis (Gram+). Bacteria were dispersed on modified and unmodified 

PDMS surfaces during 1h. Then, they were stained with a mixture of SYTO 9 and propidium 

iodide as fluorescent probes that stained bacteria with damaged membrane in red and bacteria 

with intact membrane in green. Examples of the Live and Dead fluorescent images are shown 

in Figure 4. One can observe that both PDMS-T-p(OPyHex) and PDMS-T-p(OPPh) surfaces 

displayed a high bactericidal effect. Indeed, after 1h of contact with the cationic surfaces the 

quasi-totality (>98%) of adhered bacteria was red (Figure 4-A3, B3, A4 and B4). Moreover, 

the density of E. coli (Figure 4-A3 and A4) and S. epidermidis (Figure 4-B3 and B4) on the 

cationic surfaces was relatively high (around 105 cells/cm2). Oppositely, unmodifed PDMS 

surfaces (controls 1 (PDMS) and 4 (PDMS-T)), didn’t display any bacteria attachment after 1h 

of contact. This behavior has already been observed in our previous works [23, 37]. For 

instance, PDMS surfaces grafted with poly(vinylbenzyl dimethylbutylammonium chloride) via 

the “grafting to” method exhibited 98 to 100% killing efficiency after 1h of contact with E. coli 
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and S. epidermidis. The surface bacterial density ranged from 105 to 106 cell/cm2 when the 

charge densities varied from 2×1014 to 1.2×1015 charge.cm-2 [23]. Actually, when bacteria have 

affinity with the surface, the increase of roughness would increase the bacterial adhesion 

because of the increase of the surface contact. However, in our case the difference of roughness 

between the cationic and non-cationic surfaces (controls: PDMS and PDMS-T) is not 

significant and E. coli and S. epidermidis have not affinity with the controls. Bacteria are 

allowed to sediment on the surfaces, after washing with water, they are totally removed from 

the hydrophobic control but are strongly adhered to the cationic surface owing to high attractive 

electrostatic interaction. 

 
Figure 4. Fluorescence microscopy images of sessile bacteria cells stained with a marker of viability and deposited on 

surfaces of modified and unmodified PDMS surfaces: (A1) E. coli on unmodified PDMS surface (control 1), (A2) E. coli on 
PDMS-T surface (control 3), (A3) E. coli on PDMS-T-p(OPPh) surface, (A4) E. coli on PDMS-T-p(OPyHex) surface, (B1) 

S. epidermidis on unmodified PDMS surface (control 1), (B2) S. epidermidis on PDMS-T surface (control 3), (B3) S. 
epidermidis on PDMS-T-p(OPPh) surface, (B4) S. epidermidis on PDMS-T-p(OPyHex) surface. 

 In addition, a zone inhibition experiment was performed with E. coli and 

S. epidermidis on treated and untreated surfaces. Controls, consisting of PDMS-T surfaces on 

which the cationic polymers were deposited without UV exposure or subsequent washing, were 

also prepared. These controls showed a zone of inhibition with S. epidermis but not with E. coli, 

which is usually less sensitive in this test. The grafted cationic surfaces did not show a zone of 

inhibition, suggesting that they are non-leaching.  

 The long-term biocidal activity of a cationic surface is essentially related to its charge 

density and also to the concentration of the bacteria exposed to it (the challenge). It has been 

demonstrated [43] that a cationic surface with a charge density greater than 5.1015 charges/cm2, 

is capable of killing at least a monolayer of E. coli cells (108 CFU/cm2), before undergoing 
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fouling and losing its bioactivity. The live and dead test was performed with an extreme 

challenge of 1.5×108 CFU/cm2 to achieve maximum bacterial adhesion on the surface leading 

to its saturation and passivation. Excess bacteria were washed away and the adherent bacteria 

(around 105 cells/cm2), thanks to the electrostatic forces promoted by the cationic charges, died. 

Under real conditions, extreme infection or contamination is reached when the bacterial 

concentration is about 103 CFU/cm2. Therefore, the passivating bacterial concentration for our 

cationic surfaces (around 105 cells/cm2), can take a long time to be reached, depending on the 

number of bacteria to which these surfaces are exposed. 

In previous studies, both p(OPPh) and p(OPyHex) have shown relatively high hemolytic 

activities in solution toward red blood mammalian cells [33,34]. In addition, we have also 

shown that cationic surfaces lost their bactericidal efficiency after 24 hours of contact with 

plasmatic proteins, which adsorbed easily on the surface by electrostatic attraction forces [23]. 

Therefore, at this time, we suggest to avoid the use of these surfaces in blood contact 

applications. On the other hand, they could be used for instance as external surface of catheter 

chambers and extracorporeal equipment. 

