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Abstract

The aim of this work is to investigate the e�ect of the accessibility of functional groups of

solid surfaces on bacterial adhesion. For this purpose, well-controlled and well-described

smooth self-assembled monolayers on surfaces with various surface chemical densities were

developed and used as substrate for bacterial adhesion experiments. These experiments

were performed under liquid and static conditions and bacterial behavior was analyzed by

confocal microscopy. In addition, bacteria's metabolism was investigated aiming at visu-

alizing possible changes induced by the surface.

In a �rst time, a study was conducted to determine the approach of characteriza-

tion and analysis of the surfaces, which is necessary to describe composition, struc-

ture and organization of the molecular layer. Commonly used model surfaces based on

3-aminopropyltriethoxysilane (APTES) and N(6-aminohexyl)aminopropyltriethoxy-silane

(AHAPS) self-assembled monolayers (SAMs) were used to test relevance and e�ciency of

the approach. A multimodal combination of techniques, was chosen. The obtained char-

acterization results were carefully analyzed and surface descriptions were proposed on this

basis. In a �rst stage, elementary composition obtained by XPS survey spectra, wettability

evaluated by static water contact angle, and topography evaluated by the mean roughness

were taken into account for describing the surface, however failing at highlighting defects

in structure and organization of the molecular layer. In a second stage, the potential

improvements to the surface description resulting from knowing the chemical functional

groups determining by using XPS high-resolution spectra of carbon (C1s) and nitrogen

(N1s), the surface homogeneity evaluated by the advancing and receding water-contact

angles, the thickness obtained by XPS (in vacuum) and by ellipsometry (in air and in

liquid), the surface morphology evaluated by AFM images, and the surface charge mea-

sured by zeta potential measurements were evaluated. The ability of each technique or

their combination to point out defects in the layer was considered in particular. On the

contrary to the �rst stage, the second one allowed to describe layer structure and molecular

organization with precision, demonstrating the necessity of a thorough surface analysis for

the development of well-controlled and well-described model surfaces. As an example, this

thorough analysis approach allowed to reveal that, under the used conditions, the overlayer

properties of the surfaces could not be well-controlled.

In a second time, well-controlled chemically mixed model surfaces suitable for further

bacterial adhesion studies, were realized and comprehensively characterized for achieving

their well-description. Based on bromosilanes that were already shown to allow chemically
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mixed SAMs, we investigated the e�ect of various parameters, crucial for the adsorption of

the silane on the substrate aiming at achieving surfaces with monolayer structure and well

molecular assembling. Thorough characterization as previously de�ned was applied at each

step of this development. The �nal protocol allowed to prepare controlled SAMs-modi�ed

surfaces under �normal� laboratory conditions, i.e. usable in every laboratory. The use

of two di�erent silanes with di�erent terminal functional groups, allows to achieve mixed

NH2/CH3 monolayers (MMLs). Because of the similar chain lengths of the used silanes,

surfaces do not reveal any nanotopography. Furthermore, they contain di�erent densities

of amine back�lled with methyl functionalities, which are controlled by the silane ratio in

the initial solution. These surfaces also reveal varying wettability character.

Such mixed monolayers are ideal to further create surfaces with di�erent densities of grafted

biomolecules, for biointerface studies. Therefore, a preliminary study was conducted to as-

sess the feasibility of a further grafting of biomolecules. The objective was to reach grafting

yields, which would assume to conserve well-control of the surface chemical density. For

that purpose, homogeneous amine terminated surfaces were used for further investigating

the amino acid glycine and di�erent strategies were considered. Comparing the use of three

homobifunctional linker molecules of di�erent size, reactive groups and sti�ness to graft

glycine to amine groups a thoroughly analysis by XPS showed that the obtained reaction

yield was quasi similar and beyond 50 %. In a second approach, glycine was activated

and directly grafted on the amine terminated surfaces. However, our results demonstrated

that the reaction was not enough controlled and that some reagents in the solution were

reacting with the amine modi�ed surface.

In the third and last part of this work, the thoroughly characterized MMLs (NH2/CH3)

were used for bacteria adhesion studies, conducted with two bacteria strains: E. coli and

S. epidermidis. Both bacteria strains adhered less on surfaces with a high amount of amine

when cultivated in saline solution. Furthermore, no linear correlation between the amount

of amine and the number of adherent bacteria was found. It could be demonstrated that

the bacteria adhesion behavior is divided in two groups. The �rst group is represented by

surfaces with a high amount of methyl functionalities resulting in an elevated number of

adherent bacteria, while the second group is represented by surfaces with a high amount

of amine functionalities resulting in lower number of adherent bacteria. The di�erence

between the two groups and the corresponding number of adherent bacteria was changed

by changing the culture media. To limit the potential e�ect of an ion double layer that

exists between the surface and bacterial cells, the experiments were also performed under

low shear hydro-dynamic conditions. Bacterial adhesion signi�cantly di�ers between static

and dynamic experiments but non-linear relationship between the amount of amine on the

substrate and the bacteria adhesion was found as well.

In general, these results demonstrate for the �rst time that chemical heterogeneities of the

surface play an important yet neglected role in bacterial adhesion. This was con�rmed by

comparing bacterial adhesion on homogeneous NH2 surfaces revealing well-controlled (i.e.

bromosilane-based) and uncontrolled (i.e. APTES- and AHAPS-based) layer structure
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and molecule organization. Aside from di�erences in the coverage of the adhered bacte-

ria number compared to well-controlled surfaces, the reproducibility of experiments was

signi�cantly reduced on uncontrolled surfaces. Finally, preliminary investigations of the

metabolism of bacteria adhered to NH2CH3 MML were conducted. Sessile and planktonic

S. epidermidis cells were investigated for the production of the polysaccharide intercellular

adhesin (PIA). Under moderate shear rate, surfaces with high amount of methyl groups

were selective for PIA-less bacteria cells. Surfaces with high amount of amine and all sur-

faces under high shear rate expressed a similar high level of PIA as planktonic bacteria.

This result was attributed to physical-chemical character of PIA that is more favorable to

bacterial adhesion to NH2-rich surfaces than to CH3-rich ones.

A speci�c protocol adapted for proteomic analysis of adhered bacteria was also developed,

which should allow, in the future, investigation of the composition of the adhered bacteria

membrane for better understanding bacteria/material interactions at the molecular scale.
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Résumé française

Un bio�lm est un assemblage de bactéries intégrées dans une matrice de substances

extracellulaires produites par les bactéries elles-mêmes. Les bio�lms peuvent présen-

ter des avantages dans certaines applications, comme par exemple pour la puri�ca-

tion de l'eau ou dans le domaine de la santé, (parle alors de (bio�lms positifs),

ou des désavantages (bio�lms négatifs) quand ils sont la source d'encrassement bi-

ologique de surfaces (biofouling) ou d'infections récurrentes. L'étape cruciale pour

la formation d'un bio�lm est l'adhésion de bactéries sur une surface. L'adhésion des

bactéries est dépendante de plusieurs facteurs environnementaux comme la tem-

pérature du milieu de culture ou la souche de bactéries. Un autre facteur crucial

est le matériau support et ses propriétés mécaniques, topographiques et chimiques.

Dans la littérature, il existe plusieurs études qui démontrent un e�et de la chimie

de surface sur l'adhésion des bactéries. Cependant, dans ces études, les surfaces

sont rarement su�samment bien décrites ou caractérisées. Nous nous sommes donc

intéressés dans ce travail à l'e�et d'un matériau présentant des hétérogénéités chim-

iques à l'échelle moléculaire sur l'adhésion de bactéries. Pour mieux comprendre ce

processus, il était nécessaire de disposer d'un outil e�cace pour étudier le rôle de la

chimie du matériau sur l'adhésion de bactéries. Dans ce but, des surfaces modèles

bien contrôlées et bien caractérisées ont été développées comme outil pour cette

étude.

Le travail pratique a été séparé en trois parties dans ce manuscrit. La première

partie (2éme chapitre) décrit la démarche suivie pour valider la méthodologie de

caractérisation d'une couche mince organique déposée sur un wafer de silicium.

Dans la deuxième partie (3éme chapitre) des surfaces modèles avec un contrôle

de la chimie à l'échelle moléculaire ont été réalisées, optimisées et caractérisées.

Ces surfaces " à chimie contrôlée" ont ensuite été utilisées dans la troisième partie

(4éme chapitre) comme des outils pour étudier l'impact de l'hétérogénéité chimique

à l'échelle moléculaire sur l'adhésion de bactéries.

Le deuxième chapitre comporte un article publié en 2011 dans le " Journal of Physi-

cal Chemistry C ". Dans cet article, l'importance d'une caractérisation détaillée des

surfaces modèles et l'avantage d'une analyse à chaque étape de leur fabrication sont

démontrés. Deux silanes communément utilisés (APTES et AHAPS) ont permis

de fonctionnaliser un wafer de silicium par une amine. Le glutaraldéhyde (GAD) a

ensuite été utilisé pour obtenir des surfaces fonctionnalisées par la glutamine. Ainsi,

quatre surfaces di�érentes (surface-APTES, surface-AHAPS, surface-AHAPS-GAD

et surface AHAPS-GAD-glutamine) ont été obtenues, caractérisées et analysées. La

caractérisation des échantillons a été e�ectuée par une combinaison de techniques

di�érentes qui permettent d'obtenir des informations sur la structure, l'organisation,

l'homogénéité de la surface ainsi que le rendement de la réaction. En suivant cette
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procédure, des descriptions précises des surfaces ont été proposées tout en prenant

les résultats expérimentaux en considération.

La technique de caractérisation la plus e�cace pour décrire la couche moléculaire à

la surface a été la spectroscopie de photoélectrons X (XPS). Elle donne des infor-

mations sur la composition atomique et l'environnement chimique des atomes de la

surface. De plus, des mesures de mouillage et d'épaisseurs ont été nécessaires pour

la compréhension de la structure de la couche gre�ée sur la surface.

En comparant une méthode de caractérisation courante et une méthode de carac-

térisation plus approfondie, nous avons montré qu'il était possible de faire ressortir

des défauts de structure dans la couche moléculaire gre�ée grâce à l'utilisation de

techniques di�érentes. Nous avons pu valider que l'AHAPS s'organise e�ectivement

à la surface comme une monocouche bien organisée. Néanmoins, dans nos manipu-

lations, grâce à notre approche d'analyse et à une caractérisation approfondie nous

avons pu montrer que les molécules d'AHAPS ont une orientation " tête en bas ".

Ceci permet d'expliquer le faible rendement de gre�age du glutaraldéhyde observé

sur ces surfaces. Nous avons pu montrer que le faible rendement de la réaction

de gre�age du glutaraldéhyde pouvait être causé par la faible quantité de groupe-

ments amines libres, d'une faible densité de glutaraldéhyde présent à la surface, de

la formation de ponts glutaraldéhyde entre deux groupements amine et de liaisons

réversibles entre les groupements aldéhydes et amines.

En�n nous concluons qu'une caractérisation approfondie de la surface est cruciale,

en particulier si les surfaces sont destinées à des études de bio-interfaces comme des

études d'adhésion bactérienne.

En e�et, a�rmer grâce à une caractérisation par des techniques d'analyse communes

que l'APTES est formée de multicouches, comme déjà montré dans la littérature,

est simple. Par contre, seule une caractérisation approfondie, permet de décrire

les interactions moléculaires spéci�ques à l'intérieur de la couche gre�ée. De plus,

l'approche commune ne su�t pas pour montrer les défauts dans la structure de la

couche AHAPS.

Après la mise au point de la méthodologie de caractérisation, des surfaces modèles

avec un contrôle de la densité de surface de groupements NH2 ont été développées.

Le chapitre 3 est séparé en deux parties di�érentes : la première partie décrit le

développement et l'élaboration de surfaces modèles avec des densités variables de

groupement NH2 et la deuxième partie décrit le gre�age d'un acide aminé sur les

surfaces 100 % NH2. Les résultats et la discussion des deux parties sont présentés

sous la forme de deux articles (2a et 2b) en cours de publication.

Dans l'article 2a nous démontrons l'optimisation d'un substrat adapté à des études

de bio-interfaces. Le substrat doit être bien contrôlé et bien caractérisé. En parti-
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culier des surfaces fonctionnalisées par de l'amine ont été réalisées dans ces études,

dans la mesure où des silanes avec une terminaison amine sont souvent utilisées

pour le gre�age de biomolécules. Cependant, ces silanes forment de manière non

contrôlée des mono- ou multi-couches, en raison d'interactions entre l'amine et le

substrat. De ce fait, des silanes fonctionnalisés par un brome ont été préférés a�n

d'obtenir des monocouches auto assemblées (Self-assembled monolayers, SAM) bien

organisées sur des substrats de silicium. La fonctionnalisation du brome permet

une conversion chimique en une amine par la suite. Ainsi, des surfaces bien con-

trôlées, bien caractérisées et fonctionnalisées par une amine, idéales pour des études

de bio-interfaces,ont pu être obtenues.

Dans un premier temps le protocole d'auto-assemblage d'un silane fonctionnalisé

par le brome a été optimisé. Au cours de cette procédure, des paramètres dif-

férents comme la température, le solvant et le temps de la réaction ont été étudiés.

Ainsi les paramètres �naux nécessaires pour obtenir des surfaces SAMs bien con-

trôlées ont été déterminés. Ensuite, les surfaces fonctionnalisées par le brome ont

été converties en surfaces fonctionnalisées par des amines. On peut noter que ces

conditions de préparation peuvent être mises en place aisément au sein d'un lab-

oratoire de biomatériaux. Suite à l'optimisation des surfaces bromes, des surfaces

avec des monocouches mixtes ont été obtenues grâce à l'utilisation d'un deuxième

silane dont la terminaison chimique est un groupement CH3. Les surfaces sont donc

fonctionnalisées par les amines f en concentrations variables dans un continuum de

groupements CH3. Grâce à ces surfaces, des questions intéressantes peuvent être

étudiées comme l'in�uence de la densité de fonctions sur un système biologique di-

rectement sur la surface ou après gre�age d'une biomolécule sur la surface à densité

variable.

En�n, des études d'adhésion de bactéries ont été e�ectuées sur trois surfaces fonc-

tionnalisées par des amines. Dans ce but des surfaces fonctionnalisées par amine

(APTES et AHAPS) et des surfaces fonctionnalisées par le brome transformées en-

suite en amine ont été utilisés. Les surfaces sont di�érentes dans l'organisation de

leur couche de SAMs, comme cela a été montré dans le premier article. L'APTES

forme des multicouches alors que l'AHAPS forme une monocouche organisée, mais

dont quelques-unes des molécules ont une orientation " tête en bas ". Au contraire,

les silanes bromés forment une couche de SAMs lisse et bien contrôlée. Par con-

séquent, l'impact de l'organisation de la couche de surface sur l'adhésion de bactéries

a pu être étudié. Les résultats montrent que la reproductibilité des expériences de

l'adhésion de bactéries augmente avec l'organisation du substrat (APTES < AHAPS

< 100 % NH2).Ceci démontre l'importance de l'organisation de substrat à l'échelle

moléculaire sur l'adhésion des bactéries. Dans l'article 2b est démontré le poten-

tiel de l'analyse XPS du pic C1s haute résolution pour suivre l'e�cacité du gre�age
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d'un acide aminé. Pour cette démonstration l'acide aminé glycine a été gre�é sur des

surfaces 100 % NH2 plus ou moins organisées. Les surfaces sont donc entièrement

couvertes par des groupements d'amine en contact direct entre eux. Cette haute

densité d'amine peut donc provoquer des contraintes stériques limitant le gre�age

de la glycine. Par conséquent, chaque étape du gre�age de glycine a été analysée

par XPS et le rendement de réaction a été calculé par di�érentes approches.

Le contrôle du gre�age de biomolécules fait l'objet de beaucoup d'intérêt dans le

domaine, à croissance extrêmement rapide, des sondes biologique mais aussi des

études fondamentales sur les biointerfaces. Dans ce cadre, le rendement des réac-

tions de gre�age ou la quantité de biomolécules gre�ées est un paramètre crucial

pour l'interprétation du résultat des analyses. Dans l'article 2b, trois molécules

d'accroche souvent utilisées dans la littérature et portant deux groupements ter-

minaux identiques ont été utilisées pour réaliser le gre�age de la glycine. Les trois

molécules d'accroche présentent une rigidité di�érente et réagissent di�éremment

avec la surface et la glycine. Tout d'abord, la molécule d'accroche glutaraldéhyde

(GAD) a été étudiée. Le groupement fonctionnel de GAD réagit avec un groupe-

ment amine de la surface ainsi qu'avec un groupement amine de la glycine. Un

rendement élevé de gre�age de la glycine à la surface a été calculé grâce à l'analyse

des spectres de haute résolution C1s en XPS. Cependant, il a été démontré que la

GAD polymérisait sur la surface et que quelques molécules de GAD se trouvaient

sous la forme de ponts entre deux groupements amine de surface. Par conséquent,

le gre�age ultérieur de glycine est limité par le degré de polymérisation de la GAD

dans la mesure où le gre�age dépend de l'accessibilité des groupements aldéhydes

libres. Comme prévu, une quantité réduite de glycine a été gre�ée sur les surfaces

activées par la GAD.

Pour cette raison, deux autres molécules d'accroche ont été testées pour le gr-

e�age de glycine sur des surfaces fonctionnalisées par des amines, et les surface

analysées par XPS. Tout d'abord, le di-(N-succidinimidyl)oxalate (DSO), qui con-

tient deux groupement ester-NHS a été utilisé. Ces groupements ester-NHS activent

des molécules sur lesquels ils sont accrochés puis sont supprimés pendant la réaction

avec un groupement amine. Le gre�age de DSO sur un substrat fonctionnalisé par

une amine et le gre�age de glycine sur des surfaces activées par la DSO peut être

suivi par le changement du composant carbone COO dans le spectre de haute réso-

lution en XPS. Ensuite, le phényle-1 ,4-diisothiocyanate (PDITC) a été utilisé. Le

PDITC contient un cycle aromatique qui lui permet s'organiser grâce à l'interaction

d'électrons π-π. Néanmoins le spectre C1 de haute résolution peut toujours être

utilisé pour calculer le rendement de la réaction.

En dé�nitive, le rendement du gre�age de la glycine sur la surface activée par des

molécules d'accroche est de 30 % pour la GAD et 50 % pour le DSO et le PDITC.
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Pour les trois options de gre�age de la glycine, le rendement de la réaction a été

estimé par des analyses XPS. Le gre�age de glycine dépend fortement de la nature de

la molécule d'accroche. Le GAD fournit plusieurs aldéhydes réactives. Cependant,

ces aldéhydes ne sont pas tous accessibles pour le gre�age ultérieur de la glycine, en

raison de la polymérisation de la GAD sur la surface. Le gre�age de la glycine via le

DSO et le PDITC permettent d'obtenir rendement plus élevé. Par contre, il semble

qu'il y ait des e�ets stériques, même avec cet acide aminé qui est le plus petit acide

aminé, qui limitent la réaction.

Les surfaces modèles bien dé�nies et bien caractérisées avec des densités di�érentes

de NH2 complétées par des CH3 ont donc été utilisées pour étudier l'adhésion de

bactéries en conditions statique et dynamique. Avant les études d'adhésion de bac-

téries, les surfaces ont été caractérisées par XPS, mesures d'angles de contact, ellip-

sométrie, microscopie à force atomique et potentiel zêta. La caractérisation indique

que les surfaces modèles possèdent une structure de monocouche moléculaire bien

organisée comme attendu pour des SAMs. Cette étude et les résultats de l'adhésion

bactérienne sur des surfaces avec di�érentes densités de NH2 et dans di�érentes

conditions de culture sont présentées dans l'article 3 intitulé "The role of chemical

heterogeneities of surfaces in the adhesion of bacteria".

Pour les études d'adhésion bactérienne, deux souches de bactéries di�érentes ont

été utilisées : la souche gram-négative et auto-�uorescente Escherichia coli (E.

coli) SCC1 et la souche gram-positive Staphylococcus epidermidis (S. epidermidis)

ATCC35984. Les essais ont été réalisés pendant 2 h en solution saline pour les deux

souches de bactéries mais à 30 ◦C pour E. coli et 37 ◦C pour S. epidermidis. Des

expériences supplémentaires avec E. coli ont été réalisées en condition statique dans

le milieu sélectif M63G-B1. Les bactéries ont été cultivées initialement soit dans

le milieu LB pour E. coli soit dans le milieu BHI pour S. epidermidis. Après une

centrifugation, le culot de bactéries a été remis en suspension soit dans la solution

saline soit dans le milieu M63G-B1. La solution de bactéries a été diluée jusqu'à

atteindre une concentration donnant 0.01 d'adsorption à 600 nm (Abs600nm) pour les

études en condition statique et 0.1 pour les études en conditions dynamiques. Les

expériences ont été réalisées sous un microscope confocal à balayage laser (CLSM,

Zeiss, LSM700).

Après deux heures d'expérience en condition statique à la température idéale pour

chaque souche de bactérie, les surfaces ont été rincées soigneusement avec une solu-

tion saline a�n d'enlever les bactéries non-adhérentes. Au cours de ce processus, les

bactéries non �uorescentes ont été marquées par le Syto9r.

Les expériences de culture en condition statique ont été réalisées trois fois, et dix

régions di�érentes sur les surfaces ont été photographiées en mode �uorescent grâce

au microscope confocal. Le nombre de bactéries sur la surface a été compté et le
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moyenne de bactéries adhérentes sur les surfaces avec des densités di�érentes de NH2

a été comparée à la moyenne du nombre de bactéries adhérentes sur la surface de

référence. Les résultats ont été analysés statistiquement.