Conclusion 
Bactericidal cationic PDMS surfaces were successfully designed by a benzophenone 

photo-grafting process of ROMP-prepared cationic polymers. The grafting reaction was 

optimized in terms of duration and polymer concentration. The prepared surfaces exhibited 

surface charge densities above 1014 charge.cm-2 and contact angle with water around 98° and 

78° related to quaternary phosphonium and quaternary ammonium groups, respectively. The 

Live and Dead test by fluorescence microscopy revealed an efficient contact killing of these 

surfaces against E. coli and S. epidermidis. In the future studies, we intend to prepare analogue 

surfaces by developing a photo-initiated ROMP ‘grafting from’ method, which would result in 

higher surface grafting density and coverage as well as higher hydrophilicity. Recharge ability 

as well as biofilm formation on the passivated cationic surfaces will be investigated. 
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Supporting information 

 

Figure S1. AFM images of PDMS surfaces at different size: A) 5×5 µm2 with RMS and Ra of 1.2 ± 0.2 nm and 0.9 ± 0.1 nm 
respectively, B) 20×20 µm2 with RMS and Ra of 2.5 ± 0.2 and 1.8 ± 0.1. 

 

Figure S2. AFM images of PDMS-T surfaces at different size: A) 5×5 µm2 with RMS and Ra of 3.2 ± 0.4 nm and 2.3 ± 0.3 
nm respectively, B) 20×20 µm2 with RMS and Ra of 4.5 ± 0.8 and 3.4 ± 0.6. 
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Figure S3. AFM images of PDMS-p(OPPh) surfaces at different size: A) 5×5 µm2 with RMS and Ra of 7.8 ± 1.1 nm and 5.9 
± 0.9 nm respectively, B) 20×20 µm2 with RMS and Ra of 9.2 ± 0.7 and 6.4 ± 0.3. 

 

 

Figure S4. AFM images of PDMS-p(OPyHex) surfaces at different size: A) 5×5 µm2, B) 20×20 µm2. 
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Figure S5. FTIR-ATR spectrum of (a) p(OPPh) and (b) p(OPyHex). 

FTIR-ATR (cm-1) of p(OPPh): 1697 (C=O); 1587 (C=C); 1356 (C-N) 1153 (C-O-C). 

FTIR-ATR (cm-1) of p(OPyHex): 1702 (C=O); 1325 (C-N); 1173 (C-O-C). 

  

 

Figure S6. FTIR-ATR spectrum of (a) PDMS and (b) PDMS-T in the region of 1150 to 1900 cm-1. 
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Figure S7. FTIR-ATR spectrum of (c) PDMS-T-p(OPPh) and (b) PDMS-T in the region of 1150 to 1900 cm-1. 

 

 

Figure S8. FTIR-ATR spectrum of (d) PDMS-T-p(OPyHex) and (b) PDMS-T in the region of 1150 to 1900 cm-1. 
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Figure S9. Supplemental fluorescence microscopy images of sessile E. coli cells stained with a marker of viability and 
deposited on surfaces of PDMS-T-p(OPPh) surfaces. 

 

 
Figure S10. Supplemental fluorescence microscopy images of sessile S. epidermidis cells stained with a marker of viability 

and deposited on surfaces of PDMS-T-p(OPPh) surfaces. 

 

 
Figure S11. Supplemental fluorescence microscopy images of sessile E. coli cells stained with a marker of viability and 

deposited on surfaces of PDMS-T-p(OPyHex) surfaces. 
 



CHAPITRE IV : SURFACES DE PDMS ANTIBACTÉRIENNES PAR PHOTO-GREFFAGE  
 

204 

 

 

Figure S12. Supplemental fluorescence microscopy images of sessile S. epidermidis cells stained with a marker of viability 
and deposited on surfaces of PDMS-T-p(OPyHex) surfaces. 

 
 

 

 
Figure S13. XPS analysis of PDMS, PDMS-T, PDMS-T-p(OPPh) and PDMS-T-p(OPyHex). 
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Figure S14. Inhibition Zone experiment with S. epidermidis performed on PDMS, PDMS-T-p(OPPh) and PDMS-T-
p(OPyHex), with and without UV treatment and washing. 

 

 

Figure S15. Inhibition Zone experiment with E. coli performed on PDMS, PDMS-T-p(OPPh) and PDMS-T-p(OPyHex), with 
and without UV treatment and washing. 
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IV.4 Informations supplémentaires 
Nous avons également évalué, comme dans la partie IV.1, la capacité des surfaces 

optimales (PDMS-PAONAI et PDMS-T-PAONAI) à éradiquer des bactéries en suspension 

contre E. coli et S. aureus en utilisant la norme ASTM modifiée, E2149-01. Les surfaces ont 

été exposées à une suspension bactérienne d’une concentration d’environ 103 UFC/ml pendant 

1h, puis le nombre de cellules viables en suspension a été estimé sur gélose BHI. Les résultats 

sont représentés sur la Figure IV-1.  