Les expériences en conditions dynamiques ont été réalisées dans une cellule à �ux

avec un seul échantillon par essai. Pour chaque substrat avec une certaine densité

de NH2, les essais ont été réalisés deux fois. Pour l'analyse de l'adhésion des bac-

téries des images ont été réalisées en mode �uorescent et en mode ré�exion avec le

microscope confocal. Ensuite, le nombre de bactéries adhérentes, le taux d'adhésion

des bactéries et la dynamique des bactéries sur les surfaces ont été évalués.

Les expériences d'adhésion bactérienne en statique, réalisées en solution saline in-

diquent la même tendance de comportement pour les bactéries E. coli SCC1 et S.

epidermidis ATCC35984. Les bactéries adhèrent en nombre plus élevé sur les sur-

faces avec une concentration élevée de CH3. La comparaison des bactéries adhérentes

sur les surfaces avec des concentrations di�érentes de NH2 montre la formation de

" plateaux ". Dans ces plateaux l'adhésion des bactéries n'est pas signi�cativement

di�érente. Entre les plateaux, des phases de transitions apparaissent dans lesquelles

l'adhésion des bactéries change fortement avec la concentration de NH2. Cette évo-

lution de l'adhésion des bactéries sur des surfaces de monocouches mixtes, présente

une similitude avec les courbes de dosage acide-base. Le nombre de bactéries ad-

hérentes sur les surfaces avec une concentration élevée de CH3 reste stable malgré

l'augmentation de la concentration de NH2 sur la surface jusqu'à un certain seuil

de concentration. A partir de ce seuil (premier seuil), le nombre de bactéries ad-

hérentes sur la surface diminue très rapidement jusqu'à une deuxième concentration

en groupements NH2 sur la surface (deuxième seuil). Par contre, si la concentration

en groupements NH2 sur la surface augmente encore, le nombre de bactéries reste

stable. Une explication de ce comportement d'adhésion pourrait être liée à la compo-

sition de l'enveloppe des bactéries. Malgré la charge globale négative de l'enveloppe

des bactéries, il existe des groupements fonctionnels divers dans l'enveloppe qui sont

chargés positivement. Sur le substrat, la concentration en groupements chargés pos-

itivement, comme les NH+
3 , augmente avec la concentration en amine. Une grande

concentration en groupements CH3 et/ou une faible concentration en groupements

NH+
3 semble être favorable pour l'adhésion des bactéries, puisque un nombre de

bactéries plus important adhère sur ces surfaces. Cependant, l'interaction entre

l'enveloppe des bactéries et le substrat diminue avec l'augmentation de NH+
3 et/ou

la diminution de CH3. Après cette transition, l'interaction entre la bactérie et le sub-

strat se stabilise à nouveau, comme le montre le nombre stable de bactéries attachées

malgré l'augmentation de NH+
3 . La distribution discrète de la charge positive sur

l'enveloppe de la bactérie pourrait donc être un paramètre crucial, résultant dans

des interactions non favorables ou des interactions répulsives entre la bactérie et
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la surface. En outre, la composition de l'enveloppe de chaque souche de bactéries

est di�érente et donc ce fait pourrait expliquer les légères di�érences de résultat

d'adhésion obtenues pour E. coli et S. epidermidis.

Pour E. coli la même expérience a été réalisée en milieu sélectif M63G-B1. De

manière surprenante, la tendance de l'adhésion des bactéries est inversée par rap-

port à la tendance obtenue en solution saline. Il y a plus de bactéries adhérentes

sur les surfaces avec une concentration élevée de NH+
3 .

Le nombre de bactéries adhérentes sur les surfaces avec une concentration élevée

de NH+
3 est comparable pour les deux milieux : solution saline et M63G-B1. Par

contre, le nombre de bactéries adhérentes sur des surfaces avec une concentration

élevée de CH3 est di�érent. Les milieux utilisés pour ces expériences semblent donc

changer l'interaction entre les bactéries et les surfaces quelque soit le ratio NH2/CH3.

Cet e�et paraît être plus fort pour les interactions avec les surfaces présentant une

concentration élevée de groupement CH3. L'hypothèse proposée pour expliquer ces

résultats est basée sur la formation de doubles couches d'ions venant du milieu sur

l'enveloppe des bactéries et les surfaces modèles. Ces doubles couches d'ions for-

ment des obstacles à l'adhésion des bactéries sur les surfaces. Cette double couche

d'ions est dépendante de la composition ionique des milieux utilisés pour les expéri-

ences. Les ions sont plus grands dans le milieu M63G-B1 qu'en solution saline et

peuvent donc former des doubles couches plus épaisses. Ceci peut donc diminuer les

interactions entre les bactéries et les surfaces.

Néanmoins, les interactions hydrophobes (prédominantes sur les surfaces riches en

CH3) et les interactions répulsives électrostatiques entre les charges positives de

l'enveloppe des bactéries et la charge positive de surface pourraient être plus sensi-

bles aux augmentations de distance entre la bactérie et la surface des matériaux. Les

interactions attractives électrostatiques entre les bactéries et la surface des matéri-

aux sont causées par la charge globalement négative de l'enveloppe des bactéries,

même si des charges positives sont présentes. Par conséquent, de telles interactions

pourraient être prédominantes en milieu M63G-B1 et conduire à une augmenta-

tion du nombre de bactéries adhérentes sur les surfaces avec l'augmentation de la

concentration en NH2.

Pour diminuer l'e�et stérique de la double couche d'ions et pour mieux étudier

l'adhésion bactérienne, des expériences en dynamique (ou en temps réel) ont été

réalisées. Les taux d'adhésion bactérienne en condition dynamique sur des surfaces

de di�érentes concentrations de NH2 ont été comparés.

Comme pour les résultats des expériences en statique, les taux d'adhésion bactéri-

enne présentent des zones de transition brusques qui dépendent de la concentration

de NH2 sur la surface. Par contre, les zones de transition obtenues dans les expéri-
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ences en statique et dynamique sont nettement di�érentes. De plus, l'analyse des

taux d'attachement et de détachement révèlent des zones de courbe, qui correspond

à la concentration de NH2 sur la surface avec une adhésion plus ou moins stable des

bactéries.

Avec cette étude nous avons pu con�rmer que le milieu utilisé pour les expériences

peut a�ecter l'adhésion bactérienne. De plus, nous avons démontré pour la première

fois, que des changements subtils de la composition chimique d'une surface peuvent

in�uencer l'adhésion et la prolifération de bactéries. Les expériences en temps réel

con�rment que l'hétérogénéité chimique de surface joue un rôle important pour les

interactions entre des bactéries et des surfaces dans un environnement complexe. Par

contre, les phénomènes impliqués restent à analyser de manière plus approfondie.

Néanmoins, les expériences permettent de démontrer que la stabilité des bactéries

est plus élevée sur les surfaces riches en NH2 que sur les surfaces riches en CH3.
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General introduction

A material e.g. a medical implant that is exposed to common biological liquid environment

has high risks to be contaminated by microbes [1,2]. This contamination typically results

in a bio�lm (�gure 0.1) that can cause serious health problems due the resistance that

it o�ers to bacteria against antibiotics and other environmental stresses and its role as a

reservoir, for the regular release of planktonic bacteria [1]. The initial bacterial adhesion

(step 2 in �gure 0.1) is considered to be a crucial step in the process of bio�lm formation.

Bacteria interact physically and chemically with the surface, which is controlled by the

properties and reactive domains of the bacteria surface [3�5], the material surface [6], as well

as environmental conditions such as pH, concentration of ions, temperature, shear stress

etc. [7�9]. If bacterial adhesion could be controlled, bio�lm formation could be avoided,

and free-living bacteria could be easily cleared by antibiotics. Hence, the interaction and

the understanding of the initial adhesion step of bacteria is the focus of many investigations

[10�21].

Figure 0.1: The bio�lm formation is generally described by 4 more or less overlapping

steps. Step 1: Planktonic bacteria are passively or actively transported near the surface.

Step 2: Bacteria adhere at the surface. Step 3: Bacteria form a bio�lm and produce

exopolysaccharides. Step 4: Bacteria can detach from the mature bio�lm. Illustration

from Ploux et al [3].
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GENERAL INTRODUCTION

Material surface properties play a crucial role in the �rst bacterial adhesion step. Despite

number of publications, the understanding of the interactions between bacterium and ma-

terial surface caused by physical-chemical properties remains largely partial. In particular,

some aspects of the material surface properties have been totally neglected. This is the case

of the potential impact on the bacterial behavior of chemical heterogeneities of a surface

and, more generally, the accessibility of individual chemical functionalities.

For studying such aspects, well-characterized and de�ned substrates might be the key

point of signi�cant, relevant and reproducible results. The speci�c physical-chemical sur-

faces properties must be reproducible and have constant properties, only a�ected by the

environmental conditions. These surfaces must be easy to fabricate and have to be stable

under long-term physiological conditions, di�erent shear rates, temperature and pH. Above

all, the de�nition, control and description of their properties like the chemical functionali-

ties exposed to the bacterial surface, charge, hydrophilic and hydrophobic character must

be comprehensive. For example, if surfaces with immobilized biomolecules are considered,

such a description is crucial for understanding the bacterial response to di�erently exposed

biomolecules. However, model surfaces adapted for investigating the impact of chemical

heterogeneities of surface on bacterial behavior are rare and incomprehensively described.

In other respects, the study of bacteria adhering onto and developing on such surfaces,

needs speci�c and careful methodology to have access to the expected, subtle di�erences

in bacterial behavior. Experiments in dynamic conditions, which allows to apply speci�c

stress at the bacteria/surface interface, and genomic and proteomic analysis approaches,

which allow to assess the bacterial metabolism, are still rare. Yet, they should favor a com-

prehensive understanding of the impact of speci�c surface features on bacterial behavior

and should allow to determine whether bacteria are able to sense these features.

Scope of the thesis

In this frame, the �rst main objective of the thesis was to develop adequate model sur-

faces for studying the e�ect of chemical heterogeneities of a material surface on bacterial

adhesion and bio�lm development. For that purpose, it was necessary to also establish

a methodology to characterize and thoroughly analyze these surfaces. The second, main

object was to investigate the adhesion and the proliferation of bacteria on these surfaces

in terms of quantity, kinetics and metabolism.

For preparing the adequate model-surfaces, presenting mixed controlled chemistry at

molecular scale, silicon wafers modi�ed with self-assembled monolayers were chosen. They

can be fabricated in almost every laboratory, result in stable surfaces and provide the

opportunity to introduce various functional groups in di�erent densities. A huge variety

of possible functional groups can be used to change the surface character and to inves-

tigate the impact of di�erent physical-chemical surface properties on bacterial adhesion.

However, their layer structure and molecular organization are often far from the expected

properties, especially due to unintentional almost inevitable chemical side reactions.
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In the present work, we therefore choose to develop SAMs surfaces based on bromine termi-

nated silane and to associate their development with a thorough characterization method-

ology, mainly based on X-ray photoelectron spectroscopy (XPS), to reach well-known and

well-described model surfaces (in collaboration with Prof. Vincent Ball). Aiming at prepar-

ing further studies about the impact on bacterial adhesion of the accessibility of immobi-

lized biomolecules, we also preliminary investigated the possibility to use the chemically

mixed model surfaces for the grafting of an amino acid on amine terminated surfaces (in col-

laboration with Dr. Delphine Josien). Finally, the impact of the well-characterized model

surfaces on bacterial adhesion and proliferation of Escherichia coli SCC1 and Staphylococ-

cus epidermidis was investigated under static and dynamic conditions. In addition, the

production of PIA by planktonic and sessile S.epidermidis was investigated by real time

polymerase chain reaction (in collaboration with Prof. Iris Spiliopoulou and Prof. Yannis

Missirlis). Furthermore, preliminary works led to a protocol to analyze the protein produc-

tion of adherent bacteria (in collaboration with Prof. Thierry Jouenne). The organization

of the main part of this work is pictured in �gure 0.2.

Figure 0.2: The work of the thesis is described in three di�erent chapters. In chapter 2,

the characterization of model surfaces was validated. In chapter 3, model surfaces were

developed and elaborated. Finally, the bacterial response of those model surfaces was

investigated in chapter 4.
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GENERAL INTRODUCTION

Organization of the manuscript

The manuscript of this work is organized in 4 chapters. After the general introduction, the

context of the work is given in chapter 1. The description of the practical work starts from

chapter 2. The chapters 2, 3 and 4 consist in a short introduction, the state of the art,

results and discussion, supplementary information and �nally a conclusion.

The manuscript closes with the General conclusion and the outlook of the work.

The sections results and discussion are written in form of scienti�c articles that are ei-

ther published, submitted or in preparation except for the second part of the fourth chapter

that is written in a classical form. Hence, aside from potential supporting informa-

tion section belonging to the article, a supplementary information section contains

additional results and non included informations related to the subject of the article.
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Chapter 1

Context

Nowadays, solid and soft implants, including their coating, attempt to provide better

integration and to avoid infections. Yet, in most of the studies regarding implants and

their coating, the adhesion response either of (macro)molecules/particles or cells is of

the major interest, since the knowledge about the adhesion mechanism of molecules or

cells is important to improve the human life quality. Besides, behavior of bacteria on

these materials is often of secondary interest while crucial for the success of the implant.

Properties of the biomaterial surface have likely a strong in�uence on bacterial adhesion.

However, direct study of bacterial adhesion on biomaterial surfaces with speci�c properties

is needed. Therefore, model surfaces mimicking some subtle surface characteristics are

required. Furthermore, thorough knowledge through comprehensive characterization is

needed to bring in relation speci�c bacterial behavior and speci�c properties of the surface.

This chapter begins with a short introduction on biomaterials, especially about what kind

of materials are used, followed by a paragraph on biomaterial-related infections, bacterial

adhesion and surface properties in�uencing bacterial adhesion. Subsequently an overview

on model surfaces, and their characterization is given.

1.1 Biomaterials

In general, the term �biomaterial� deals with a material that is in contact with a biological

system. In 1987 Biomaterials were de�ned by the European Society for Biomaterials as

'a non viable material, used in a medical device, intended to interact with a biological

system' [22]. In the course of time, the de�nition was adapted and modi�ed. In 1999, the

ESB Consensus Conference II rede�ned biomaterial as 'a material intended to interface

with biological systems to evaluate, treat, augment or replace any tissue, organ or function

of the body ' [23]. In 2009, David Williams published a leading opinion article in the journal

Biomaterials [24], in which he gave a precise de�nition of the term. Williams discussed at

�rst the meaning of the pre�x �bio� as life or living, i.e. considering if materials are made

for biological application or made from biological tissue, 'taking out of life or putting into

life' [24].

5



1. CONTEXT

Biomaterials are generally used as orthopedic implants (arti�cial hips, knees, interverte-

bral discs, bone grafts etc), cardiovascular implants (heart valves, pacemakers, stents etc),

dental implants (�llings, enamels, prosthetics etc), soft tissues (intra-ocular lens, breast

implants, wound healing etc) and in the surgical �eld (scalpels, surgical tools). In the

classical view, biomaterials can be classi�ed in: polymers, ceramics, metals and their com-

posites [25]. Figure 1.1 illustrates a human body with the potential locations of implants.

Figure 1.1: Typically, biomaterials like polymers, ceramics and metals are used as

implants in the whole human body. Illustrated by Ramakrishna et al [26].

The type of biomaterial changes with its application, depending on the requirements of the

implant and the material properties. Polymers, ceramics and metallic implants are here

brie�y addressed.

Polymers which are commonly used as biomaterials are polyurethane (PUE), polyethylene

(PE), poly(methyl methacrylate) (PMMA), poly(ethylene terephthalate) (PET, Dacronr),

poly(tetra�uoroethylene) (PTFE, Te�onr), hydrogels and biodegradable polymers like

PGA, PLA etc. They are often used for the immobilization of biomolecules [27]. An

advantage of polymers is that speci�c chemical properties of the material surface can be

easily achieved by di�erent compositions. Furthermore, polymers are easily to fabricate

and formed in the required shapes and structures. However, additives that are often used
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1.1. Biomaterials

as stabilizer, degrade fast (chemically and biochemically) leading to life-time limitations

of polymer-based biomaterials. Another disadvantage is due to the di�culty to sterilize

polymers that may be changed through heating, UV as well as electron beam or gamma

irradiation. In addition polymers may be too �exible for the mechanical demand of some

implants [26,27].

Bioceramics mostly consist diamond like carbon, alumina, zirconia, hydroxyapatites and

bioglasses and are considered as biocompatible [27]. The advantage of bioceramics is that

they have similar properties to bones, a high compressive strength (when they are dense)

and their bioactivity can be varied depending on the material. Furthermore, bioceramics

can be easily sterilized. One disadvantage of bioceramics is that they are di�cult to

fabricate [28]. Furthermore, they have a low fracture strength, a low reliability and lack of

high density [26,27].

Metallic biomaterials are typically stainless steel, Ti and Ti alloys, NiTi, Pt-Ir, tantalum,

Co-Cr and gold [25, 27], they have a high mechanical strength and are very sti�. They

have good fatigue and wear resistance and their fabrication is well-known. Nevertheless,

many metals have a low biocompatibility, tend to corrosion and have a too high sti�ness

compared to the human tissues. Furthermore, some metal ions may be released and cause

allergic tissue reactions [26,27].

Other �materials� could be considered as biomaterials like tissues or organs according to

the de�nition of Williams [24]. Their mechanical, topographical and chemical properties

vary in a large range. In all cases, however, biomolecules constitute their surface.

Finally there are a huge variety of biomaterials in respect of the needs of their application.

They are usually described with their global properties, like sti�ness, strength, or physical-

chemical properties. However, their description at the molecular scale is usually missing,

although it is probably an important factor to understand biomaterial behavior, like success

(i.e. integration) and failure (i.e. infection and removal) of implants.

Moreover, whatever their initial composition, biomaterials are covered with a layer of host

proteins, shortly after their implantation and prior to any accumulation of in�ammatory

cells [29�32]. The chemical complexity of the biomaterial surface is therefore still increased.

In other respects, the surface of biomaterials can have been modi�ed to achieve better inte-

gration of the implant [27]. In the last twenty years many surface modi�cation techniques

have been developed mostly to improve the ability of the biomaterial to alter the extent of

protein adsorption [29] or to improve the colonization by eukaryotic cells [33]. This can be

changed by the modi�cation of the surface properties like surface wettability, hydropho-

bicity and surface charge [29, 34�36] or by the addition of speci�c functional groups like

methyl (CH3), carboxy (COOH), amine (NH2) and hydroxyl (OH) [27, 37�39]. All these

surface functionalizations induce chemical modi�cations that obviously still increase the

molecular complexity of the surface.
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1. CONTEXT

1.2 Biomaterial-related infections

Gristina predicted in 1987 that �ultimately, almost every human in technologically ad-

vanced societies will host biomaterials� [28]. Hence, today, the number of patients that

have a surgery to insert an implant increases over the time and with an aging popula-

tion [40]. In 2030, for example the number of hip and knee replacements will increase by

174 % and 673 %, respectively [41]. Unfortunately, infections caused by implants parallely

increases, consequently leading to pain for the patient. This also results in increasing costs

of treatments, removal of numbers of implant and, in the worst case may lead to the death

of the patient [28,42].

Biomaterial-related infections may occur when a non-living substrate is introduced in the

human body. Such foreign materials have potential, favorable sites for bacterial adhesion.

Then, bacteria can adhere and colonize the substrate, resulting in host response and in-

fection [28]. In general, the infection of biomaterials can occur by following two di�erent

processes [40]. One is the direct inoculation, which happens during the time of implan-

tation or through the manipulation of the implant giving a nosocomial infection. It is

thought to be the predominant origin of infection. The second process is the so-named

haematogenous seeding [40]. In this process, bacteria from a di�erent infection site, e.g.

the skin, are transported by the blood stream to the implant, and �nally attach on the

implant. It is an important cause of infection and may lead to in-situ deep infections [43].

Bacteria develop on implant surfaces as bio�lms that, far from a simple accumulation

of sessile bacteria, are bacterial communities embedded in exopolysaccharides that they

produce [1]. Bacteria in a bio�lm are notoriously resistant to antibiotics and host defense.

They can persist on the substrate until its removal [28,40]. Indeed, although host defense

is able to clear bacteria by antibiotics and phagocytes (see �gure 1.2 A), it cannot �ght

against bacteria included in bio�lms (see �gure 1.2 B). The phagocytes are attracted by the

bio�lm and release phagocytic enzymes (see �gure 1.2 C) but phagocytic enzymes damage

the host tissues, while planktonic bacteria cells are released from the bio�lm and may cause

another infection in the neighboring tissue (see �gure 1.2 D) [1].

Biomaterial-related infections involves the inoculation of pathogens, like Staphylococcus

aureus or the transformation of nonpathogens, like Staphylococcus epidermidis to a virulent

organism that produces a bio�lm matrix [28]. Approximately 50 % of all the prosthetic

joint infections are caused by gram-positive Staphylococcus species, followed by infections

caused by gram-negative bacteria like P.aeruginosa and E.coli in 12.7 % of the cases [40].

The coagulase-negative S.epidermidis is the leading cause of infections related to medical

devices [44,45].

Of course, the risk of infection depends on procedure of surgery, sterilization and patient-

related factors. Factors like age, gender, body mass index, diseases or life style factors like

smoking or alcohol habits may signi�cantly increase the risk of infection [40,44]. However,
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1.2. Biomaterial-related infections

the type of prosthesis that is used also appears to in�uence the risk of infection [46]. Aside

from the location of implantation, and the life-time of the implant in the body, properties

of the biomaterial and its surface are crucial in this process.

Figure 1.2: An implant in the human body can lead to infection of the surgery site by

bacterial bio�lm. (A) shows planktonic bacteria arriving near the implant. Bacteria are

cleared by antibiotics, antibodies and phagocytes. (B) Bacteria adhere on preferentially

inert surfaces and form a bio�lm, being consequently protected from antibiotics, antibod-

ies and phagocytes. (C) Phagocytes are near the bio�lm and release phagocytic enzymes.

(D) While the bio�lm releases planktonic bacteria cells, the phagocyte enzymes damage

the host tissue. Illustrated by Costerton et al [1].

1.2.1 Physical-chemical surface properties in�uencing bacterial adhesion

The physical-chemical properties of material surface play a crucial role in bacterial ad-

hesion. Aside from impact of the roughness, the in�uence of chemistry was investigated

in the last two decades. Thereby, the impact of three chemical main groups were inves-

tigated: The negative and positive charge introduced by chemistry, the hydrophobic and

hydrophilic character, and various functional groups.

It was demonstrated that the surface charge of the substrate has an impact on bacterial

adhesion and on bacterial growth [11, 47]. Typically, Gottenbos et al. showed that gram-

positive and gram-negative bacteria adhere faster on positively charged surfaces than on

negatively ones [47]. However, the proliferation behavior of bacteria is quite the opposite:

Gram-positive and gram-negative bacteria grew less or did not even grow on the positively

charged surfaces. Gottenbos et al. explained the favorable bacterial adhesion on positively

charged surfaces by the absence of repulsive forces between negatively charged bacteria

and positively charged substrate surfaces. However, the interaction between the positively
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charged surfaces may a�ect the elongation process of bacteria cells, which is required for

cell division. Depending on the nature of bacterial cell membrane, i.e. gram-positive

or gram-negative, cell division may be possible or inhibited by the interaction with the

substrate [11,47].

Aside from surface charge, wettability character and corresponding surface energy are con-

sidered to be an important factor for bacterial adhesion. However, results of di�erent

studies often seem to be contradictory [3, 12, 14]. As an example, hydrophilic and hy-

drophobic hydrogels were used by Bruisnsma et al. to investigate bacterial adhesion [12].

The used gram-negative Pseudomonas aeruginosa bacteria strains were shown to adhere

less on hydrophobic than on hydrophilic hydrogels. Furthermore they obtained a higher

number of attached Pseudomonas aeruginosa than of attached Staphylococcus aureus, and

the Pseudomonas aeruginosa were stronger attached to the surface than Staphylococcus

aureus [12]. An example of contradictory study was reported by Cerca et al. [14]. They

performed bacterial adhesion studies with eleven Staphylococcus epidermidis strains on

glass substrate and acrylic substrates. The glass substrate was considered as hydrophilic

with a water contact angle of 23 ◦ and the acrylic substrate was considered hydrophobic

with a water contact angle of 85 ◦. They found that the acrylic surface favored the ad-

hesion of eight strains out of eleven initial strains and furthermore, the amount of bio�lm

on acrylic substrate was higher than on glass substrate. These results are therefore appar-

ently opposite of those of Bruinsma et al.. However, materials and methodology used in

most of the literature are, like in these two examples, very di�erent. For resolving such

apparent contradiction and determining the e�ect of more subtle surface properties, model

surfaces, such as created by self-assembled monolayers and more sophisticated biological

investigations appear to be essential.

The impact of functional groups like CH3 [13,16,17,20,21,48], NH2 [16,20,48], OH [13,20,

21,48] and COOH [21,48] on bacterial adhesion have been showed. However, the surfaces

have always been simply described by their wettability character [10,13,16,49] or, in some

cases, their zeta potential [20,48]. Some authors reported similar colonization on CH3 and

OH [21] or CH3 and NH2 [16] terminated surfaces.

In addition, mixed monolayers (MMLs) can be obtained by a mixture of two or more

silanes to achieve surfaces with various densities of one functionality back�lled with a

second (OH and CH3). Wiencek et al. [10,49] studied the adhesion of Pseudomonas strain

under hydrodynamic conditions. They showed that bacteria adhered less on surfaces with

a high amount of OH, than on surfaces with a high amount of CH3. Further, they showed

that the desorption rate of bacteria was lower from surfaces with a high amount of CH3.

Despite a comprehensive approach of the bacterial behavior on these model surfaces, the

incomplete description of substrates, mainly based on wettability measurements, prevents

to address the topic of the relationship between bacterial behavior and the chemical surface

composition at the molecular scale.
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The e�ect of shear rate on bacterial/material interface has also been studied. At a low

shear rate 50 s−1, Tegoulia et al. showed similar bacterial adhesion on CH3, COOH and OH

terminated surfaces. However, by increasing of the shear rate (250 s−1), more bacteria were

adherent on CH3 surfaces than on COOH and on OH. Katsikogianni et al. found the same

tendency of bacterial adhesion for S.epidermidis strain; (CH3 > (NH2) > COOH > OH)

[48], which however, was maintained whatever the shear rate (from 50 s−1 to 2000 s−1).

Finally, even if the literature already demonstrated that the physical-chemical properties

like the wettability or surface charge play a crucial role for bacterial adhesion (see �gure 1.3)

and also allowed to extract some general tendencies, the results of performed experiments

remain contradictory. They depend strongly on the (model-) surfaces, experimental set-up

and bacteria strains. Above all, the global surface description using wettability or charged

character at a macroscale may screen subtle e�ects that the functional groups present at

the surface may induce to bacterial adhesion and development.

Figure 1.3: Bacterial adhesion is often studied on self-assembled monolayers, however

the impact of the functional groups remains unclear.

1.2.2 Understanding bacteria sensing of the surface and its biological

response

Aside from the role of the material surface on bacterial adhesion, the question of whether

bacteria are able to sense the surface and its properties has not been elucidated yet.
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Speci�c interaction between surfaces properties and bacteria cells was also shown in an

experiment performed on Escherichia coli [50]. Within the �rst hour of cell adhesion on

hydrophobic surfaces, bacteria were activating the Cpx-signaling pathway, which is sus-

pected to play a crucial role in the control of initial cell-surface interaction. However, the

expression of the Cpx-pathway in adherent cell on hydrophilic surfaces showed no di�er-

ences compared to the gene expression of planktonic cells. Hence, certain physical-chemical

properties of the surfaces may activate speci�c processes in the bacteria metabolism during

the initial bacterial adhesion [50, 51]. Speci�c changes in the expression of curli in E.coli

cells, caused by the interaction between a material surface and bacteria cells, have been

reported by Cottenye et al. [52]. In this study, the used bacteria strain produced GFP

parallel to the curli synthesis. Cottenye et al. hypothesized that the curli over-expression

was induced by interactions between bacteria and the negatively charged oligonucleotides

functionalizing the substrate.

Although literature addressing this topic is rare, it was already demonstrated that the

gene expression changes between initial adhesion, bio�lm formation/maturation and �nal

detachment [50,53]. For example, it was shown that Pseudomonas putida expresses genes

for �agella in planktonic cells, but after adhesion to surface, the expression was down-

regulated until a mature bio�lm was reached [53].

In mature bio�lms, Prigent-Combaret et al. showed in 1999 that 38 % of the genes are

di�erently expressed in sessile and planktonic E.coli K12 mutants, including genes, which

are responsible for e.g. �agella, exopolysaccharide or cell-to-cell signaling [54]. This was

also shown for Pseudomonas aeruginosa with more than 50 % of di�erences in gene ex-

pression between sessile and planktonic bacteria [55]. However, whether bacteria change

their gene expression just when interacting with a surface, which may result in changes of

the membrane protein that have an in�uence on bacterial attachment, remains di�cult to

prove experimentally.

Finally, surface sensing and especially sensing of material surface properties by bacteria is

still a mystery.

1.3 Model-surfaces and surface description for studies at

biointerfaces

Several methods have been proposed to develop homogeneous and well-de�ned surfaces.

The required surface modi�cation can be achieved by plasma mediated techniques, mod-

i�cations by chemical grafting, and self-assembled monolayer techniques [29]. Through

plasma modi�cations, various functionalities can be obtained and the process of plasma

modi�cation is compatible with most of the materials used in medicine [27, 29, 39] like

polymers [56], ceramics [57] and metals [58]. Modi�cations by chemical grafting allows to

chemically immobilize compounds, e.g. protein or monomer, onto the surface of bioma-
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terials through covalent grafting, thus altering the surface chemistry [29]. Nevertheless,

both methods do not allow to control conformation and organization of the molecules.

Furthermore, surface topography in particular at the molecular- and nanoscale, cannot be

rigorously controlled.

On the contrary, self-assembled monolayers (SAMs) o�er the possibility to control the

density and the conformation of single or multiple functional groups on the surface. Fur-

thermore, they provide �at and chemically well de�ned surfaces. They are therefore, very

good candidates to prepare very well-de�ned and well-organized platforms for studies at

the bacteria/material biointerface [59,60].

Nevertheless, their careful and detailed development and elaboration must then be sup-

ported by a comprehensive description through a thorough characterization of their prop-

erties.

1.3.1 Self-Assembled-Monolayers

In 1946, Bigelow et al. discovered a reversible adsorption of molecules in hexadecane on

platinum or glass substrates. They argued that long-chain molecules adsorbed on surfaces

are densely packed, and giving less roughness than the underlaying substrate [61]. They

further concluded that non-Langmuir-Blodgett1 orientated monolayers can be prepared

in di�erent solvents with di�erent polar molecules. The same research group conducted

several experiments and pointed out that the control of relative humidity and temperature

are crucial for the experiment. Various molecules with di�erent chain-lengths were used

and also the e�ect of solvent was investigated [61].

Despite this early article, the researchers payed attention to self-assembled-monolayers

only in the 80ths. Then SAMs became of high interest. At the beginning, glass slides

were used as substrates [63]. In 1983, Nuzzo and Allara prepared the �rst thiolate-based

SAMs on a gold substrate [64], and this work promoted the investigations of SAMs on gold

substrates until today [65]. Pomerantz and Sagiv performed many basic studies in which

SAMs, deposited on di�erent substrates, mainly on silicon wafers, were thoroughly char-

acterized [66�68] and compared to Langmuir-Blodgett �lms [67,68]. SAMs were then used

for many applications including the modi�cation of surface properties like hydrophobicity,

hydrophibility or biocompatibility [69].

SAMs are formed in a spontaneous, simple process, where the molecules are adsorbed onto

a solid surface (see Figure 1.4). Therefore, the molecules are dispersed in a liquid support

(active solution) [70]. The molecules are assembling themselves on the surface resulting in a

well de�ned two-dimensional system. Commonly used self assembling molecules are silanes,

diphosphates and thiolates. Thiolates form SAMs on gold, while silanes and diphosphates

1Langmuir-Blodgett �lms are one or more monolayers of organic molecules formed by immersing or

emersing of a substrate, the molecules being physisorbed [62].
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are forming SAMs on hydroxylated metals [65] such as silicon wafer.

Figure 1.4: The �gure shows the preparation of self-assembled-monolayer on a surface.

In the �rst step, the substrate and the self-assembling molecules are put together in a

vessel. The molecules are adsorbed on the surface and �nally self-assembled-monolayers

are obtained on a solid substrate.

Controlled surfaces on silicon wafers are generally di�cult to obtain by introducing

organosilanes (especially aminosilanes) in liquid phase [71]. The grafting mechanism of

trichlorosilanes was �rst published in 1991 by Silberzan et al [62], a schematic of this

mechanism is shown (in �gure 1.5). It can be described in four separate steps [72, 73]:

Figure 1.5: Schematic of the grafting mechanism of trichlorosilanes. The �rst step of

the silanization is the physisorption of the silane, the approach and the alignment of the

silane. In the second step, the chlorosilane hydrolyzes. The hydrolyzed silanes are then

able to react with the silanol groups of the surface, after release of water. To stabilize

the silane, an annealing step is required to remove residual water traces.

(1) the physisorption of the silane on the substrate, followed by (2) the hydrolysis of side

chains. In these �rst two steps, an aqueous phase is intercalated between the substrate and

the silane. Finally, the silane is grafted covalently (3) onto the substrate and (4) an in-

plane reticulation takes place [73] between the neighboring Si-OH-groups, by a removal of

a water molecule. The aqueous phase is important for the physisorption, and the exchange

of the chloryl- by hydroxyl-groups. Nevertheless, it is not required to add additional water:

some publications show that after complete dehydration of the system, the grafting is not

optimal and that a small quantity of water is necessary to achieve good grafting as well

as good compaction [74]. Dehydration of the layer by a �nal annealing step favors retic-
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ulation between adjacent silanol groups and appears to be crucial for the stabilization of

the monolayer. Hence, by increasing the stability a long term stable [75] 2D polysiloxane

networks [71] can be obtained. This stable substrate is important for application in liquid

ambiance. Silanes can carry reactive groups, like amine groups, which are necessary for

further immobilization of the biomolecules of interest [59].

In the following, the characteristic and the principle of the self-assembled monolayers is

described.

Self assembling molecules can be separated in three di�erent parts: the head group,

the chain, and the surface group. The head groups, mostly illustrated as SiX3 where

X=Cl,OCH3 or OC2H5, reacts (exothermic) with surface groups of the substrate. The

Van der Waals forces increase with the lengths of the chain, mostly an alkyl chain -(CH2)-,

which leads to a highly organized structure. The surface group is the terminal group and

determines the functionalization of the surface.

Aside from the homogeneous SAMs, so-named mixed monolayers can be also obtained by

the use of two or more surfactants with two or more functional groups [63]. Mixed mono-

layers are of particular interest to modulate surface properties like wettability character or

charge at the molecular scale.

Hence, SAMs and mixed monolayer provide a high potential for biointerface studies. In

example, they o�er the possibility to graft other (bio)molecules to further modify the

surface chemistry.

1.3.2 Characterization of surfaces for biointerface studies

As we already evoked, interactions between a biological system and a material depend

strongly on the physical-chemical properties of the material. We believe that these prop-

erties are able to play a role, not only at �macro-� but also �nano-� and molecular scale.

Hence, for an accurate interpretation of the experimental data, the surface has to be thor-

oughly characterized and analyzed [76]. However, in literature addressing interactions

between SAMs and bacteria, the surfaces are rarely completely characterized [19,77].

The substrates are mostly analyzed by contact angle measurements [10, 12, 13, 16, 33, 47,

52, 78�80], but surface energy [20] is rarely calculated. XPS (X-ray photoelectron spec-

troscopy) measurements [10, 13, 18, 20, 52, 81�85] are frequently used, yet mainly only to

determine the elementary composition. In addition, thickness is determined by ellipsom-

etry [13, 86], roughness by AFM (atomic force microscopy) [12, 16, 20, 33, 80, 87�89] and

surface potential (charge) is expressed by zeta potential measurements [12,20,47,78,83,90].

Amorphous silica substrates were also characterized by TOF-SIMS (time of �ight-secondary

ion mass spectroscopy), along with zeta potential [91] while, very recently, Huang et al.

fabricated a LR-SPR (long range-surface plasma resonance) chip on which the thickness

of the coating was determined by ellipsometry [52,86,87,89,92].
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Despite this variety of techniques, techniques are rarely used together for a careful and

thorough characterization of the structure and the molecular organization. In addition,

several researcher assume the ideal structure of SAMs substrates that is used for biointer-

face studies. However, as shown partial in literature [93�95] and in the following chapter,

SAMs deposited on surfaces may be organized in multilayers etc. Hence, an accurate char-

acterization, by an appropriate combination and careful analysis of data, should allow to

comprehensively describe the surface [76].

Finally, despite the use of sometimes sophisticated methods, the surfaces used for bacterial

adhesion studies are seldom fully understood. Not rarely, surface properties are �nally

�con�rmed� by bacterial adhesion behavior [19,77].

1.4 Conclusion

In this frame, the goal of the present work is to establish a material that can be used

for bacterial adhesion investigations focusing on subtle properties of the surfaces as those

really present on biomaterial surfaces. It should be therefore a well de�ned material, where

the chemistry can be speci�cally changed as requested, without modi�cation of the surface

topography. This last property should be kept as smooth as possible. Silicon wafers are

therefore the substrate of choice, thanks to its negligible surface roughness, when cut from

a single crystal. The well-studied system of self-assembled monolayers (SAMs) was chosen

to modify the surface of this metal. SAMs allow to control density and organization of

the molecules, as well as structure of layer. Finally, these model surfaces will be used to

study whether the chemical properties of the surface at the nano-/molecular scale are able

to impact bacterial behavior and bio�lm formation.
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Chapter 2

Characterization of model surfaces based

SAMs

2.1 Introduction

The characterization of the surface is crucial to understand the physico-chemical features of

the substrate and subsequently for understanding the mechanisms of bacterial adhesion or

molecule/particle adsorption. The importance of a well-known surface is usually accepted

by all authors. Nevertheless, there are many examples in literature, where apparently

well-known systems are used without the necessary characterization. Hence, the fabricated

surface may have quite di�erent properties to the assumed ones.

Silicon wafers are often used as substrates, with the purpose of diverse applications or

studies. The use of SAMs on silicon substrates is common and allows the functionalization

of the surfaces as required. Hence, one is prone to assume that by the use of SAMs, the

�ideal� surface is obtained. However, results coming from single technique are mainly not

su�cient to describe the nature of the surface and many other physical-chemical features

are not considered. It is well known, in literature, that APTES leads to multilayer [76].

The short silane 3-aminopropyltriethoxy-silane (APTES) deposited on a silicon wafer is one

example of such misleading characterization. Nevertheless, APTES functionalized surfaces

are commonly used as substrates for biointerface studies. The characterization of such

surfaces shows the presence of nitrogen, which together with a hydrophilic contact angle,

may convince of the presence of an APTES monolayer. Yet this amount detected by XPS

is often too high for a monolayer, �nally indicating the multilayer structure. APTES for

example is widely discussed to form multilayers [93�95], as mentioned above.

Results obtained on a wrong assumption may lead to a wrong interpretation of the ex-

periment and consequently to a wrong conclusion. Therefore, it is important to carefully

characterize the whole system as well as each step of reaction on the surface to be sure of

the surface properties used for further biointerface studies.

17



2. CHARACTERIZATION OF MODEL SURFACES BASED SAMS

Two silanes, APTES and N(6-aminohexyl)aminopropyltriethoxy-silane (AHAPS), that are

often used in literature, were chosen to study the e�ciency of the characterization of

model surfaces grafted on silicon wafers. In a second step a biomolecule was grafted

on AHAPS functionalized surfaces by the commonly used linker glutaraldehyde. The

chosen silanes are not ideal candidates to obtain SAMs, prepared in liquid conditions.

However, they are relevant tools to study the ability of a surface characterization approach

to highlight potential defects in layer structure and molecular organization. The surfaces

were investigated by combination of di�erent characterization techniques and the results

carefully analyzed.

The characteristics of the layers made of the two used silanes are discussed and it is

�gured out, which combination of characterization techniques is necessary to su�ciently

describe the surface in a more realistic model. Due to the knowledge of the surface and

its structure, bacterial adhesion experiments should be better interpreted, founded on the

realistic properties of the surface.

In this second chapter, four model surfaces were fabricated under simple conditions, thus

they can be prepared in every laboratory. Alkoxysilanes were used to functionalize the

silicon substrate. These silanes are commonly used to modify inorganic and organic sur-

faces since they bind covalently to the surfaces [96]. Model surfaces used in this work

were obtained by two one-step (APTES and AHAPS), one two-steps (AHAPS-GAD) and

one three-steps (AHAPS-GAD-glutamine) procedures. The surfaces were analyzed sys-

tematically using di�erent characterization techniques (XPS, contact angle measurements,

ellipsometry, zeta potential and AFM) and the experimental data were combined together.

By combining the results, the description of the APTES surface which was already illus-

trated in literature could be con�rmed. New descriptions were developed for the other

three surfaces (AHAPS, AHAPS-GAD, AHAPS-GAD-glutamine).

The chapter is based on the article Necessity of a Thorough Characterization of Function-

alized Silicon Wafers before Biointerface Studies that has been published in the Journal of

Physical Chemistry C in 2011 (volume 115, pages 11102-11111, doi:10.1021/jp201377n).

A supplementary information section addresses related topics that are not evoked in the

publication.

2.2 State of the art

As mentioned above model surfaces are developed to describe the physical-chemical features

of the surfaces. Here, the model surfaces are SAMs deposited on silicon wafer. In general,

di�erent features of such monolayers can be analyzed by diverse techniques. Thereby,

the quality of the SAMs can be determined through �ve characteristics of the deposited

layer: (i) chemical composition, (ii) thickness, (iii) molecular orientation and ordering, (iv)

uniformity and coverage and (v) the thermal and chemical stability [70].
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The most commonly used technique to characterize the chemical composition (i) of surfaces

is X-ray photoelectron spectroscopy (XPS). XPS analyses can give information about the

oxidation of elements and about the chemical environments (chemical bonds) [97]. Two

di�erent modes are commonly used to analyze the surface: the chemical composition by

monitoring a survey spectrum and the chemical environment by recording a high resolution

spectrum, a spectrum over a certain interval of the kinetic energy. Thereby, the high

resolution spectra provides detailed information about the structure [76]. The chemical

deposition can also be analyzed by other techniques as Auger electron spectroscopy (AES)

and secondary ion mass spectroscopy (SIMS) [70].

An advantage of XPS is that through changing the take o� angle the depth of the probe

changes, too. Over 90 % of the probed signal arises from a depth into the solid within 3λ,

while the probe depth is de�ned by equation 2.1

d = 3λ sinα, (2.1)

where λ is the inelastic mean free path of the emitted electrons, and sinα is determined

by the take o� angle of the emitted electrons to the surface [97].

The thickness (ii) is frequently characterized by optical ellipsometry. The experimental

obtained thickness can be compared with a calculated fully extended length of the molecule

by adding bond lengths [70, 98]. For methyl terminated silanes the following equation 2.2

is used:

l [Å] = 1.26 · (n− 1) · φ + 1.33 + 1.521 + 1.93, (2.2)

where l is the length of the extended silane, 1.26 is the length of (n − 1) CH2 units in

the main chain, φ is the tilt angle of the monolayer and 1.33, 1.521 and 1.93 are the bond

lengths of Si-O, C-Si and terminating CH3 groups, respectively [70,98]. Methyl terminated

n-alkylsilanes are assumed to deposit with a tilt angle of < 30◦ [70]. Beside ellipsometry

other techniques that are used to measure the thickness of SAMs are plasmon surface po-

larization [99] and X-ray techniques [98,100].