 

Figure IV-1. Détermination de la capacité d’éradication de S. aureus et E. coli par la surface PDMS cationique optimale en 
pourcentage de bactéries mortes par rapport à une surface de PDMS non modifiée. 

D'après les résultats, on peut observer que même en partant d’une faible concentration 

bactérienne, les surfaces PDMS-PAONAI et PDMS-T-PAONAI ne présentent pas une capacité 

bactéricide importante contre les bactéries en suspension. Cependant, comme décrit dans 

l’article, ces surfaces ont démontré un effet bactéricide élevé lors des analyses par microscopie 

à fluorescence (présence uniquement de bactéries rouges), où les bactéries sont mises en contact 

avec la surface cationique par sédimentation. Vu que l’étape clé dans le mécanisme d’action en 

suspension est l’attraction/l’adhésion des bactéries sur la surface par les ammoniums 

quaternaires, il semblerait qu’il y ait une défaillance à ce niveau avec les surfaces à chaînes 

acrylates (contrairement aux surfaces préparées à partir du styrène ammonium décrit dans 

l’article IV.1). En effet, sous l’effet de l’agitation mécanique, les forces de cisaillements sont 

importantes au niveau de la surface, et vu la souplesse des chaînes acrylates par rapport aux 

chaînes de polystyrène, les bactéries pourraient avoir du mal à s’y accrocher et la partie non 

accrochée se retrouverait donc toujours en « vie » en suspension.  
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Dans ce travail, nous avons étudié l’élaboration de surfaces de PDMS antibactériennes 

selon trois approches différentes.  

La première, qui a fait l’objet du chapitre II, a consisté en l’étude de l'adhésion de 

bactéries à Gram positif (S. aureus, S. epidermidis et E. faecalis) et à Gram négatif (E. coli et 

P. aeruginosa) sur des surfaces d'électrodes métalliques revêtues ou non de PDMS, sous un 

champ électrique d’intensités variables. Trois métaux ont été testés à savoir Zn, Al et Cu. Après 

2h de contact avec les suspensions bactériennes, les électrodes en Zn ont montré une différence 

de 1,5-2 log d'UFC/cm2 entre la cathode et l'anode pour des tensions de 0,2 et 0,4 V, sans 

éradication significative des bactéries en suspension. Dans les mêmes conditions, les électrodes 

en Al se sont révélées inactives pour limiter et diriger l'adhésion bactérienne, probablement en 

raison de l'oxydation de la surface provoquant sa passivation. Cependant, à 1V, les électrodes 

de Zn et de Al sont devenues bactéricides en tuant les bactéries en suspension. D'autre part, 

l'effet bactéricide des électrodes de Cu a été très élevé à 0 V et semble être renforcé par la 

présence d’un champ électrique (effet synergique). A cause de cette activité bactéricide, 

l'adhésion bactérienne sur sa surface a été trop faible pour voir une différence d’adhésion entre 

la cathode et l'anode. Une fois recouverte de PDMS, l'effet bactéricide du Cu a disparu et une 

différence de 1 log d'UFC/cm2, spécifique au genre staphylocoque, a été observée entre les deux 

électrodes au-dessus de 10 V. Enfin, cette étude a démontré que la force électrostatique est le 

facteur prédominant régissant l'adhésion bactérienne pour les surfaces de Zn mais pas pour 

celles de Al et de PDMS. Pour les travaux futurs, une tension élevée pourrait être utilisée afin 

d'augmenter l'effet électrostatique répulsif des bactéries sur les surfaces de PDMS. De plus, les 

électrodes métalliques pourraient être utilisées comme agents de désinfection physique à 1V 

sans courant électrique.  

Dans la deuxième approche (chapitre III) un nouveau dérivé de claramine a été 

synthétisé et greffé avec succès sur la surface de PDMS par une réaction de chimie click chimio-

sélective de type CuAAC. L'analyse XPS de la région N1s a confirmé le greffage covalent du 

dérivé de claramine par la formation d'un cycle triazole. Les résultats préliminaires par 

microscopie à fluorescence ont montré que la membrane de E. coli et S. epidermidis a été 

déstabilisée probablement par une forte attraction électrostatique via la chaîne aminée 

cationique du dérivé de la claramine greffée. Ces résultats ont confirmé l'importance de 

l'orientation des molécules actives une fois immobilisées et l'utilité de la réaction CuAAC. 