Informations about the molecular orientation and ordering (iii) is provided by Fourier-

transform infrared spectroscopy (FTIR). The FTIR measurements are usually done in two

di�erent spectroscopy modes: attenuated total re�ection (ATR) and re�ection-adsorption

(RA) mode. This technique allows to calculate the tilt angle of the deposited monolayer,

which can be used for the calculation of the theoretical thickness. Further, information

about the molecular order in the monolayer can be obtained by analysis of the peak posi-

tion of symmetric and assymetric stretching modes of CH2 groups [101,102]. However, the

characterization by IR measurements of SAMs on silicon wafer need special attention [103].

Due to the fact, that the Brewster angle of the air/silicon interface is close to the grazing

angle, most of the light passes through the sample and can not be detected. Therefore, Liu

et al. modi�ed the set up of multiple internal re�ection (MIR) technique and combined it

with grazing angle mirror-backed re�ection (GMBR) method [104], to increase the sensi-

bility of the technique. These modi�cation allows quantitative analyses of SAMs on silicon

wafer [103].
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X-ray [105], electron and neutron di�raction [106, 107], high resolution electron loss spec-

troscopy [108], Raman spectroscopy [102, 109], near-edge X-ray absorption �ne structure

spectroscopy (NEXAFS) [110,111] are used as well to obtain information about the orien-

tation and the ordering of SAMs.

The uniformity and coverage (iv) and thus the quality of the layer can be assessed by its

wetting character [98, 102] or by the imaging of the topography [110, 112, 113]. The wet-

tability character of a surface is determined by simple contact angle measurements. The

shape of the liquid depends on the free energies of the liquid and the solid. The contact an-

gle is determined by the properties of the functional groups, the alkyl chain may in�uence

the angle through ordering, packing and the tilt. The topography can be visually analyzed

by atomic force microscopy (AFM), scanning electron microscopy (SEM). Several research

groups investigated e.g. the growth, aggregation and covering of a monolayer on surfaces

by AFM [110, 112, 113]. Aswal et al depicted the process of the monolayer growth as a

function of time (see �gure 2.1) [70].

Figure 2.1: At �rst, small islands are formed through well packed surfactants (i.e.

silanes). These islands serve as centers for aggregation, for molecules di�using on the

surface and adsorbing from solution. In the �nal stages, the areas between domains are

�lled in by surfactants [113].

Further, SAMs modi�ed electrodes can be electrochemically characterized by e.g. cyclic

voltammetry (CV) and electrochemical impedance spectroscopy (EIS), which give infor-

mation about the surface coverage and the defects in the structure. Such defects are

commonly pinholes in the monolayer [114�116]. The principle of these techniques is based

on the capacity of densely packed SAMs, which provide an e�ective blocking of the chemi-

cal reactivity at the coated electrodes. Hence, with the decrease of the blocking ability, the

defects in the layer increases [114, 115]. The uniformity of the coverage can be analyzed

by low angle re�ection, which indicates if the surface is uniformed covered or if there are

regions without surface coverage and regions with multilayer coverages [98].

Finally, the thermal and chemical stability (v) is usually evaluated by the following, the

thickness or the contact angle. Thereby, the SAMs are immersed e.g. in acid or base solu-
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tion over time, while either the contact angle or the thickness is monitored. As reviewed

by Aswal et al., the thermal stability was found to be independent of the chain length and

the SAMs begin to decompose at a temperature higher than 350 ◦C, through the cleavage

of the C-C bonds [70]. SAMs seem to be stable when washed in 1 % detergent solvent,

hot water or organic solvents. However, SAMs are fast degraded, when exposed to aque-

ous base (0.1 N NaOH). Through the hydrolysis of the Si-O bonds, the monolayer can be

removed within one hour [98].

In general, there are diverse possibilities and techniques to characterize SAMs. Beside

this variety, especially for biointerface studies, the SAM substrate is often only poorly de-

scribed. In some cases, the substrates used for bacterial adhesion studies are only analyzed

thanks to the bacterial response [19, 77]. Hence, the results of these studies are based on

the assumption of an ideal monolayer deposited on the surface. Nevertheless, for biointer-

face studies, a thorough characterization of the substrate is crucial to be able to consider

all physico-chemical features and to correlate them to bacterial response.

In this work, the following techniques were used to obtain enough results for a adequate de-

scription of the analyzed model surfaces: X-ray photoelectron spectroscopy, water contact

angle measurements, ellipsometry, atomic force spectroscopy and zeta potential.
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2.3 Material and Methods

2.3.1 Substrate

Silicon wafers can be used as basis for biosensors, because of their semi-conductive proper-

ties. Further, well and highly organized surface functionalization can be obtained by using

SAMs.

One side polished N/phosphorus doped silicon wafers with a crystallographic orientation

of [100] ± 0.5 ◦ (resistance of 3.5-5.5 Ω/cm, thickness of 380 ± 25 µm and a diameter of

76.2 ± 0.6 mm) furnished by MCR in Germany were used as substrates. The wafers were

cut into 1x1 cm2 pieces. They were cleaned by 10 min ultrasonical rinsing in CHCl3 and

afterwards activated by piranha treatment: the wafers were immersed for 30 min and at

50 ◦C in a solution of 1:3 H2O2 25 % vol to H2SO4 99 %, followed by a thorough rins-

ing with MilliQ water to remove all piranha solution from the surface. The immersion

in CHCl3 provides the removal of organic contaminations due to the atmosphere. The

second cleaning step, removes an existing oxide layer. This layer contains a lot of traps,

hence it is recommended to remove the existing one and form a new thin oxide layer with

a high density of silanol groups [70]. Activated wafers were immediately used for surface

modi�cations.

2.3.2 Surfaces

In this chapter model surfaces used for the characterization of monolayers on silicon

wafer are: (i) APTES (3-aminopropyltriethoxy-silane) and (ii) AHAPS (N(6-aminohexyl)

aminopropyltriethoxy-silane), AHAPS-GAD (N(6-aminohexyl)aminopropyltriethoxy-

silane-GAD) and AHAPS-GAD-glutamine (see Figure 2.2).

The preparation of the surfaces, their properties and conditions are described in detail in

article 1 (see chapter 2.4).

The APTES surfaces were prepared in solution, which should lead to a multilayer. The ac-

tivated wafers were immersed overnight in a solution of 1 mM silane in acetone. Afterwards,

the samples were rinsed with acetone and rinsed shortly in acetone by ultrasonication.

For the second group of surfaces, the activated wafers were �rst immersed overnight at room

temperature in ethanol containing 1 mM of N(6-aminohexyl)aminopropyltriethoxy-silane

(AHAPS). Subsequently rinsing with ethanol and a short ultrasonical rinsing in ethanol

removed residual ungrafted molecules. AHAPS functionalized surfaces were immediately

used for further reactions.

In this chapter, GAD is used as a linker between AHAPS functionalized surfaces and glu-

tamine. AHAPS samples were immersed for 2 h in a solution of 10 vol-% GAD in MilliQ

water at pH 5-6. Afterwards, the surfaces were rinsed with MilliQ water to remove un-

grafted aldehyde molecules.
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Figure 2.2: Schematic of SAM model surfaces on silicon wafer, including two single

SAM model surfaces with APTES and AHAPS, the two step model surface AHAPS-GAD

and eventually the three step model surface AHAPS-GAD-glutamine, where glutamine

represents a biomolecule that is grafted onto a functionalized surface.

The essential amino acid glutamine was used as model biomolecule. Glutamine was grafted

onto GAD activated surfaces. The GAD-activated surfaces were immersed overnight in a

solution of 1 mM glutamine in MilliQ water and a pH between 5-6 to favor the formation

of Shi� bases. Afterwards, the samples were rinsed thoroughly with MilliQ water (see

article 1 on page 35).

2.3.3 Surface analysis and treatment of results

The atomic ratio and the chemical environment were analyzed by XPS. Also based on XPS

measurements, the thickness of a homogeneous covered surface in vacuum was calculated

based on the intensity of the substrate signal. This value of the grafted layer thickness, gives

a complementary information to the thickness values determined by ellipsometry in air and

in liquid. These two techniques give information on the silane �lms into three states of

dehydration: (1) fully dehydrated (XPS, ultra high vacuum condition), (2) fully hydrated

(ellipsometry in liquid), and (3) in partially dehydrated state(ellipsometry in air). The

water contact angle indicated whether the surface had a hydrophilic or hydrophobic char-

acter. The hysteresis, i.e. the di�erence between the advancing and receding contact angle,

indicated whether the surface was homogeneous (small hysteresis) or heterogeneous (large

hysteresis). AFM images displayed the surface topography, also revealing homogeneous

or heterogeneous character of the surfaces. In addition to these common characterization

techniques, the pH titration was performed to determine the iso electric point (IEP) of the

surface, which provides indications about the charge of functional groups on the top of the

layer, as well as the zeta potential of the surface at a physiological pH (pH = 7).

Technical conditions and the use of the di�erent techniques are described in article 1 (see
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chapter 2.4). Supplementary information about the principle of each technique and the

analysis of the data that they provide are presented below.

2.3.3.1 X-Ray photoelectron spectroscopy

Figure 2.3: XPS analysis: The sample is irradiated by X-rays resulting in electron

emission from the surface of the sample into an ultra high vacuum. Electrons are fo-

cused/collected by lenses, passing an electron energy analyzer and are detected by an

electron detector. An imaging software plots the counted number of electrons versus the

binding energy and allows for subsequent analysis of the raw data.

2.3.3.1.1 The principle of XPS measurements

XPS is a quantitative spectroscopy, which is well quali�ed for the analysis of element

composition and chemical environment of, in general, solid samples. The principle of XPS

is depicted in �gure 2.3. A beam of X-rays irradiates the sample and induces photoelectron

emission. The photoelectrons escape from the surface i.e. from a depth of approximately

9 nm from the surface into ultra high vacuum. The emitted electrons pass several lenses

before their kinetic energy Ekinetic is analyzed by an electron energy. Finally, the electrons

are detected and their number is counted in time units. A raw data spectrum is obtained

in which the number of detected electrons is plotted versus their corresponding kinetic

energy. According to Ernest Rutherford (1914), the kinetic energy is correlated to the

binding energy Ebinding, the energy of the X-ray source Ephoton and the work function φ
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of the spectrometer, as de�ned by equation 2.3.

Ebinding = Ephoton − (Ekinetic + φ) , (2.3)

where Ebinding is the binding energy of the ejected energy, Ephoton is the photon energy,

Ekinetic is the kinetic energy of the photoelectrons and φ is the work function of the

spectrometer. The work function depends on the spectrometer. Speci�c peaks are

obtained for each element due to the characteristic of the electron con�guration for each

element. Except for elements with an atomic number (Z) ≤ 3 like hydrogen, helium and

lithium, the probability of detection is very low, due to their small size of the atom.

Atomic percentages can be determined by analyzing and normalizing the area of an XPS

peak. XPS photopeaks are normalized by the relative sensitivity factor (RSF, Sco�eld

cross-section factors) that is also characteristic or an element or an electron con�guration.

In this work, the chemical composition of the surfaces was determined with a Gammadata

Scienta XPS spectrometer, equipped with a monochromated Al Kα X-ray source (1486.6

eV) under ultra high vacuum and a take o� angle of 90 ◦. Survey and high resolution

spectra were recorded at a pass energy of 500 eV and 100 eV, respectively. For high

resolution experiments, the energetic resolution was estimated to 0.45 eV. All spectra were

analyzed and peak-�tted using CasaXPS 2.3.12 software (Casa Software Ltd, Teignmouth,

UK, www.casaxps.com). All components were referenced according to the CHx component

at 285.0 eV and the full width half maximum (fwhm) of the �tted peaks was constrained

to be constant for all components in the same spectrum. The relative binding energy

of all components was �xed and maintained constant for all peak-�tting procedures

(see Table 2.1). The evaluation of the organic layer thickness was done according to

equation (2.4) [97], which is based on the Lambert-Beer's law, assuming that this layer

is homogeneous. The corrected intensity of a surface was calculated according to the

conventional integration of the XPS signal given in equation 2.5.

IB = I∞B e
− d

(λ(EB)cosθ) , (2.4)

where d is the thickness of the organic layer A on the substrate B, λ(EB) is the inelastic

mean free path of electron of the substrate B traveling across the overlayer A, as described

elsewhere [117, 118], I∞B is the corrected intensity of the signal from the reference surface

without chemical modi�cation (assuming that the thickness of the substrate is larger than

9 nm). IB is the corrected intensity of the signal from the modi�ed surface.

IB =
Area

RSF · T · λ
, (2.5)

where Area is the raw area under the peak but above the background, determined from

the spectrum, RSF is the relative sensitivity factor, T is the value of the transmission

function at a given kinetic energy and λ is the inelastic mean free path.
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2.3.3.1.2 Treatment of XPS survey and high resolution spectra

In this section, the treatment of XPS survey (see �gure 2.4) and C1s high resolution (see

�gure 2.5) spectra of APTES surface is presented. The spectra were treated by use of the

CasaXPS software, as described below.

The survey spectrum shows the signals of elements between 0 and 1500 eV, at the cor-

responding kinetic energies of the electrons. Experimental data are illustrated in spectra

using the binding energy instead of the kinetic energy. In �gure 2.4 a typical survey spec-

trum of an APTES surface is shown. The position of the signals were adjusted according

to CHx at 285 eV. There are several strong signals, of Si, C, N and O, present in the survey

spectrum. The signals of Si2p (∼ 98 eV) and Si2s (∼ 150 eV) are located at lower binding

energies. Some smaller signals between the both strong Si peaks are called plasmon loss

peaks. The plasmon loss peaks are caused by free electrons, which are located in the bulk

of the silicon wafer and which were also excited by the X-rays. Their characteristic fre-

quencies are shifted to higher binding energies than the primary photoelectric peaks. The

distance (∆Ebinding) between the silicon peaks is constant with a shifting to higher binding

energies. Thereby, the intensity of the peaks decrease [119] with the increase of the binding

energy. The C1s signal is assigned to a binding energy of 285 eV and N1s at ∼ 401 eV.

The signals of O1s and of OKLL are assigned at ∼ 531 eV and 980 eV respectively. The

OKLL peak is caused by an electron that �lls a vacant hole, created by the X-ray, while a

second electron is ejected at the same time. �KLL� means that the vacant hole is located

in the K shell of O1s. One electron from the molecular orbitals relaxes and losses energy

to �ll the vacant hole while its energy loss is transmitted to another L originated electron,

which is emitted.

Areas of the characteristic Si2p, C1s, N1s, O1s signals in the spectrum of the APTES

surface were considered. In case of the two silicon signals, only the signal of Si2p was

used because of its stronger signal intensity. The signals were �tted by the software using

�Shirely� as background type. The line shape model GL(m=30) was used, and was de-

scribed by the product of Gaussian-Lorentzian, where m=0 is a pure Gaussian and m=100

is a pure Lorentzian shape [119]. The atomic content of the surface (within a thickness

of ∼ 9 nm) was obtained by taking the ratio of the corrected areas that were calculated

by the raw area divided by the RSF (Sco�eld cross-section factors), the MFP (mean free

path) of the photoelectrons and the value of the transmission function of the spectrometer

at the at the given energy. RSF values that depends on the element and its transition are

listed in table 2.1.

A high resolution spectra is a partial spectra of the survey spectra and is more detailed.

Figure 2.5 illustrates a XPS high resolution spectra of C1s, from data of an analyzed

APTES surface. At �rst a region is de�ned to �t the background line (type Shirley). For

the deconvolution procedure, the full width at half maximum (fwhm) are maintained con-

stant with reference to the fwhm of the CHx component at a binding energy of 285 eV.
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Figure 2.4: A typical survey spectrum of an APTES sample is illustrated (a). (b)

shows the pro�le of the Si2p signal with its two peaks, corresponding to the metallic and

oxidized components. In (c) the Si2s and Si2p signals with their plasmon loss peaks are

clearly visible.

Figure 2.5: The C1s high resolution spectra is deconvoluted in several components.

The fwhm of the di�erent components is �xed and referred to the fwhm of the CHx

component.

Finally, the parameters used for the treatment of the XPS C1s and N1s high resolution

spectra are listed in table 2.1.
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Depending on the carbon bond and its more or less electron negative partner, the carbon

groups were assigned to the corresponding positions (see table 2.1 in supporting informa-

tion). Consequently, the fwhm and position constraints are forced, as well as the area

constraint, which is set equally for the components C-C*OO and COO.

All parameters and constraints that were used to analyze XPS data are shown in table 2.1.

Table 2.1: Parameters used to analyse data of XPS high resolution spectra.

C-Si CHx/ C-COO C-N C-O O=N-C/ O-C=O

C-C C=O

position eV 284.4 285.0 285.5 286.1 286.6 288.0 289.1

FWHM constr. A · 1 A A · 1 A · 1 A · 1 A · 1 A · 1
Area constr. � � B � � � B · 1
RSF 1 1 1 1 1 1 1

N=C C2N-H/ N-C=O NH2- C-NH+
3

C-NH2 H-bonds

position eV 398.4 399.6 400.1 400.7 401.8

FWHM constr. A · 1 A A · 1 A · 1 A · 1
RSF 1.8 1.8 1.8 1.8 1.8

2.3.3.1.3 Simulation of the �Ideal� Spectrum

A comparison was realized to highlight di�erences between the �real� and the �ideal� chem-

ical environments of the functional groups, thus indicating signi�cant di�erences between

the real and the expected structures of the grafted layers.

The ideal spectrum is calculated on the basis of the ideal structure. An example is depicted

in �gure 2.6 for the C1s high resolution spectrum of the AHAPS-GAD-glutamine surface.

The simulated spectrum and experimental spectrum of the AHAPS-GAD-glutamine sur-

face are superposed. There are clear di�erences between the theoretical curve (�lled out)

and the real spectrum, which is decomposed in six components.

Each chemical environment, that is the summary of position and theoretical atomic per-

centage, it is represented by a Gaussian-Lorentzian peak shape model located at the binding

energy given by the literature. The expression of the component is given by equation (2.6).

GL(x,E,w, r) = exp
−4 ln 2

[
1− ( r

100)(x−Ew )2
]

1 + 4( r
100)(x−Ew )2

, (2.6)
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Figure 2.6: C1s peak �tting in the case of experimental AHAPS-GAD substrates (line

curve) and the theoretical signal (full curve) as a representation of an � ideal � synthetic

envelope in the case of a 100 % yield of glutaraldehyde molecule grafting (7 at % C-Si,

57 at % CHx, 22 at % C- N, 7 at % C-O and 7 at % C=O).

where E is the binding energy (position) of the considered chemical environment, w is the

full width at half-maximum of the component (this value is matched with the experimental

one), and r is the percentage ratio of Gaussian/Lorentzian character (0.3 for our system).

2.3.3.2 Water Contact Angle Measurements

Figure 2.7: The droplet is formed on three di�erent interfaces between the droplet, sub-

strate and air resulting in an equilibrium of their interfacial energies; γLG liquid/vapor,

γSL solid/liquid and γSG solid/air. The angle θ was determined after the drop reached

the equilibrium state.

For evaluating the hydrophilic/hydrophobic character of the surfaces, water contact angles

were measured. Static, advancing and receding contact angles were determined. The

di�erence between advancing and receding angles provides the hysteresis, which is a

quantitative indication of the surface homogeneity. Small values indicate a homogeneous

surface, while large values imply a heterogeneous surface.

The contact angles were determined by the sessile drop method at room temperature

using a Krüss contact angle goniometer. A droplet of 2 µL distilled MilliQ (pH 5.8) was

29



2. CHARACTERIZATION OF MODEL SURFACES BASED SAMS

deposited on the surface. Contact angles were obtained using a camera coupled to an

image analyzer. The static contact angle was determined after a delay of 1 min to ensure

the equilibration of the droplet. The Young equation (2.7) describes the shape of the

droplet on �at surfaces (see �gure 2.7) [120].

0 = γSG − γSL − γcosθ, (2.7)

where γLG represents the interfacial energy between liquid and gas phase , γSL the inter-

facial energy between solid and liquid phase, γSG the interfacial energy between solid and

gas phase and θ the angle of drop on the surfaces indicated in �gure 2.7.

Measurements of static, advancing and receding contact angle (see �gure 2.8) were done

after each grafting step. Reported values are averages of measurements performed at three

di�erent regions on four di�erent samples.

Figure 2.8: Three di�erent contact angles are obtained. (a) Static contact angle: a

droplet was deposited on the surface and θ was determined. (b) advancing contact angle:

more liquid was slowly added by a syringe to a droplet already placed on the surface.

The volume of the droplet increases and thus the contact angle θ changes. The receding

angle (c) is obtained by withdrawing liquid from the droplet through a syringe. The

volume of the droplet decrease and the contact angle changes, too.

2.3.3.3 Ellipsometry

Ellipsometry is a technique for the determination of the thickness of a �lm. The technique

is non-destructive and contactless. During the measurement, a laser beam that has been

polarized is re�ected by the surface. The re�ective process is accompanied by a change of

the polarization of the laser beam and depends on the refraction index and the thickness

of the layer on the surface. Before detection, the re�ected light passes an analyzer. A

schematic of the ellipsometry technique is shown in �gure 2.9. The ellipsometer measures

the change of the polarization state of light by the determination of the amplitude ratio Ψ

and the phase di�erence ∆ caused by the re�ection on the surface. Finally, a layer model

is used to calculate the thickness of the top layer on the surface based on Ψ and ∆ [121].

The layer models are developed according to the layer structure, e.g. pure silicon wafer

has a three layer model including Si, SiO2 and the ambiance. The layer thickness can be

determined in air or in liquid.
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The ellipsometer used in this work was equipped with a phase modulation multiskop from

Physik Instrument (M-O33K001) a HeNe laser working at 532 nm (beam diameter of

0.6 nm, intensity of 20 mW). The incident angle Φ was 70◦ and the con�guration of

Null-ellipsometry [121] measurements was used. The thickness of the chemical layers was

evaluated at room temperature both in air (denoted as "ellipsometry in air" in the fol-

lowing) and in MilliQ water (denoted as "ellipsometry in liquid" in the following), via the

use of a speci�c cell with quartz windows �lled with the solution. The polarizer and the

analyzer were positioned in such a fashion that the signal of the laser tended towards zero.

Values of ∆ and Ψ were measured at three di�erent regions of the sample.

Figure 2.9: The thickness of a thin layer can be measured by ellipsometry. A laser

beam (a: light source) is polarized by a polarizer (c) and impact the surface at the angle

of incidence (Φ). The laser beam is re�ected at the surface (f) on the sample holder (e),

and thereby changing its polarization, and passes the analyzer (d) before it reaches the

detector (b). In the dotted box a 4 layer model (Si/SiO2/organic layer/air) is shown.

The thickness of the oxide layer was �rst determined on pure silicon wafers (reference

surface). The model used for that purpose was composed of a layer of pure silicon with an

overlayer of silicon dioxide. In order to determine the thickness of the organic layer, a third

layer was added to the model while keeping parameters from silicon and silicon dioxide

layers constant. Refractive indexes used for the calculation are presented in table 2.2.

Table 2.2: Refractive index values used for modeling the experimental results obtained

by ellipsometry [76].

air water SiO2 organic layer Si

refractive index 1 1.33 1.46 1.465 4.15

2.3.3.4 Zeta-Potential

Electric surface properties can be indicated by zeta-potential (ZP) measurements at the

electric double layer at the surface. A scheme of an electric double layer is shown in

�gure 2.10. The ζ-potential is the potential of a material in ionic solution and is obtained
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at the interface between the Stern-layer and a di�use layer (Gouy-Chapman layer) [122].

The Stern-layer is the layer of ions (counter ions) that are attracted by the surface charges

i.e. either anions or cations. In the Stern layer the concentration of counter ions is quite

high, but the density of ions is reduced with the distance to the surface (di�use layer). The

boundary between the Stern-layer and the di�use layer is also called shear plane. In the

experiment, an ionic liquid is forced through a gap of two identical functionalized wafers,

with their functionalized surfaces facing each other. Ions in solution form an electric double

layer on the surfaces. The charge of the double layer is displaced because of the forced

�ow. Finally, the zeta potential (the displaced charge) values are measured between two

electrodes located on the opposite sides of the �ow cell.

Figure 2.10: The ζ-potential is measured at the interface of the Stern-layer and the

di�use layer. The charges represented by the corresponding ions are temporarily bounded

to the surface, but displaced by the applied �ow.

If the surface is positively charged, it attracts anions from solution and the zeta potential

shows higher values than that of a negatively charged surface, which attracts cations [122].

In this work, ζ-potential measurements were performed with a ZetaCAD (RS232C)

Keithley 2000 in 5 mM NaCl, at di�erent pH values ranging from pH 3 up to pH 10. An

analyzing �ow cell was speci�cally designed for samples based on silicon wafers, providing

optimal measurement conditions. The �ow cell is adapted to the thickness of the silicon

wafer and allows two wafers to face each other, providing a small gap for the liquid.

Two annuli were added on the both long side of the �ow cell, allowing to plug electrodes

(Ag/AgCl) to the system and also a pump system that provides the �ow.

Five independent measurements were realized on one sample of each of the �ve surface

types. Two particular values were extracted for each surface sample type: the zeta

potential (ZP) value at physiological pH (∼ pH 7) and the isoelectric point (IEP)

value that was determined from the ZP vs. pH curves (see curves in the supporting

information, �gure 2). In agreement with the Grahame equation (2.8) [123], low ZP
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values (i.e., less than 25 mV) were assumed to be proportional to the surface charge density.

ζ =
∆Eηλ

∆Pεεo
, (2.8)

where, ζ is the zeta potential, ∆E are the streaming potential values, measured between

two electrodes, while ∆P is the di�erence of the pressure used in the experiment; η is

the viscosity and λ the conductivity of the solution, and εεo the dielectric permittivity of

water.

2.3.3.5 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) was used to get informations about the topography and

the di�erent functionalizations on the surface. A cantilever is scanned over a chosen surface

(see �gure 2.11) in tapping mode. The tapping mode is a non destructive method for the

imaging of delicate samples such as biological tissue and etched silicon electronic products.

In the tapping mode, the cantilever is bounced at its resonant frequency with su�cient

force to break the surface tension layer. The surface tension layer, which is caused by

the presence of water vapor at the surface, is about 10-200 nm above the surface of the

sample. Surface tension is an attractive force that can pull down a tip toward the sample

surface and is strong enough to indent some material. Topography and di�erent functional

groups on the surface are displayed in height and phase contrast images by change of the

amplitude and the attraction force of the cantilever [124].

A NanoScopeIII/Dimension 3000 (Digital Instruments) equipped with a phosphorus doped

Si cantilever (k = 20-80 N/m) purchased from Veeco was used in tapping mode under am-

bient conditions, with a scan rate of 1 Hz and an image size of 2 µm2. Surface morphology

was revealed by height and phase contrast images. AFM images were further analyzed

using the NanoScope 6.13R1 software (Digital Instruments) to obtain the mean roughness

values (parameter Ra, the arithmetic average of the absolute height values). In the ab-

sence of di�erences between height and phase contrast images, only height images were

considered for discussion.

Figure 2.11: The AFM was used in tapping mode, in this mode the cantilever is not

steadily in contact with the surface sample, but is oscillating [124,125].

33



RESULTS AND DISCUSSION

2.4 Results and Discussion
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van derWaals forces between adjacent molecules, thus stabilizing
the monolayer.19 Nevertheless, with AHAPS monolayers also,
layer structure and reactivity of the functional groups could be
different from those initially expected since “nucleophilic attacks”
of the amino groups on the electrophilic trimethoxysilane20

could occur and potentially result in polymerization.
The potential defects of such chemically modified surfaces are

known by the specialists, but highlighting their presence remains
not obvious. In particular, defects may go unnoticed, due to the
lack of convergent characterization results. A typical example is
given by the characterization of APTES layers by only consider-
ing the XPS survey spectrum, on which the nitrogen peak is
pointed out as an indicator of a successful grafting of the layer.
When indicated, the nitrogen percentage of APTES surfaces
depends strongly on the synthesis procedure21,22 and the experi-
mental conditions and ranges from 1.323 to 8.124 atomic %.
These high values are the sign of probable multilayer structures
on the surfaces, but onlymore thorough investigations are able to
confirm this hypothesis. To our knowledge, however, a systema-
tic demonstration that thorough analysis of such a layer is
necessary for knowing defects likely to affect further grafting
or/and further studies of the interface between the surface and its
environment (in particular, complex biological environments)
was never published. The present paper aims at providing a
simple but systematic study supporting this idea. Of course, our
intention is not to maintain that everybody else does poor
characterization but rather to provide a proof of the importance
of thorough surface analyses.

In this article, we investigate the importance of the choice of
the characterization techniques for highlighting potential defects
in such a grafted complex layer. For that purpose, an extensive
analysis of chemically modified silicon surfaces is presented. It
was provided by using a multimodal approach, combining X-ray
photoelectron spectroscopy (XPS), water-contact angle (CA)
measurement, atomic force microscopy (AFM), ellipsometry,
and zeta potential (ZP) measurement. The analysis was realized
in two stages. In the first stage, elementary composition obtained
by XPS survey spectra, wettability evaluated by the static water-
contact angle, and topography evaluated by the mean roughness

(Ra) were taken into account for describing the surface. These
characteristics were chosen since their combination is frequently
considered for describing surfaces. The related surface descrip-
tion was then compared to the ideal/theoretical one. The second
time, the potential improvements to the surface description
resulting from knowing the chemical functional groups deter-
mined by using XPS high-resolution spectra of carbon (C1s) and
nitrogen (N1s), the surface homogeneity evaluated by the
advancing and receding water-contact angles, the thickness
obtained by XPS (in vacuum) and by ellipsometry (in air and
in liquid), the surfacemorphology evaluated by AFM images, and
the surface charge measured by zeta potential measurements
were evaluated. In particular, the ability of each technique or their
combination to point out defects in the layer was considered.
Significant differences between the surface descriptions obtained
after the first and the second step, respectively, were observed,
demonstrating therefore the necessity of a thorough surface
analysis. The importance of taking into account the intermediate
steps of grafting for correctly describing the properties and the
structure of the final surface is also demonstrated.

Two different types of chemically modified surfaces were
considered for testing the influence of the characterization
precision on the surface description quality. The first one consists
of a silicon wafer grafted in one step with APTES or AHAPS
(Figure 1). The second one consists of a silicon wafer that was
grafted following a multistep procedure consisting of grafting
successively an initiator layer made of AHAPS, a layer of glutaral-
dehyde as a linker, and finally a layer of glutamine as a model
biomolecule (Figure 1). Finally, the consequence of potential
incomplete or erroneous surface descriptions for the further
surface grafting steps is also discussed in this article.

’EXPERIMENTAL METHODS

Substrate and Chemical Modifications. Silicon wafers
(100), one side polished, purchased fromMCR (Germany) were
used as substrate for chemical modifications and cut into pieces
of 1 � 1 cm2. Substrate pieces were ultrasonically (frequency
45 kHz) cleaned for 10 min in chloroform (Sigma-Aldrich) to

Figure 1. Schematic description of the different surfaces that are considered in this study. Cleaned wafers are used as a reference. Step 1: APTES or
AHAPS surfaces are obtained by functionalizing cleaned wafers with APTES or AHAPS, respectively. Step 2: AHAPS-GAD surfaces are obtained by
activating AHAPS surfaces through GAD grafting on amine groups. Step 3: AHAPS-GAD-glutamine surfaces are obtained by grafting glutamine on
AHAPS-GAD surfaces.
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remove organic contamination, followed by 30min of cleaning in
piranha solution (3:1 mixture of sulfuric acid and hydrogen
peroxide solution, both purchased from Sigma-Aldrich) at 50 �C.
Substrate pieces were then rinsed with distilled Milli-Q water.
This surface was considered as the reference and was the basis of
all of the other types of surfaces. It is called “Reference” in the
following sections of the paper (see Figure 1).
For the elaboration of amino-functionalized layers made of

APTES, piranha-cleaned substrates were immersed in a 1 mM
solution of 3-aminopropyltriethoxysilane (APTES, purchased
from ABCR in Germany) in acetone (Sigma-Aldrich), overnight
at room temperature in the dark. Samples were cleaned for 30 s
in acetone under ultrasonic treatment (45 kHz) to remove
the free silane fraction.21 The same protocol was used for
N-(6-aminohexyl)-aminopropyltrimethoxysilane (AHAPS, pur-
chased from ABCR in Germany), respectively, in ethanol
(Sigma-Aldrich). These two types of surfaces are named
“APTES” and “AHAPS”, respectively, in the further sections of
the paper (see Figure 1, step1).
For the elaboration of the multistep-grafted surfaces, glutar-

aldehyde was used as a linker for grafting the biomolecules on
AHAPS surfaces. For that purpose, AHAPS surfaces were activa-
ted by 2 h incubation in 10%-vol glutaraldehyde in Milli-Q water
at pH 5�6 and at room temperature, as described elsewhere.21

Samples were then rinsed several times with Milli-Q water to
remove noncovalent bounded glutaraldehyde. In the further
sections, these surfaces are called “AHAPS-GAD” (see Figure 1,
step 2). The biomolecule immobilization was finally performed
by grafting an amino acid, here glutamine, on AHAPS-GAD
surfaces. Glutaraldehyde activated surfaces were immersed over-
night in 1 mM glutamine solution in Milli-Q water at pH 5�6
and at room temperature before rinsing with Milli-Q water. These
surfaces are called “AHAPS-GAD-glutamine” in the further sec-
tions (see Figure 1, step 3).
These substrates were voluntarily elaborated without any

control of humidity conditions to reflect the common protocols
used for elaborating molecular layers dedicated to further bio-
interface studies.
X-ray Photoelectron Spectroscopy (XPS). The chemical

composition of the surfaces was determined by XPS analysis.
This analysis was performed with a Gammadata Scienta spectro-
meter, equipped with a monochromated Al KR X-ray source
(1486.6 eV) under ultrahigh vacuum and a takeoff angle of 90�.
Survey and high-resolution spectra were recorded at a pass
energy of 500 and 100 eV, respectively. For high-resolution
experiments, the overall energetic resolution can be estimated to
0.45 eV. All spectra were analyzed and peak-fitted using CasaXPS
2.3.12 software (Casa Software Ltd., Teignmouth, UK, www.
casaxps.com). All components were referenced according to the
CHx component at 285.0 eV, and the full width half-maximum
(fwhm) was constrained to be constant for all components in the
same spectrum. The relative binding energy of all components
was fixed and maintained constant for all peak-fitting procedures
(Table 3). The evaluation of the organic layer thickness was done
with eq 125 based on the Lambert�Beer law, assuming that this
layer is homogeneous.

IB ¼ I¥B e
�d=½λAðEBÞcos θ� ð1Þ

where d is the thickness of the organic layer A on the substrate B;
λA is the inelastic mean free path as described elsewhere (for Si2p
photoelectrons traveling in APTES layer, λSi is evaluated

to 4.60 nm);23,26 IB
¥ is the corrected intensity of the reference;

and IB is the corrected intensity of the modified surface. The
corrected intensity of a surface was calculated according to the
conventional integration of the XPS signal (eq 2).

IB ¼ Area
RSF 3T 3 λ

ð2Þ

where Area is the raw area determined on the spectrum; RSF is
the relative sensitivity factor (Scofield cross-section factors); T is
the value of the transmission function at a given kinetic energy;
and λ is the inelastic mean free path.
Simulation of the “Ideal”Spectrum. The ideal spectrum is

calculated on the basis of the ideal structure depicted for each
case. Each chemical environment is represented by a Gaussian�
Lorentzian peak shape model located at a binding energy given by
the literature. The expression of the component is given by eq 3.

GLðx, E,w, rÞ ¼ exp

�4 ln 2 1� r
100

� �
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w

� �2
 !

1þ 4
r

100

� �
3

x� E
w

� �2
ð3Þ

where E is the binding energy (position) of the chemical environ-
ment considered; w is the full width at half-maximum of the
component (this value is matched with the experimental one);
and r is the percentage ratio ofGaussian/Lorentzian character (30%
for our system).
Ellipsometry. The ellipsometer was equipped with a phase

modulationmultiskop fromPhysik Instrument (modelM-O33K001)
at 532 nm (HeNe laser) and an incident angle of 70�. The
thickness of the chemical layers grafted on the samples was
evaluated at room temperature both in air (named “ellipsometry
in air” in the following sections) and in distilled water (named
“ellipsometry in liquid” in the following sections). The positions
of the polarizer and analyzer were chosen so that the signal of the
laser tends toward zero. Values of Δ and ψ were measured on
three different regions of the sample. The thickness of the oxide
layer was determined on ungrafted silicon wafers (Reference
surface). The model used for that purpose was composed of a
layer of pure silicon with an overlayer of silicon dioxide. To
determine the thickness of the organic layer, a third layer was
added to the model while keeping parameters from silicon and
silicon dioxide layers constant. Refractive indexes used for the
calculation are presented in Table 1.
Water-Contact Angle Measurements (CA). For evaluating

the wettability and the hydrophilic/hydrophobic character of the
surfaces, water contact angles were measured. The static, advan-
cing, and receding contact angles were measured at room
temperature using a Kr€uss contact angle goniometer. A drop of
2 μL distilled Milli-Q (pH 5.8) was deposited, and the contact
angle was determined by the sessile drop method.27,28 Contact
angles were obtained using a camera coupled to an image ana-
lyzer. The static contact angle was determined after a delay of
1 min to ensure the equilibration of the droplet. Measurements
were done after each grafting step. Reported values are an average

Table 1. Refractive Index Values Used for Modeling the
Experimental Results Obtained by Ellipsometry

air water SiO2 organic layer Si

refractive index 1 1.33 1.46 1.465 4.15

RESULTS AND DISCUSSION
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of measurements performed at three different regions on four
different samples. The difference between advancing and reced-
ing contact angles provides the hysteresis, which is a quantitative
indication of the surface homogeneity. Small values are a sign of a
homogeneous surface, while large values imply a heterogeneous
surface.27

Atomic Force Microscopy (AFM). Surface morphology and
surface roughness were determined by AFM imaging. A NanoS-
copeIII/Dimension 3000 (Digital Instrument) equipped with a
phosphorus-doped Si cantilever (k = 20�80 N/m) purchased
from Veeco was used in tapping mode under ambient air, with a
scan rate of 1 Hz and an image size of 2 μm2. AFM images were
further analyzed using the NanoScope 6.13R1 software (Digital
instrument) for providing themean roughness values (parameter
Ra, the arithmetic average of the absolute height values). In the
absence of differences between height and phase contrast images,
only height images were considered for discussion.
ζ-Potential Measurements. ζ-Potential measurements were

performed with a ZetaCAD device (CAD Instrumentation, Les
Essarts le Roi, France). The streaming potentials were measured
with a high impedance Keithley 2000 analyzer in the presence of
5 mMNaCl and were done at different pH values ranging from 3
to 10. The streaming potential values, ΔE/ΔP, were measured
between two Ag/AgCl electrodes located on the opposite sides
of the flow cell. The pressure difference ΔP between the two
electrolyte compartments is varied with compressed air by
increments of 30 kPa between �300 and þ300 kPa versus the
atmospheric pressure. An analyzing flow cell was specifically
designed for samples based on silicon wafers, allowing the opti-
mal conditions of measurement. The two silicon slides, coated
with the layers of interest, were mounted parallel to each other in
a plexiglass sample holder. They are separated by a 500 μm thick
poly(tetrafluorethylene) (PTFE) spacer. The liquid was forced
through the gap between the two identical wafers, with their
functionalized surface facing each other. Five independent
measurements were realized on one sample of each of the five
surface types. The zeta potentials were calculated from the
measured streaming potentials using the Smoluchowski equation
(eq 4).

ζ ¼ ΔEηλ
ΔPεε0

ð4Þ

where ζ, η, λ, and εε0 are the ζ-potential, the solution viscosity,
the solution conductivity, and the dielectric permittivity of water.
Since the viscosity and the dielectric permittivity are temperature

dependent, the temperature of the solution is regularly measured
in situ, and its value is used to calculate temperature corrected
values of ε and η. The solution conductivity is also measured
in situ, and its value is used in the Smoluchowski equation.
Two particular values were extracted for each surface sample

type: the zeta potential (which will be denoted by ZP in the
following) value at physiological pH (∼pH 7) and the isoelectric
point (IEP) that was determined on the ZP vs pH curves (see
curves in Supporting Information, Figure 2). Both factors were
presented in the results table (Table 2), but usually, only one of
both was used for the discussion according to the necessity. In
agreement with the Grahame equation,29 low (i.e., less than
25mV) ZP values were assumed to be proportional to the surface
charge density.
Four different surface types (“APTES”, “AHAPS”, “AHAPS-

GAD”, “AHAPS-GAD-glutamine”, Figure 1, steps 1, 2, and 3)
based on silicon wafer substrate (Reference, Figure 1) were used
for testing the two analysis approaches. For each type of surface,
each analysis approach was repeated on three distinct samples.

’RESULTS AND DISCUSSION

To appreciate the importance of each of the surface character-
ization techniques for highlighting potential defects of the layer,
two characterization steps have been distinguished for analyzing
the same samples. The related descriptions were compared with
the theoretical/ideal surface.

The experimental results of the five different surfaces are
summarized in Table 2, except the high-resolution XPS data that
are presented in Table 3.
Reference Surface. Silicon wafers were used as a substrate for

all of the further grafting.
An expected high Si2p signal was detected in the XPS survey

spectrum, resulting from the silicon substrate, while the oxygen
peak (O1s) indicated the presence of an oxide layer that is
expected for a silicon surface in contact with the atmosphere. The
low static contact angle, corresponding to a high hydrophilic
character, is in agreement with the presence of this oxide layer.
Furthermore, the weak value of the mean roughness Ra revealed
a flat surface topography, without the presence of pores poten-
tially due to the “piranha solution” etching. Finally some organic
contaminations, which usually occur during the time delay
between sample preparation and XPS analysis, were suspected
due to the detection of a carbon peak (C1s). No specific details
about the reactivity of the substrate/oxide layer were given by
this first analysis approach.