Cependant, des analyses complémentaires pour quantifier la densité du dérivé de claramine 

seront à réaliser (dosage des fonctions amines, analyses approfondies par XPS, marquage 



CONCLUSION GENERALE & PERSPECTIVES 
 

209 

 

fluorescent de la claramine, …). De plus, une immobilisation covalente de la claramine par 

différents sites pourrait être envisagée pour confirmer l’importance de l’orientation sur 

l’activité antibactérienne du composé immobilisé. Cette approche utilisant un dérivé de 

claramine peut être potentiellement appliqué dans des dispositifs médicaux pour prévenir les 

infections bactériennes et surmonter le problème de la résistance bactérienne. Pour une 

application future, la biocompatibilité et les propriétés antibactériennes de ces surfaces in vivo 

devront être étudiées de manière plus approfondie.  

Dans la troisième approche, qui a fait l’objet du chapitre IV, des surfaces de PDMS 

cationiques ont été préparées avec succès via des procédés de ‘grafting from’ et ‘grafting to’ 

photo-induits, en présence de benzophénone comme photo-amorceur. Ainsi, dans une première 

partie, les surfaces cationiques ont été préparées par photo-polymérisation d'un monomère de 

styrène ammonium à partir de la surface. La réaction a été optimisée en termes de durée et de 

concentration en monomère. En faisant varier ces deux paramètres, les densités de charge de 

surface et les valeurs d’angle de contact avec l'eau (hydrophilie) ont pu être ajustés finement 

entre environ 1014 à 1017 N+.cm-2 et environ 100 à 10°, respectivement. Le test Live and Dead 

par microscopie à fluorescence a révélé une déstabilisation des membranes de E. coli, S. aureus 

et S. epidermidis après 1h de contact avec la surface optimale. Un test de numération 

bactérienne normé, applicable à des surfaces présentant des densités de charge supérieures à 

5.1015 N+.cm-2, a montré que ces surfaces sont capables d’attirer, fixer et tuer les bactéries à 

partir d’une suspension jusqu'à une concentration supérieure à 106 UFC/mL. Enfin, les surfaces 

QA-PDMS préparées ont révélé des performances plus élevées par rapport aux analogues 

préparés, dans des travaux précédents, par le processus d'hydrosilylation. Dans une seconde 

partie, des surfaces cationiques ont été conçues par photo-polymérisation d'un monomère 

d'acrylate ammonium à partir de surfaces de PDMS natives et thiolées. La photopolymérisation 

directe a conduit à une surface de PDMS optimale ayant une valeur d’angle de contact avec 

l'eau d'environ 75° et une densité de charge d'environ 1015 N+.cm-2, qui sont des valeurs proches 

de celles obtenues via un procédé " grafting to ". Le prétraitement de la surface de PDMS par 

thiolation a conduit à des surfaces de PDMS cationiques avec une hydrophilie de surface accrue 

(angle de contact autour de 28°) et une densité de charge d’environ 1017 N+.cm-2. Le test Live 

and Dead par microscopie à fluorescence a révélé un effet antibactérien par contact élevée de 

toutes les surfaces cationiques préparées contre E. coli et S. epidermidis. Cependant, dans les 

conditions du test normée de numération bactérienne, contrairement aux surfaces styrène 

ammonium, ces surfaces à densité de charge très élevées n’ont pas été efficace pour attirer et 
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fixer les bactéries en suspension puis les tuer, ce qui révèle une limitation de ce test en raison 

de sa dépendance à la structure chimique de surface. Dans une troisième et dernière partie, des 

surfaces de PDMS cationiques ont été préparées avec succès par un procédé de photo-greffage 

(grafting to) de polymères cationiques, porteurs de groupements phosphonium quaternaire et 

ammonium quaternaire, synthétisés par ROMP par un partenaire turc (équipe du Pr. T. EREN). 

La réaction de greffage a été optimisée en termes de durée et de concentration de polymère. Les 

surfaces préparées ont présenté des densités de charge de surface supérieures à 1014 charge.cm-

2 et une valeur de l’angle de contact avec l'eau d'environ 98° et 78° liés aux groupes 

phosphonium quaternaire et ammonium quaternaire, respectivement. Le test Live and Dead par 

microscopie à fluorescence a révélé une activité antibactérienne par contact efficace de ces 

surfaces contre E. coli et S. epidermidis.  

La biocompatibilité des surfaces cationiques doit faire l'objet d'études supplémentaires 

pour déterminer si elles peuvent être utilisées pour des applications en tant que dispositifs 

médicaux. Dans un travail précédent, nous avions démontré que les protéines plasmatiques, 

parce qu'elles sont chargées électriquement, sont adsorbées sur les surfaces cationiques, qui 

perdent quantitativement leur efficacité bactéricide après 24 heures de contact avec elles. Par 

conséquent, il serait à priori préférable d'utiliser ce type de surface dans tous les dispositifs en 

silicone qui ne sont pas en contact avec le sang, comme les surfaces externes des chambres de 

cathéter et les équipements extracorporels. 
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