Table 2. Experimental Results of the Atomic Composition, Water Contact Angle, Roughness, and Thickness Analysis for Each of
the Model Surfaces, i.e., Reference, APTES, AHAPS, AHAPS-GAD, and AHAPS-GAD-glutamine

XPS survey (%) contact angle (deg) thickness (nm) zeta potential

Si2p C1s N1s O1s θs θa θr

Ra

(nm) in vacuuma in aira in liquida theoretical IEPc
ZP at pH 7

(mV)

Reference 67.5( 0.1 10( 1 0 23( 1 -b -b -b 0.2( 0.1 - 1.80( 0.02 19( 1 - 3.7 �15.0( 0.5

APTES 44( 7 32( 7 3( 1 21( 1 53 ( 2 55 ( 3 25 ( 3 0.3( 0.1 0.7( 0.2 1.7( 0.2 2.3( 0.1 0.8 4.4 �5.3 ( 0.3

AHAPS 54( 4 21( 3 2( 1 22( 2 28 ( 2 36 ( 2 12 ( 1 0.3( 0.1 1.1 ( 0.2 0.9( 0.2 1.5( 0.1 1.4 4.0 �6.7 ( 0.2

AHAPS-GAD 54( 4 22( 5 1( 1 22( 1 55 ( 2 60 ( 2 20 ( 5 0.4( 0.1 0.7 ( 0.1 0.5( 0.1 1.5( 0.1 2.1 3.2 �11.2 ( 0.3

AHAPS-GAD-

glutamine

55( 3 21 ( 4 1( 1 22( 1 21 ( 1 40 ( 1 22 ( 1 0.6( 0.5 1.2( 0.2 0.5( 0.1 1.2 ( 0.3 2.6 5.1 �3.5 ( 0.2

a In vacuum: determined by XPS. In air and in liquid: determined by ellipsometry. bComplete moistening. c IEP corresponds to pH value at ZP = 0.
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The thickness measured by ellipsometry in air and in liquid
was approximately 2 nm, showing that the oxide layer was not
completely removed by the piranha treatment. This result
suggests that the piranha etching did not cause surface defects,
which was confirmed by the homogeneity displayed by the AFM
images (see Supporting Information, Figure 1a). This integrity of
the surface, already suggested by the first approach, is of high
importance for ensuring further controlled and homogeneous
grafting. The surface description was completed by the negative
surface charge (�15.0 ( 0.5 mV) determined at pH 7 by ZP
measurement, which demonstrated the successful chemical
activation of the surface. On the basis of this result, the hydroxyl
groups that are necessary for further grafting were assumed to be
present at the surface.
Finally, the first analysis approach was successful to state the

presence of the oxide layer and to suggest the integrity of the
surface. Nevertheless, the absence of any surface defects and the
surface activation necessary for the further grafting were com-
pletely demonstrated by the second approach.
APTES Surfaces. APTES is a short amino-terminated orga-

nosilane that is used to introduce amine functions at the surface
of the oxidized substrates. According to the literature, this silane
is expected to provide a monolayer structure30,31 as depicted in
Figure 2a.
According to the XPS survey spectrum, binding energies

corresponding to nitrogen (N1s), carbon (C1s), silicon (Si2p),
and oxygen (O1s) were detected. Since APTES was the only
possible source of nitrogen on this surface, the nitrogen amount
was assigned to the grafted silane, which demonstrated its
presence on the surface. The overlayer was also detected by
the decrease of the signal coming from the substrate (Si2p) in
comparison with the Reference surface, while the presence of the
silane was confirmed by the static water contact angle (53( 2�)
that corresponds to the values reported in the literature for
amino-functionalized surfaces.22,24,32 Finally, this analysis sug-
gests the presence of an APTES layer grafted onto the substrate,

which may be in agreement with the expected monolayer
structure. However, the experimental amount of nitrogen (3%)
is approximately 3 times higher than expected (1.1%) for a
monolayer in the case of the ideal structure shown in Figure 2a
(for theoretical atomic amounts, see calculation and data in

Table 3. Experimental Results of the XPS C1s and N1s High-Resolution Analysis for Each of the Model Surfacesa

C1s % area

assignment position (eV) APTES AHAPS AHAPS-GAD AHAPS-GAD-glutamine

C�Si 284.4 20 4 3 2

CHx/C�C 285.0 50 71 63 56

C�COO 285.5 0 0 4 4

C�N 286.1 20 14 9 11

C�O 286.6 6 7 12 16

OdC�N/CdO 288.0 4 4 5 7

O�CdO 289.1 0 0 4 4

N1s % area

assignment position (eV) APTES AHAPS AHAPS-GAD AHAPS-GAD-glutamine

NdC 398.4 0 0 3 5

C2N�H/C�NH2 399.6 17 19 25 17

N�CdO 400.1 0 0 0 38

NH2H bonds 400.7 17 8 17 -

C�NH3
þ 401.8 66 73 55 40

aDue to the high intensity and proximity of the two neighbouring peaks, the deconvolution algorithm failed to converge to determine the intensity of the
NH2 H-bonded component in the case of the AHAPS-GAD-glutamine surface.

Figure 2. “Ideal” and “real” APTES layer. (a) Representation of the
ideal molecular organization and layer structure expected for an APTES
monolayer grafted on a silicon wafer substrate. (b) Representation of the
real molecular organization and layer structure as described by the
complete (“second approach”) experimental analysis. The APTES
coating forms a multilayer, especially due both to the short alkyl chains
leading to small van der Waals forces and to the amine end group
leading to sensitivity for polymerization. (c) XPS N1s high-resolution
spectra expected in the ideal case (full curve) and in the real case (i.e.,
experimental results) (line curve). The ideal case is described by one
component: NH2.

RESULTS AND DISCUSSION
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Supporting Information, Figure 3). The high amount of nitrogen
on the sample allows us to assert that the experimental structure
of the layer is very different from the expected monolayer. This is
also supported by the high roughness error (100% of the mean
value) that indicates the presence of topographical heterogene-
ities of the surface, although roughness mean values measured on
the APTES layer (Ra = 0.4( 0.4 nm) and the cleaned substrate
(Ra = 0.2 ( 0.1 nm) were not significantly different.
The XPS high-resolution spectrum of C1s showed typical

binding energies that were assigned to C�Si, CHx/C�C,33�36

C�N,34,37 C�O,33,35 and OdC�N/CdO.36 The C�Si, CHx/
C�C, and C�N functional groups were attributed to the silane,
while the C�O, CdO, and OdC�N groups were certainly the
result from chemical reactions between the amine groups and the
atmospheric carbon dioxide (i.e., atmospheric contamination).38

On the other hand, the decomposition of the N1s peak on the
XPS high-resolution spectrum highlighted three components
(Figure2c) that were assigned to C�NH2 (and/or C�NH�
that should not be present on this surface type),39 C�NH2

involved in hydrogen bonds,40 and C�NH3
þ according to the

literature.33 Nevertheless, only the C�NH2 component was
expected since APTES contains only free primary amines. The
second component was probably due to H bonds between amino
groups and silanol groups of the surface which should result in a
component located at a higher binding energy than the free
amines40 as it was here observed. The third component that was
assigned to the positively charged amine was hypothesized to
result from electrostatic interactions between the NH2-termina-
tion of the silane and the silicon substrate (C�NH3

þ
3 3 3

�OSi).
Such side reactions, leading to the “head to foot” organization of
a part of the molecules, may have been favored by the non-
humidity-free conditions, responsible for weak van der Waals
forces between the short length chains of APTES molecules.
Head to foot molecular organization and lack of alkyl chains
assembling should result in an unorganized, multilayer structure
as depicted in Figure 2b. This representation is in agreement with
the experimental thickness values obtained by ellipsometry since
measurements in air (1.7( 0.2 nm) and in liquid (2.3( 0.2 nm)
were much higher than the theoretical length of a single APTES
molecule (0.8 nm22,23). The difference observed between the in-
liquid in one hand and the in-air and in-vacuum (obtained
by XPS) thickness values are attributed to the collapsing of the
molecules under vacuum and in air compared to the layer swel-
ling occurring in water. The presence of an unorganized structure
was confirmed by the high value of the hysteresis that indicated
an uneven surface topography and by the AFM images that
showed defects in the coating layer (see Supporting Information,
Figure1b). Concerning the surface charge, although an IEP value
between pH 8 and pH 9was expected for a complete packed layer
of amine end groups,41 the measurement led to pH 4.4, indicat-
ing that the chemical surroundings of the amino groups were
complex. Such modification of the IEP value may be caused by
the presence of various functional groups of the silane (like
Si�OH), which is in agreement with the hypothesis of an
unorganized multilayer.
In conclusion, the complete description demonstrated that the

APTES surfaces realized in nonhumidity-free conditions present
an unorganized, multilayer structure (Figure 2b), presenting not
only C�NH2 but also C�NH3

þ groups on the top of the
surface. Despite the high density of amino groups, which is an
important factor for further grafting, the lack of structure control
should strongly affect the efficiencyof further graftingof biomolecules

since the amino groups are hindered in the multilayer, thus
reducing their accessibility. The poor control of the layer struc-
ture is also responsible for a lack of reproducibility as highlighted
by the high standard deviation values of the positions and area of
the C�NH2 (position, 399.4 ( 0.3 eV; % area, 30 ( 11),
C�NH2 H-bonded (position, 400.5( 0.5 eV; % area, 25( 11),
and C�NH3

þ (position, 401.7 ( 0.3 eV; % area, 45 ( 22)
components determined on the XPS high-resolution spectra.
Finally, while the first analysis approach only suggested some

imperfections in the APTES layer, the second approach allowed
us to highlight the real surface as a multilayer containing topo-
graphical surface heterogeneities and a poor surface accessibility
of the reactive groups.
AHAPS Surfaces. Longer silanes like AHAPS (N-(6-

aminohexyl)-aminopropyltrimethoxysilane) are expected to
form better defined monolayers than APTES due to the increase
in the van der Waals forces along the alkyl chains42 (Figure 3a).
Therefore, AHAPS was used to introduce amine functions at the
surface of the oxidized substrates, attempting to form monolayer
structures.
The XPS survey spectrum displayed a nitrogen peak (N1s)

in agreement with the nitrogen-rich signal expected with a
silane layer. Furthermore, the experimental amount of nitrogen
(2 ( 1%) was very similar to the theoretical, expected value
(2.3%, see calculation in Supporting Information, Figure 3), and
the static water contact angle (28 ( 2�) indicated a hydrophilic
surface in agreement with a silane layer. However, higher contact
angle values are usually reported in the literature.43,44 This can be
attributed to a low packing of the molecules, but since the experi-
mental nitrogen amount agrees with a packed layer, we rather

Figure 3. Ideal and real AHAPS layer. (a) Representation of the ideal
molecular organization and layer structure expected for an AHAPS
monolayer grafted on a silicon wafer substrate. (b) Representation of the
real molecular organization and layer structure as described by the
complete (“second approach”) experimental analysis. The AHAPS
coating forms amonolayer in which the large part of the silane molecules
is adsorbed on the wafer’s surface with a head to foot organization. (c)
XPS N1s high-resolution spectra expected in the ideal case (full curve)
and in the real case (i.e., experimental results) (line curve). The ideal
case is described by a single component corresponding to NH and NH2

chemical environments.
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attributed the difference to the exposition of Si�OH groups at
the surface of the packed layer. The Ra roughness (0.24 (
0.02 nm) similar to the value determined for the reference surface
suggested a uniformed surface topography compatible with a
well-organized molecular layer. Finally, the first characterization
approach seems to indicate a closely packed monolayer of AHAPS
grafted onto the substrate in agreement with the representation in
Figure 3a.
The XPS high-resolution spectrum of C1s (Supporting In-

formation, Figure 4) showed binding energies corresponding to
C�Si, CHx/C�C, C�N, C�O, and OdC�N/CdO groups
that were attributed to the silane and to chemical reactions
between the amine groups and the atmospheric carboxylic acids
as already evoked for the APTES surface analysis. Three nitrogen
components were detected in the N1s high-resolution XPS
spectrum (Figure 3c) that were assigned to primary (C�NH2)
and/or secondary (C�NH�) amines, primary amines involved
in hydrogen bonds (C�NH2 H-bonded), and protonated pri-
mary amines (C�NH3

þ), respectively. Since only primary and
secondary amines were expected according to the AHAPS
chemical composition, the presence of protonated primary
amines was attributed to the probable physisorption of the silane
molecules on the surfaces, with protonated primary amine
groups facing the wafer, similarly to the situation described for
APTES layer. As already discussed for AHAPS, the measurement
of an IEP value (pH 4.0) that is significantly lower than expected
(between pH 8 and pH 9) indicates that not only amino groups
were present at the surface top. Such modification of the IEP
value may be caused by the presence of SiO� groups, which
supports the hypothesis of a part of the silane molecules, orien-
tated head to foot with amino groups in interaction with the
surface Si atoms.
In spite of this molecular organization, themeasurement of the

silane layer thickness provided values (between 0.86 ( 0.01 nm
and 1.5 ( 0.1 nm according to the environmental conditions of
measurement) similar to the theoretical one (1.43 nm44), tend-
ing to demonstrate a monolayer structure of the coating, in
which, as shown by the AFM images, rare topographical hetero-
geneities are present (see Supporting Information, Figure 1c).
The presence of topographical or/and chemical heterogeneities
is supported by the high value of contact angle hysteresis (24�).
These features may be due to grafted molecules surrounded by
adsorbed AHAPS molecules as depicted in Figure 3b.
Finally, even if the monolayer structure was suggested by the

first approach, the second approach was necessary to reveal the
uncontrolled orientation of the silane. Although the molecular
assembling is better in the case of AHAPS in comparison with
APTES molecules, the particular head to foot structure should
significantly affect the accessibility of the amino groups and
therefore also the further biomolecule grafting efficiency.
AHAPS-GAD Surfaces.Glutaraldehyde is frequently used as a

linker between amino-functionalized surfaces and the amino
groups of biomolecules. In the present study, it was reacted with
the amino-functionalized AHAPS surfaces before an amino acid
was grafted. The structure that is expected for this coating is
represented in Figure 4a.
As expected, the XPS survey spectrum displayed nitrogen

(N1s), silicon (Si2p), and carbon (C1s) peaks, which did not
allow us to provide any specific information about the presence of
GAD on the preformed AHAPS layer. As well, the weak
difference between the Ra values measured on AHAPS-GAD
(0.4 ( 0.1 nm) and AHAPS (0.3 ( 0.1 nm) surfaces was not

sufficient to conclude about the success of the grafting. Finally,
only the water contact angle that was higher on AHAPS-GAD
surfaces than on AHAPS surfaces (55 ( 2� and 28 ( 2�,
respectively) and in agreement with those expected for similar
systems (59 ( 3� for APTES surfaces after glutaraldehyde
derivatization21) suggested the grafting of GAD molecules.
The XPS N1s high-resolution spectrum (Figure 4c) showed

four components that were assigned to imine (NdC), primary
(C�NH2), and/or secondary amines (C2N�H), hydrogen-
bonded primary amines (C�NH2 H bonded), and primary
protonated amine (C�NH3

þ). Due to the reaction between
the amine groups present on the surface and the aldehyde groups
of the GAD molecules (known as Shiff base reaction), imine
groups were expected, signing the successful grafting of GAD
molecules. The corresponding component in the XPS C1s high-
resolution spectrum (the CdN component) is likely to appear at
the same binding energy as C�O, but the exact energy is
unknown. Besides, the presence of GAD was confirmed by the
increase in intensity of the OdC�N/CdO peak compared to
the C�N peak, while the presence of the C�O and the
O�CdO33,36 peaks indicated also that GAD molecules were
present and, for a part, were hydrolyzed. However, the only slight
increase in intensity of the OdC�N/CdO peak relative to the
signal measured on AHAPS surfaces suggests only a low quantity
of grafted GAD molecules. Furthermore, the quantity of imine
groups (NdC)measured onAHAPS-GADsurfaces (3( 2 atom%)
was significantly smaller than expected (50 atom %). This may

Figure 4. Ideal and real AHAPS-GAD layer. (a) Representation of the
ideal molecular organization and layer structure expected for an AHAPS
monolayer grafted on a silicon wafer substrate. (b) Representation of the
real molecular organization and layer structure as described by the
complete (“second approach”) experimental analysis. The grafted
amount of GAD is low due to the low density of amine groups and
the high density of silanol groups present on the surface top. (c) XPS
N1s high-resolution spectra expected in the ideal case (full curve) and in
the real case (i.e., experimental results) (line curve). The ideal case is
described by two components: NH and CdN.
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have resulted from a weak grafting reaction yield of GAD, and
this hypothesis is supported by the high amount of primary
protonated or unprotonated amine remaining after the GAD
grafting and then showing the detection of the underlying
AHAPS surface. This may also result from the hydrolysis of
imine groups in secondary-amine groups, which may occur even
in the case of high grafting yield, and was indicated by the
C2N�H group detection. Nevertheless, the layer thickness value
was significantly higher in liquid (1.5( 0.1 nm) than in air (0.5(
0.1 nm) and vacuum (0.7 ( 0.1 nm) suggesting that the GAD
molecules were grafted in a low density and collapsed on the
AHAPS surfaces in air and vacuum conditions. This low density,
that was probably due to the poor accessibility of AHAPS NH2-
or NH3

þ-termination available for the GAD molecules, was
confirmed by the ZP value at pH 7 (�11.2 ( 0.3 mV) that
was strongly lower than the neutral value expected for a complete
GAD-grafted layer. After grafting of GAD, moreover, the balance
between negatively and positively charged functional groups
present at the surface top was affected, leading to a ZP value
inferior to the value measured for AHAPS surfaces. Besides, the
high water contact angle hysteresis (40�) and heterogeneities
observed in the AFM images (see Supporting Information,
Figure 1d) suggest that the few GAD molecules grafted on the
AHAPS surface were present as approximately 2 nm high small
aggregates, despite the grafted condition (pH < 7) that was
chosen to limit GAD polymerization.45

Finally, aside from the presence of grafted GAD already sug-
gested by the results of the first approach, the second approach
demonstrated that the reaction yield of the GAD grafting on the
AHAPS layer was low (Figure 4b), jeopardizing further grafting
of biomolecules.
AHAPS-GAD-Glutamine.Glutamine was grafted on the GAD

linker previously attached on the AHAPS-modified wafers ac-
cording to the expected layer structure depicted in Figure 5a.
As evoked above for GAD grafting on AHAPS surfaces, the

XPS survey spectrum, despite displaying binding energies that
were assigned to silicon (Si2p), carbon (C1s), nitrogen (N1s),
and oxygen (O1s), cannot assert the presence of glutamine
molecules on AHAPS-GAD surfaces since no atomic compo-
nent is specific for glutamine. Nevertheless, the reduction
of the static water contact angle (21 ( 1�) in comparison with
the value measured on AHAPS-GAD surfaces (55 ( 2�) and
the increase in roughness observed in AHAPS-GAD-glutamine
surfaces (Ra = 0.6( 0.5 nm) in comparison with AHAPS-GAD
surfaces (Ra = 0.4 ( 0.1 nm) both indicate modifications of
the surface in agreement with the hydrophilicity increase
expected after glutamine grafting and with the glutamine
molecule dimensions.
The N1s high-resolution spectrum shows four different bind-

ing energies that were assigned to imine (NdC), primary
(C�NH2), and/or secondary amines (C2N�H), OdC�N
component,46 and protonated amine (C�NH3

þ), while the
binding energies observed in the C1s high-resolution spectrum
were assigned to C�Si and OdC�N. Aside from the signals
resulting from the underlying AHAPS-GAD surface (C2N�H,
C�NH2, C�NH3

þ, and C�Si), the OdC�N and OdC�N
amide peaks clearly indicated that glutamine molecules were
present on the AHAPS-GAD surfaces. However, the quantification
of the CdN, OdC�N, and C2N�H group components resulted
in an experimental CdN:OdC�N:C2N�H ratio of 1:8:3, while
a ratio of 2:1:1 was expected (Figure 5c), demonstrating that
the glutamine layer was incomplete. This is confirmed by the

AHAPS-GAD-glutamine layer thickness (1.2( 0.3 nm in liquid)
that was significantly lower than those expected for a complete
glutamine layer (3.1 nm for a fully extended layer with molecules
adopting a trans conformation).Moreover, in agreement with the
previously observed distribution of the GAD molecules, the
AFM images (see Supporting Information, Figure 1e) suggest
that the glutamine molecules reacted with aggregates of GAD
molecules, leading to aggregates of immobilized glutamine
(Figure 5b). However, the high C�N/CHx and C�O/CHx

ratios suggest that free aldehyde groups were still remaining on
the surface, whichmay be due to the GAD aggregates that limited
the accessibility for reacting with the glutamine molecules. A
combination between aggregates and effects due to the glutamine
molecular volume and charges may also have affected the ion
mobility during ZPmeasurements as highlighted in the literature
for nonhomogeneous molecular layers,47 leading to significantly
higher ZP values (�3.5 ( 0.2 mV) as expected.
Finally, while the presence of grafted glutamine was only

suggested by the first approach, the second approach demonstrated
that the grafting was successful but that the reaction yield of the
glutamine on the AHAPS-GAD layer was very weak, probably
resulting from both the low density and the in-aggregates orienta-
tion of the GAD molecules.

Figure 5. Ideal and real AHAPS-GAD-glutamine layer. (a) Representa-
tion of the ideal molecular organization and layer structure expected for
an AHAPS monolayer grafted on a silicon wafer substrate. (b) Repre-
sentation of the real molecular organization and layer structure as
described by the complete (second approach) experimental analysis.
The grafted amount of glutamine is low due to the low density and the
aggregative organization of the linker (GAD) present on the surface top.
(c) XPS N1s high-resolution spectra expected in the ideal case (full
curve) and in the real case (i.e., experimental results) (line curve). The
“ideal” case is described by three components: 25%NH, 50% CdN, and
25% OdC�NH2.
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’CONCLUSIONS

Using amultimodal approach to analyze the surface chemistry,
we attempted to precisely describe different molecular layers
leading to the grafting of a model biomolecule (glutamine) on
silicon wafer substrates. In the first step, the characterization
consisted of the XPS survey spectrum, static water contact angle,
and mean roughness value since they are frequently the only data
provided in the literature to prove the chemical modification of
the surface. In the second step, the potential improvements
resulting from XPS high-resolution spectra, ZP value at pH 7 and
IEP, AFM images, and thickness values obtained by ellipsometry
were studied. The ability of each of the techniques to complete
the thorough description of the molecular layer was evaluated by
analyzing APTES surfaces and each grafting step necessary to
create AHAPS-GAD-glutamine surfaces.

This study demonstrated that the atomic composition, the
mean surface roughness, and the hydrophilic/hydrophobic char-
acter of the surface provided by the first approach were in good
agreement with the properties expected for the used model
surfaces but that these data were insufficient for evaluating the
efficiency of the grafting and the structure of the so-formed
layer(s). Even some incorrect assumptions, especially concerning
the mono- or multilayer character of the coating, were suggested
by this first approach. On the contrary, the second step allowed
us to precisely construct a “real” description of the surface layer,
including especially molecular orientation, organization, and
reactivity. In several model cases that were analyzed in this study,
this complementary information was essential to evaluate the
quality of the grafted layer, which is the crucial factor allowing us
to ensure a good quality of further grafting of biomolecular layer
or correct understanding of potential interactions with biological
organisms. The APTES grafting and the AHAPS-based multistep
biomolecular grafting were used as examples, allowing us to
demonstrate that the first analysis step only allowed us to assert
the presence of a chemical modification, without highlighting that
the quantity of graftedmolecule, themolecule organization, and the
molecular layer structure were far from expected and led to surfaces
of poor qualities. Due to the sensibility of biological objects
(mammalian cells, bacteria, and biomolecules) to the density of
immobilized molecules, this aspect of the surface elaboration for
biological and biomedical applications should be considered care-
fully. Using brominated silane to prevent polymerization at the
surface, modifying the conditions of surface elaboration by using
the vapor phase instead of the liquid phase, for example, or adding
an annealing step to the protocol to stabilize the monolayer
structure are possible ways to improve the quality of such surfaces.

Finally, this study demonstrates the importance of a careful
analysis for assessing the grafting quality of biomolecule on
surfaces dedicated for biological studies.
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fitting in the cases of experimental and “ideal” AHAPS-GAD
substrates (Figure 4). This material is available free of charge via
the Internet at http://pubs.acs.org.

’AUTHOR INFORMATION

Corresponding Author
*E-mail: lydie.ploux@uha.fr.

’ACKNOWLEDGMENT

We thank Philippe Fioux and Christian Ringwald for the XPS
and zeta potential measurements, respectively, and the Region
Alsace for their financial support.

’REFERENCES

(1) Jane Andrew, D. R.; Hodges, A.; Voelcker, N. H. Trends
Biotechnol. 2009, 27 (4), 230–239.

(2) Pancrazio, J. J.;Whelan, J. P.; Borkholder, D. A.; Ma,W.; Stenger,
D. A. Ann. Biomed. Eng. 1999, 27, 697–711.

(3) Velasco-Garcia, M. N.; Mottram, T. Biosyst. Eng. 2003, 84, 1–12.
(4) Blasco, C.; Pic�o, Y. TrAC 2007, 26, 895–913.
(5) Mello, L. D.; Sotomayor, M. D. P. T.; Kubota, L. T. Sens.

Actuators, B 2003, 96, 636–645.
(6) Thevenot, D. R.; Toth, K.; Durst, R. A.; Wilson, G. S. Pure Appl.

Chem. 1999, 71, 2333–2348.
(7) Lin, V. S. Y.; Motesharei, K.; Dancil, K. P. S.; Sailor, M. J.;

Ghadiri, M. R. Science 1997, 278, 840–843.
(8) Asanov, A. N.; Wilson, W. W.; Odham, P. B. Anal. Chem. 1998,

70, 1156–1163.
(9) Lazcka, O.; Del Campo, F. J.; Muoz, F. X. Biosens. Bioelectron.

2007, 22 (7), 1205–1217.
(10) Th�evenot, D. R.; Toth, K.; Durst, R. A.; Wilson, G. S. Biosens.

Bioelectron. 2001, 16, 121–131.
(11) Lim, S. H.; Kim, B. W. Biotechnol. Bioprocess Eng. 2004, 9 (2),

118–126.
(12) Sadik, O.; Ngundi, M.; Yan, F. Biotechnol. Bioprocess Eng. 2000,

5 (6), 407–412.
(13) Prucker, O.; Naumann, C. A.; Ruhe, J.; Knoll, W.; Frank, C. W.

J. Am. Chem. Soc. 1999, 121 (38), 8766–8770.
(14) Ruckenstein, E.; Li, Z. F.Adv. Colloid Interfac Sci. 2005, 113 (1),

43–63.
(15) Zhao, B.; Haasch, R. T.; MacLaren, S. J. Am. Chem. Soc. 2004,

126 (19), 6124–6134.
(16) Kim, J.; Seidler, P.; Sze, W. L.; Fill, C. J. Colloid Interfac. Sci.

2009, 329 (1), 114–119.
(17) Cloarec, J. P.; Chevolot, Y.; Laurenceau, E.; Phaner-Goutorbe,

M.; Souteyrand, E. IRBM 2008, 29, 105–127.
(18) Choi, S. H.; Zhang, N. B. Surf. Sci. 2006, 600, 1391–1404.
(19) Vericat, C.; Vela, M. E.; Benitez, G.; Carro, P.; Salvarezza, R. C.

Chem. Soc. Rev. 2010, 39, 1805–1834.
(20) Fryxell, G. E.; Rieke, P. C.; Wood, L. L.; Engelhard, M. H.;

Williford, R. E.; Graff, G. L.; Campbell, A. A.; Wiacek, R. J.; Lee, L.;
Halverson, A. Langmuir 1996, 12, 5064–5075.

(21) Cottenye, N.; Teixeira, F., Jr.; Ponche, A.; Reiter, G.; Anselme,
K.; Meier, W.; Ploux, L.; Vebert-Nardin, C. Macromol. Biosci. 2008, 8
(12), 1161–1172.

(22) An, Y.; Chen, M.; Xue, Q.; Liu, W. J. Colloid Interfac. Sci. 2007,
311, 507–513.

(23) Cumpson, P. J. Surf. Interface Anal. 2001, 31, 23–34.
(24) Wei, Z. Q.; Wang, C.; Zhu, C. F.; Zhou, C. Q.; Xu, B.; Bai, C. L.

Surf. Sci. 2000, 459, 401–412.
(25) Briggs, D.; Grant, J. T. Surface Analysis by Auger and X-Ray

Photoelectron Spectroscopy; IM Publications and Surface Spectra Ltd:
Chichester, UK, 2003.

(26) Jedlicka, S. S.; Rickus, J. L.; Zemlyanov, D. Y. J. Phys. Chem. B
2007, 111 (40), 11850–11857.

(27) Kwok, D. Y.; Gietzelt, T.; Grundke, K.; Jacobasch, H. J.;
Neumann, A. W. Langmuir 1997, 13, 2880–2894.

(28) Van Oss, C. J. Annu. Rev. Microbiol. 1978, 32, 19–39.

RESULTS AND DISCUSSION

42



11111 dx.doi.org/10.1021/jp201377n |J. Phys. Chem. C 2011, 115, 11102–11111

The Journal of Physical Chemistry C ARTICLE

(29) B€utt, H. J.; Graf, K.; Kappl, M. Physics and Chemistry of Interfaces,
second, revised and enlarged ed.; Wiley-VCH Verlag: Weinheim, 2006.
(30) Qian, W.; Xu, B.; Yao, D.; Lin, Y.; Wu, L.; Wang, C.; Yu, F.; Lu,

Z.; Wie, Y. Mater. Sci. Eng., C 1999, 8, 475–480.
(31) Chopra, N.; Hinds, B. Inorg. Chim. Acta 2004, 357, 3920–2926.
(32) Nugaeva, N.; Gfeller, K. Y.; Backmann, N.; D€uggelin, M.; Lang,

H. P.; G€untherodt, H. J.; Hegner, M. Microsc. Microanal. 2007, 13 (1),
13–17.
(33) Liu, H. B.; Venkataraman, N. V.; Bauert, T. E.; Textor, M.; Xiao,

S. J. J. Phys. Chem. A 2008, 112, 12372–12377.
(34) Alila, S.; Boufi, S. Ind. Crops Prod. 2009, 30, 93–104.
(35) Hansson, K.M.; Tosatti, S.; Isaksson, J.;Wetter€o, J.; Textor, M.;

Lindahl, T.; Tengvall, P. Biomaterials 2005, 26, 861–872.
(36) Ko, Y. G.; Ma, P. X. J. Colloid Interface Sci. 2009, 330, 77–83.
(37) Chen, Y.; Kang, E. T.; Neoh, K. G.; Lim, S. L.; Ma, Z. H.; Tan,

K. L. Colloid Polym. Sci. 2001, 279, 73–79.
(38) Cabilil, H. L.; Pham, V.; Lozano, J.; Celio, H.; Winter, R. M.;

White, J. M. Langmuir 2000, 16, 10471–10481.
(39) Minier, M.; Salmain, M.; Yacoubi, N.; Barbes, L.; Methivier, C.;

Zanna, S.; Pradier, C. M. Langmuir 2005, 21, 5957–5965.
(40) Zhang, F.; Srinivasan, M. P. Langmuir 2004, 20, 2309–2314.
(41) Lee, S. H.; Lin, W. C.; Kuo, C. H.; Karakachian, M.; Lin, Y. C.;

Yu, B. Y.; Shyue, J. J. J. Phys. Chem. C 2010, 114, 10512–10519.
(42) Barbot, C.; Bouloussa, O.; Szymczak,W.; Plaschke,M.; Buckau,

G.; Durand, J. P.; Pieri, J.; Kim, J. I.; Goudard, F. Colloid Surf., A 2007,
297, 221–239.
(43) Kazuyuki, H.; Nagahiro, S.; Hiroyuki, S.; Osamu, T.; Nobuyuki,

N. Ultramicroscopy 2002, 91, 151–156.
(44) Hiroyuki, S.; Kazuyuki, H.; Nagahiro, S.; Nobuyuki, N.; Osamu,

T. Appl. Surf. Sci. 2002, 188 (3�4), 403–410.
(45) Rasmussen, K. E.; Albrechtsen, J. Histochemistry 1974,

38, 19–26.
(46) Ploux, L.; Anselme, K.; Dirani, A.; Ponche, A.; Soppera, O.;

Roucoules, V. Langmuir 2009, 25, 8161–8169.
(47) Werner, C.; K€orber, H.; Zimmermann, R.; Dukhin, S.; Jacobasch,

H. J. J. Colloid Interface Sci. 1998, 208, 329–346.

43



Supporting information 

Figure 1 

 

 

 

  

RESULTS AND DISCUSSION

44



Figure 2 

 

 

 

  

45



Figure 3 

 

 

 

  

RESULTS AND DISCUSSION

46



Figure 4 

 

 

47



Supporting Information. 

 

Figure 1: AFM height images of the model surfaces. a) Reference surface displaying a flat 

topography in agreement with the common silicon wafer topography. b) APTES surface 

displaying a heterogeneous topography attributed to the polymerised, multilayer structure formed 

by the APTES molecules. c) AHAPS surface displaying a homogeneous topography in 

agreement with the monolayer, but not well-organised (“head to foot “ molecular organisation) 

structure formed by the AHAPS molecules. d) AHAPS-GAD surface displaying small 

aggregates attributed to GAD aggregates grafted on the rare amine groups present on the surface 

top. The surface is not homogeneously and completely covered by a GAD layer. e) AHAPS-

GAD-glutamine surface displaying larger aggregates attributed to glutamine grafted on GAD 

aggregates. The surface is not homogeneously and completely covered by a glutamine layer.  

Figure 2: Zeta potential vs. pH curves for each of the model surfaces. The pH corresponding to 

the inflection point indicates the IEP value. 

Figure 3: : Calculation of the theoretical atomic composition that should be measured by XPS 

analysis for APTES and AHAPS model surfaces. a) Layers model used for the calculation. b) 

Equation used for calculating the number of atoms detected in each layer and therefore the 

atomic ratios, where NA is the Avogadro constant, ρB and MB are respectively the density and the 

molecular weight of the B material, VB is the volume of the B material (VB = 1nm2 X dB nm, 

with dB the thickness of the B material). c) Table giving the theoretical number of atoms (N) in 

each layer. N was calculated on the basis of an average grafting density of 5 molecules of silane 

per nm² as found in the litterature1,2, and a probing depth of XPS of 9nm. 
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Figure 4 : C1s peak fitting in the case of experimental AHAPS-GAD substrates (line curve). The 

spectrum is decomposed in six components listed in table 3. The full curve is a representation of 

an « ideal » synthetic envelope in the case of a 100% yield of glutaraldehyde molecule grafting 

(7at% C-Si, 57at% CHx, 22at% C-N, 7at% C-O and 7at% C=O). 
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2.5 Supplementary Information

2.5.1 XPS analysis: Calculation of the thickness of a thin overlayer

In this paragraph it is shown in an example how of the thickness of a thin overlayer is

calculated. The utilized principle is that the intensity of the substrate signal decreases

when the layer is added to the substrate. The equation 2.4 of section 2.3.3.1 relates the

pure and modi�ed substrate with respect to the overlayer. The corrected area of the Si2p

peak was used as intensity of the substrate (see equation 2.5) [118, 126, 127]. Cumpson et

al demonstrated a way to calculate the mean free path (λ(EB)) for molecule units: The

methods was originally developed for polymers units [128] to calculate the thickness of

an overlayer, with repeating molecular units. For example, here λSiAPTES = 4.8 nm is

obtained, using the relation given in equation 2.9.

λ(EB)[nm] =
3.117(oχv) + 0.4207Nrings

Nnon−H
+ 1.104(E[keV ])0.79, (2.9)

where oχv is the index of repeat unit (APTES molecules), Nrings is the number of atomic

six-member rings (for APTES Nrings = 0), Nnon−H is the number of atoms in APTES

excluding hydrogen atoms and E is the energy of the anode in keV (for Al Kα E = 1.4866

keV). The index oχv depends on the electronic environment and the bonding con�guration

of the atoms in the molecules [117] and is given in equation 2.10. A oχv value of 8.66 was

estimated for APTES.

oχv =
∑

non−H

1√
δ(v)

, (2.10)

where δ(v) describes the valence connectivity, which expresses the electronic structure of the

skeletal atoms in the molecule. The valance connectivity index counts all valence electrons

and is described by equation 2.11.

δ(v) =
Z(v) − h

Z − Z(v) − 1
, (2.11)

where Z(v) is the number of valence electrons in an atom, h the number of hydrogen atoms

bound to it and Z is its atomic number, consequently is Z−Z(v) is the number of inter-shell

electrons. The δ(v) values of Si, C, N and O are listed in table 2.3.

Table 2.3: Values of valence connectivity index [128].

Atom Si C N O

Hybridization sp3 sp3 sp2 sp sp3 sp2 sp sp3 sp2

NH 1 0 3 2 1 0 2 1 0 1 0 2 1 0 1 0 0 1 0 0

δ(v) 1/3 4/9 1 2 3 4 2 3 4 3 4 3 4 5 4 5 5 5 6 6
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2.5.2 XPS analysis: Calculation of the theoretical atomic composition

For a better interpretation of the survey spectra and the resulting atomic quali�cation,

the atomic composition for an ideal monolayer of an APTES and an AHAPS surface were

calculated, assuming �ve silanes per nm2 grafted onto the silicon wafer [129, 130]. The

model was simpli�ed by setting on 3λ as 9 nm for all measurement. A three layer model

was used to describe the system silane/SiO2/Siwafer as shown in �gure 2.12. The �rst layer

corresponds to the organic layer (grafted silane). The theoretical length for a fully extended

silane was used for the height of this �rst layer (APTES=0.8 nm and AHAPS=1.4 nm).

The second layer represents the oxide layer (SiO2) of the wafer with a thickness of 2 nm, as

determined by ellipsometry. The third layer �nally correspond to the substrate, here the

pure silicon. Through the assumption of an analysis depth of hXPS = 9 nm, the thickness

of the measured Si layer (dSi) is consequently calculated by equation 2.12.

Figure 2.12: The three layer model describes the system used to calculate the theoretical

atomic composition.

dSi = hXPS − dSiO2 − dorganic layer, (2.12)

where dorganiclayer is the thickness of the concerning layer X.

The theoretical number of atoms in each of these three layers was calculated to estimate

the �nal atomic ratio on the surface. In the organic layer, �ve silanes are considered per

nm2, hence the number of atoms of the silane was multiplied by �ve. The equation 2.13

was applied to calculate the theoretical numbers of atoms of the SiO2 and Si layer.

NatomsB =
ρ ·NA · VB

MB
, (2.13)

where NA is the Avogadro constant, MB and VB are the molecular weight and the density

of the material B (either SiO2 or Si).

The volume is determined by an assumed area of 1 nm2 and the thickness of the layer.

Figure 3 in the supporting information of the article shows the estimated values of the

atomic percentage on the two APTES and AHAPS surfaces. Here, NX denotes for the

number of the present elements, Si, C, N and O in each layer. The sum of each element

within hXPS was used to determine the ideal ratio.
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2.6 Conclusion

We could demonstrate (in collaboration with the laboratory of Prof. Vincent Ball), in

this second chapter, the importance of a thorough and careful characterization of model

surfaces. The combination of di�erent characterization techniques can allows a suitable

description of the real model surfaces. To determine the most adequate combination of

di�erent techniques to reveal characteristics of the overlayer, frequently used amino termi-

nated silanes (APTES and AHAPS) were used.

In this characterization process, the main technique was XPS. The experimental atomic

ratios obtained by XPS have been compared to theoretical calculations. This allowed to

highlight, for example, too high atomic content of nitrogen, indicating multilayer struc-

ture. High resolution spectra were also used. They allowed to obtain informations about

the environment of each element and its electronic con�guration, leading to highlight side

reactions or unexpected electrostatic interactions that may lead to positively charged ni-

trogen, for example.

The chemical properties of the overlayer were also assessed by contact angle that are fast

to perform and can be used to easily follow the change of the hydrophilic or hydrophobic

character during a several step synthesis of the surface. Contact angle measurements were

also exploited to prove dense packing of the grafting molecules. Furthermore, by consid-

ering hysteresis between advancing and receding angles, indications about the overlayer

topography was obtained. Topography was especially further studied by AFM imaging.

The thickness of the grafted layer, determined by ellipsometry, was measured in air and

in water and compared to thickness in vacuum assessed by XPS. The monolayer or mul-

tilayer structure was determined by comparing these obtained values with the theoretical

ones. Furthermore, comparison between thicknesses measured in liquid and dry conditions

allowed to identify a possible swelling or collapsing of the overlayer, since deposited and

stable monolayer should lead to thickness similar whatever the conditions. Finally, zeta

potential and IEP values were used to �nally con�rm the chemical composition of the

overlayer.

The adequate combination of these indications allowed to highlight particular features of

the layer on the contrary to the combination of techniques the most commonly reported in

the biointerface literature. Precise descriptions of the layers could therefore be proposed,

showing non-ideal structures and organizations. The combination of di�erent characteri-

zation techniques is thus crucial to be able to interpret the obtained results correctly.

The results presented in this chapter show �nally that a careful control of the real structure

and stoichiometry of the overlayer is necessary for further biointerfaces studies. Beside,

this work con�rms that common aminosilane seems to not to allow this control and another

route to gain reproducibility and control of SAMs of the �nal surface will be proposed in

chapter 3.
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Chapter 3

Model surfaces with well controlled

densities

3.1 Introduction

The goal of this third chapter is to obtain well-de�ned and stable surfaces with di�erent

densities of amino groups in a CH3 environment, for further studying bacterial adhesion on

them. As it was shown in the second chapter of the thesis and in the article �Necessity of a

Thorough Characterization of Functionalized Silicon Wafers before Biointerface Studies�,

the amino terminus reacts with the silicon substrate and the head group of the silane,

which results in multilayers (APTES) or unorganized layers (AHAPS). Aminosilanes are

prone to oligomerization and it exists a competition between amine groups and silane for

the interaction with the surface.

Thus, in this chapter, another strategy was proposed in which a silane with a terminal

group that does not interact with the substrate is used. Conditions of preparation were

carefully adapted to assure that layer was organized as a monolayer. Then, the functional

group can be converted into an amine. As already shown in literature by several research

groups [73,131�133], the bromine terminus can be (i) converted into an azide by nucleophilic

substitution, and (ii) subsequently reduced to an amine. To optimize the grafting reaction

and the conversion, di�erent conditions of reaction were investigated. Further, the bromine

silane can be combined with a second silane, a silane that contains an alkyl terminus.

The two silanes can be used together and depending on their initial concentration in

solution, mixed monolayers with the corresponding ratio of the bromine and alkyl silanes

are obtained. Consequently, after the conversion of the bromine functional groups into

amine groups, surfaces with di�erent densities of amino groups back�lled from methyl

groups are achieved.

Further in this chapter, di�erent methods are described to graft a single amino acid. The

objective was to assess if a surface fully covered with amine groups in close contact to

each other keeps its reactivity despite the sterical hindrance in the vicinity of the surface.

At �rst, three di�erent homobifunctional linker were used to promote the grafting of the
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3. MODEL SURFACES WITH WELL CONTROLLED DENSITIES

amino acid glycine. In a second approach, glycine was directly grafted onto the substrate.

The amino group of glycine was protected by �uorenylmethyloxycarbonyl (Fmoc), to avoid

polymerization and 2-(1H-Benzotriazole-1-yl)-1.1.3.3-tetramethyluronium hexa�uorophos-

phate (HBTU) was used as coupling agent. The surfaces were thoroughly characterized by

XPS and the reaction yield was calculated based on the obtained results.

The chapter is based on two unpublished articles. Results that were not considered in the

article were presented in the supplementary information that followed the concerned

article.

The �rst article (2a) deals with the importance and the impact of the organization of model

surfaces on bacterial adhesion and the realization and characterization of such model sur-

faces.

In the second article (2b), well-controlled amine terminated substrates were used to inves-

tigate various grafting possibilities of the amino acid glycine, via homobifunctinal linkers

and the thoroughly characterization of the realized surfaces by XPS.

3.2 State of the art

3.2.1 Amino terminated self-assembled monolayers

In the second chapter, APTES and AHAPS were used as model surfaces to establish the

characterization methodology of model surfaces on silicon wafers. However, neither APTES

nor AHAPS appeared as adequate silanes to perform well controlled monolayers.

Therefore, to avoid side reactions and gain a better reproducibility, the choice of the

silane plays a signi�cant role. First, long-chain organosilane should be preferred to avoid

multilayer structures [134]. Long chains favors Van der Waals interactions along the chain

facilitating a more dense layer. Secondly, the functional groups must not compete with

the head groups and interact with the surface [132]. In addition, the temperature and

the solvent have to be adjusted to reduce the production of silane aggregates. The ideal

temperature (Ti) for the deposition of controlled monolayers (silanes) depends on the chain

length and the used solvent. Ti was found to be 0 ◦C for 10 carbon atoms in the main

chain [73, 134]. The solvents are chosen on the basis of the main criteria: the solubility

of the main chain [(CH2)n] and the head group. A good solubility is necessary to avoid

micelle formation in solution [73, 132]. Consequently, to induce a well de�ned thin layer,

trichlorosilanes with a non-nucleophilic functional group (as halide) are favorable. The

advantage of halide functionalized silanes is the possibility of changing the halide group

into another functional group by a nucleophilic substitution (SN2) [131, 132, 135] and of

avoiding an interaction with the surface.

In the 90ths Balachander and Sukenik [131] showed for the �rst time that SN2 reactions can

be used for the conversion of functional groups of monolayers. They investigated di�erent
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nucleophiles1(Nu) like N−3 , SCN
−, S2− and S−2 , and demonstrated that the monolayer

structure can be preserved under adequate reaction conditions. Some years after, Fryxell

et al. [132] highlighted that the SN2 reaction is signi�cantly retarded on surfaces compared

to the reaction realized in solution. By increasing the surface-azide concentration, the SN2

reaction slowed down.

The nucleophilic substitution reaction contains two reactions (see �gure 3.1), the attack

and the suppression of one functional group of the molecule that should be modi�ed. A

nucleophile reacts with a molecule that binds a nucleofuge2 [136], which is ejected from

the molecule by bond cleavage. In this process, the nucleophilic group provides an electron

pair, while the binding electrons are retained with the leaving group (LG) [137]. The

most important nucleophiles are Cl−, Br−, I−, HO−, RO−, HS−, N−3 , all of them have a

free electron pair that can attack a molecule. In general, the leaving groups (nucleofuges)

are electron attractive and the bond between the carbon atom and the leaving group is

polarized by the induction e�ect of the leaving group. Furthermore, the dissociation energy

between leaving group and the carbon atom (C-LG) should not be too high, otherwise the

bond is di�cult to break. The less alkaline these groups are, the higher is the tendency

that the bond breaks. The following leaving groups are typically found in literature: -Cl,

-Br, -OH+
2 , -NR

+
3 , sorted by energy bond. If the new connection is build simultaneously

with the break of the bond between the carbon atom and leaving group, then the reaction

is called a bimolecular nucleophilic substitution or SN2. The nucleophile approaches a

polarized bond of C-LG from the opposite direction (backside) of the leaving group and

interacts with the carbon atom. Synchronously with the formation of a new Nu-C bond

the distance of the C-LG bond increases. The SN2 reaction goes through a transition

state where the nucleophile is bonded loosely, and the leaving group is not yet totally

suppressed (see �gure 3.1). This transition state or complex has steric demands due to the

penta coordinated carbon atom [137].

In SAMs the nucleophile must penetrate the monolayer to attack the C-LG bond from the

backside. Therefore, the nucleophile has to be a small and strong nucleophile. There is

a kinetic barrier, due to the fact that the monolayer is closely packed and in which the

nucleophile must shed much or all of his solvent shell to be able to penetrate the monolayer.

The success of a displacement reaction in SAMs depends strongly on the type of SAM and

its defects [132].

Chemical reactions or modi�cations on solid surfaces are di�cult to follow compared to

organic reactions in liquid phase. However, it can be done by a thorough investigation

by XPS [131�134], and additionally by measuring changes of the contact angle and layer

thickness [131�133,138] as will be demonstrated in this chapter [76].

1A nucleophile contains a free electron pair.
2A nucleofuge is a leaving group that retains the electron pair of a bond.
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Nevertheless, it is crucial to adjust the reaction conditions to obtain controlled monolayers.

Since trichlorosilanes are highly reactive and might tend to polymerize in the presence of

water, controlled conditions must be carefully chosen to avoid side reactions [74].

Figure 3.1: The general mechanism of a nucleophilic substitution (SN2). The nucle-

ophile is approaching the molecule, which contains a leaving group. A transition state

(‡) is formed, where both the Nu− and the LG are bound to the molecule. In a third

step, the LG is suppressed and the Nu− is bound to the molecule.

3.2.2 Mixed monolayers (MML)

Chemical gradients are of great interest for various studies and practical applications. On

the basis of such surfaces with gradients, biomolecular interactions, cell motility and mi-

cro�uidics can be investigated [138]. Another possibility are surfaces with di�erent densities

of one molecule species within another. The co-adsorption of two di�erent surfactants, for

example, leads to mixed monolayers. In general, two or more silanes with di�erent terminal

functionalizations are diluted in an adequate solvent. By immersion of the substrate in

the solution, the silanes are adsorbed onto the surface (see �gure 3.2 a). If the two silanes

are similar in their physical properties (chain length, terminal functionalization etc.), the

co-adsorption of both silanes is regarded as equal. Hence, it is expected that despite the

di�erent terminal groups of the silane a correlation exists between the concentration in

solution and the concentration of the silanes on the surfaces [65, 98, 132]. It was further

presumed by Fryxell et al. that the bromine and a methyl terminal group monomers are

identical [132]. Hence, no segregating nor islanding is attended and the distribution of the

molecules in solution is random [132,139�141] (see �gure 3.2 b) [132].

Mixed monolayers with designed surface composition allow us to control surface properties

like surface energy, roughness and chemical reactivity [65, 142]. There are three di�erent

kinds of MMLs, not considering the head group of the surfactants e.g. silanes or thiolates.

The �rst kind are mixed monolayers, caused by di�erent (ω)-functionalized molecules,

but with the equally chain lengths [10, 132, 133]. The resulting MMLs are quite �at and

di�erent wettability properties of the surface can be obtained. The second kind of MMLs

is caused by molecules with di�erent chain lengths, while containing the same functionality

of the terminal group [139]. The obtained mixed SAMs are suited to investigate roughness

e�ects. Finally, to get the third kind of mixed monolayers, molecules with di�erent (ω)-

functionalities and di�erent chain lengths [10,18,77] are used.
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Figure 3.2: Fabrication of mixed monolayers. A co-adsorption of two di�erent silanes

takes place after immersion of the substrate in solution. In case the two silanes have

comparable physical properties, a linear correlation between the silane in solution and

on the surface is expected [132].

3.2.3 Biomolecule grafting

In the biomaterial and biomedical �eld, the grafting of biomolecules on a surface is fre-

quently applied. On one hand, there is the non-covalent adsorption of the biomolecule and

on the other hand the covalent linkage between the biomolecule and the surface. However,

for the covalent grafting of biomolecules, functional groups of the surface are required to

which the biomolecule can attach. Thereby, the surfaces are functionalized by alcohol-,

alkene-, alkine-, amine-, carboxy-, hydroxy-, thiol-, or halide-groups [75, 143�147]. How-

ever, most of the studies in literature are concerned with the grafting of biomolecules on

amine groups. Thus, an aim of this work was to achieve amine terminated surfaces. Sur-

face grafting take place by aid of a linker molecule or via coupling agents. These coupling

agents activate either the surface or the biomolecule. For a successful reaction between sur-

faces and biomolecule either the surface site or the biomolecule has to be activated. Thus

the energy barrier of a reaction can be reduced and the reaction becomes faster. In liter-

ature, the combination of N-hydroxysuccinimide (NHS) and ethyl(dimethylaminopropyl)

carbodiimide (EDC) is frequently used, to activate the carboxy group of biomolecule or

57



3. MODEL SURFACES WITH WELL CONTROLLED DENSITIES

surface [144]. Another method is the activation of the carboxy group with hydroxybenzotri-

azole (HOBt), which enables the reaction with amine groups. However, if the biomolecule

i.e. a protein is activated in solution, e.g. with HOBt, it is necessary to protect the amine

functionalization of the biomolecule with for example 9-�uorenylmethyl succinimidyl car-

bonate (Fmoc-OSu) to avoid the polymerization.

In general, the biomolecule is not directly grafted onto the functionalized surface. Several

parameters like sterical demands, activation barriers etc., have to be overcome before

grafting. One solution is to use a linker molecule, also called a spacer, as a linkage between

the surface and the biomolecule. Another advantage of the linker is to preserve biological

activity of molecules, by moving the biomolecule away from the surface. The kind of linker

depends on the functional group of the surface. An amine group can react with an aldehyde

or a diisothiocyanate. Short or long, �exible or rigid, hydrophilic or hydrophobic molecules

[144] may provide the linkage between the functional groups of surfaces and the functional

group of the biomolecules. Linkers are either ring-opening-molecules, homofunctional or

heterofunctional3, regarding the reaction or functional groups they are carrying. These

coupling agents or linkers can provide almost any functional groups at the surface and the

desired or requested biomolecule [143,144].

Typical homobifunctional linkers between two amino functionalities which are also used

in this work are: glutaraldehyde (GAD), di-(N-succinimidyl)oxalate (DSO) and 1.4-

phenylendiisothiocyanate (PDITC). GAD is a short homo-biofunctional coupling reagent,

which is commonly used to graft biomolecules [148]. However, it is also known that GAD

leads to a weak quantity of grafted molecules [149] and can polymerize on the surface [150].

By the reaction of the GAD-aldehyde group with an amino group, a Shi� base (C=N) is

obtained. These bonds are very unstable and the reaction is reversible [85], hence the

Shi� base has to be reduced with e.g. NaCNBH3 to get a stable amide bond [151]. An

alternative to GAD is a homobifunctional linker without aldehyde functionality like DSO

and PDITC. DSO contains two leaving groups, which are suppressed by reaction with

amine groups, which results in an amide bond. PDITC contains two thiocyanate groups

and an aromatic ring system. Hence, PDITC, is able to react with an amine group, while

its π-system in the aromatic ring provides its stacking [149]. An overview of commonly

used methods of biomolecule grafting is shown in table 3.1. Generally, most of the grafting

methods are based on amine or carboxy groups, due to their high amount in biomolecules,

such as peptides or enzymes.

There are two preparation techniques to graft biomolecules by aid of a coupling agent,

which are frequently used in literature. The �rst one is a one-step technique in which the

surface, the coupling agent and the biomolecule are altogether and the reactions take places

simultaneously. The problem of this technique is that the biomolecule may polymerize if

the functional groups are not protected. The second technique is a multi-step method,

3A homobifunctional linker is a molecule with two reactive functional groups, while heterofunctional

linkers contain di�erent reactive groups [144].
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where the surface is activated in a �rst step and the biomolecule is added in a second

one. This technique avoids the polymerization of proteins and amino acids [143], but not

polymerization of linker molecules, which can react with each other, like GAD and is also

more time consuming.

In general, there are issues regarding the orientation and the mobility of the grafted

biomolecule [152]. However, a not controlled grafting of biomolecules resulting in an un-

organized layer may be lead to problems for some applications. For other devices, like

biosensors, the loading capacity and the density of grafted biomolecules are crucial. There-

fore, it is important to understand the reaction of an abiotic material and its a�ect on the

biofunctionality of the biotic layer [153] to improve devices.

Table 3.1: Methods for the grafting of biomolecules [144].

functional group functional group resulting

of surface of biomolecules chemical linkage

NHS-ester amine amide

aldehyde amine imine

isothiocyantate amine thiourea

epoxide amine aminoalcohol

amine carboxy amide
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3.3 Material and Methods: Part 1

3.3.1 Grafting of silanes

In the following, two di�erent silanes were used to provide SAMs, namely 11-Br-

undecyltrichlorosilane and undecyltrichlorosilane. Both silanes were furnished by ABCR in

Germany. They have the same chain lengths of CH2 units and similar properties. Neither

the terminal group Br nor CH3 interact with the substrate. Thus, these silanes are ex-

pected to prone to well controlled (mixed) self assembled monolayers, due to their physical

similarity. The protocol of grafting of the silane and optimization of bromine monolayer

are described in detail in article 2a on page 85.

3.3.1.1 Optimization of silane grafting

The piranha activated substrates were immersed in a solution containing 1 mM silane in

di�erent solvents [so] for di�erent reactions times [to] and at di�erent temperatures [To].

The substrates were then rinsed either with or without an annealing step and an ultrasonic

treatment (15 min in CHCl3). In this process, three condition-sets were carefully inves-

tigated (see table 3.2). The three conditions are di�erent in reaction time, temperature,

solvent and �nal rinsing step.

The �rst condition-set, re�ects a well investigated protocol [71] for the grafting of bromine-

trichlorosilanes. The original protocol was established in the 90ths and apparently well-

controlled monolayers were obtained. The second condition-set is a general protocol that

was used for the grafting of silanes under no speci�c conditions. Therefore, these surfaces

were elaboratted in hexadecane, at room temperature and overnight, followed by a short

immersion in hot water and a 1 min sonication treatment in CHCl3. Finally, the third

condition-set considers a study of trichlorosilanes with similar lengths on various tempera-

tures [73]. In the process of optimization, further experiments were carried out to establish

the third condition set as �nal protocol. All three condition-sets were performed to obtain

bromine monolayers. In the �rst and second condition-sets, the surfaces were rinsed after

the grafting step, while in the third condition-sets an annealing step followed by 15 min

ultrasonic treatment was added.

As mentioned above, di�erent solvents (polar, apolar, mixture of two solvents), di�erent

temperatures (6 ◦C, 20 ◦C and 45 ◦C) and di�erent reactions times (4 h, 5 h and 16 h)

were used to optimize the monolayer. To obtain stable surfaces an additional annealing

procedure was added in a �rst step. In a second step, di�erent solvents were used for

the desorption of the silane: CHCl3, n-heptane, toluene and 30 % CHCl3 in 70 % n-

heptane (v/v). The most promising results were obtained with the solvent 30 % CHCl3 in

70 % n-heptane, which was hence used for further optimization. The next parameter that

was changed was the temperature. The experiments were conducted at 6 ◦C, 20 ◦C and
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45 ◦C and a reaction temperature of 6 ◦C was �nally selected. The surfaces are generally

described by their expected surface coverage (e.g. 75 %Br). Therefore, the experiments

were performed in 30 % CHCl3 in 70 % n-heptane, at 6 ◦C for 4 and 16 h followed by a

rinsing, an annealing step and �nally an ultrasonic rinsing of 15 min.

Table 3.2: Controlled grafting of silanes.

parameter 1. condition 2. condition 3. condition

concentration 1 mM 1 mM 1 mM

solvent hexadecane hexadecane heptane(70 %)/CHCl3(30 %)

time 4 h 16 h 4 h

temperature 45 ◦C room temperature 4 ◦C

rinsing CHCl3/ hot water CHCl3/ hot water CHCl3/ hot water

annealing � � 1 h at 105 ◦C

ultrasounds � � 15 min, 45 kHz

3.3.1.2 Variation of surface density

After the optimization of the reaction conditions for the grafting of bromine silane, the

�nal protocol (third condition-set) was used to perform mixed monolayers. Di�erent ratios

of 11- bromoundecyltrichlorosilane and undecyltrichlorosilane were used to induce various

densities of functionalized surfaces (see �gure 3.3).

The �nal concentration of silane was set up to 1 mM in a solution of 30 % CHCl3/70 %

n-heptane (99 %, Carlo Erba) in volume. The �ve bromine densities 0, 25, 50, 75, 100 % Br

were further investigated. The wafers were immersed over 4 h at 6 ± 0.8 ◦C in the silane

solution with a concentration of the bromo silane according to the desired bromine density

of the �nal surface, followed by a rinsing step with CHCl3 and hot water and baking for 1 h

at 105 ◦C. Afterwards, the wafers were thoroughly rinsed by 15 min ultrasonic treatment

in CHCl3 and dried under nitrogen stream.

3.3.2 Conversion of Br into NH2

The conversion of bromine terminal groups into amine terminal groups takes place in two

steps, depicted in �gure 3.4. In a �rst reaction, the bromine is replaced by an azide and

in the second reaction, the azide is reduced to an amine.
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Figure 3.3: Various densities of Br in CH3 were �rst introduced on the silicon wafers

to obtain MMLs. Afterwards, the bromine was chemically converted into amine groups.

Figure 3.4: (a) The Br-groups of the obtained monolayer are converted by an SN2

reaction in N3-groups. (b) These N3-groups are subsequently reduced in NH2-groups.

3.3.2.1 From Br to N3

Bromine-functionalized samples were immersed in a solution of 0.7 M NaN3 in DMF (both

purchased from Sigma-Aldrich), under shaking for 72 h and at room temperature. After-

wards, the samples were rinsed with MilliQ water and acetone and dried under nitrogen

stream [131,133].

3.3.2.2 The kinetics of the replacement reaction

The SN2 reaction was performed in over saturated solution of NaN3 in water and DMF.

The reaction vessels were shaken at room temperature for several hours. XPS analysis was

performed after 1, 6, 12, 24 and 72 h to verify the substitution reaction of Br− by N−3 and

to determine the end of the reaction. A typical behavior for a kinetic reaction is expected,

i.e. a fast increase (decrease) of N (Br) with time while the speed of the reaction slows

down, as depicted in �gure 3.5.

3.3.2.3 Reductive amination

Azide terminated samples were reduced overnight in a solution of 0.2 M LiAlH4 (Sigma-

Aldrich) in THF (Carlo Erba), followed by an immersion of the samples in THF for 12 h at
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Figure 3.5: A SN2 reaction is usually fast at the beginning, and slows down with time

and increase of the product concentration.

room temperature. The lithium complexes formed on the surface were removed by hydrol-

ysis. For that purpose, samples were immersed for 1 h in 10 % HCl (Sigma-Aldrich). Af-

terwards, the samples were rinsed with MilliQ water and EtOH (absolute, Sigma-Aldrich)

and dried under nitrogen stream. Similarly to the lithium-complexes, the NH2-groups on

the surface were reduced to NH+
3 . To achieve NH2-groups, the NH+

3 -groups were converted

by immersion in triethylamine (TEA, 99.5 %, Sigma-Aldrich) during 24 h, at room temper-

ature (see �gure 3.4 b). Finally, the samples were rinsed several times with MilliQ water

and EtOH and dried under nitrogen stream [131,133].

3.3.3 Microbiology experiments on homogeneous amino terminated surfaces

Bacterial adhesion experiments were carried out to compare homogeneous 100 % amino

terminated SAMs (APTES, AHAPS and 100 %NH2) and the impact of their organization

on bacterial adhesion. Bacterial adhesion studies are explained in detail in article 2a,

page 89.

3.3.3.1 Bacterial strains

In the bacterial adhesion studies, the laboratory strain E.coli MG1655 [154], SCC1 [155]

was used. This bacteria strain is auto �uorescent, through a genetic insertion [155], ex-

presses curli and produces exo-cellular polymeric substances (EPS) [154].
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3.3.3.2 Bacterial cultivation

Bacteria were cultured overnight in the selective M63G media at pH 6.8 at 30 ◦C, for

detailed information about the media, the properties and provenance of the products see

chapter 4. A second preculture was inoculated by the overnight culture (10 vol-% of the

�rst culture), and was grown for 4 h at 30 ◦C. The �nal culture, used for performing the

bacterial adhesion experiment, was inoculated with this 4 h preculture (10 vol-% of the

second culture). The optical density at 600 nm (Abs600) was adjusted to 0.1 (i.e. 106

bacterial/mL).

3.3.3.3 Static experiments

The substrates were sterilized by immersion in 70 % EtOH for 30 min and subsequently

rinsed with sterile MilliQ water under a laminar �ow. Finally, the substrates were dried

and put into small petri dishes (ø 35 mm).

3 mL of the bacteria culture (Abs600 = 0.01) were added to the substrates. Bacteria were

grown for 2 h at 30 ◦C on the samples. Subsequently, the samples were thoroughly and

carefully rinsed with NaCl (150 mM), to remove non attached bacteria without creating

an air-surface interface and to remove media from the Petri dish.

3.3.3.4 Observation of bacterial adhesion by confocal laser scanning microscopy

The samples were analyzed by taking images of the surface with an upright confocal laser

scanning microscope (Carl ZEISS, LSM700). The gfp �uorescence of E. coli SCC1 was

exploited for imaging in �uorescence mode with a laser wavelength of 488 nm for exci-

tation. A reference experiment was conducted with a sterile piranha cleaned wafer (see

section 2.3.1). The obtained images were analyzed by ImageJ 4.13 software and the number

of bacteria was determined. Statistical T-Test analyses (excel) were done, and the bacte-

rial adhesion behavior on one surface was compared to the bacterial adhesion behavior on

another surface.

3.3.4 Surface analysis and treatment of results

AFM, zeta potential and ellipsometry were used to characterize surface modi�cations. XPS

was used to determine the ratios of mixed monolayers and to evaluate surface reactions

yield. For contact angle measurements, the surfaces and their modi�cation were thoroughly

analyzed and interpreted by XPS survey and high resolution spectra. For more detailed

information see article 2a on page 88.
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3.3.4.1 Additional information on XPS analysis

The same parameters as in the second chapter (see on page 28) were used to analyze the

XPS spectra of the well-controlled monolayer and mixed monolayers. In addition, two

more characteristic high resolution spectra (the Br3d of the bromine monolayer, and a

second N1s spectra of azide signal) will be analyzed in this chapter.

For analysis of the survey spectra, the corrected area of the Br3d signal at ∼ 69 eV (relative

sensitivity factor (RSF): 2.84) was used for further treatments. In the high resolution

spectra, the Br3d peak further contains two speci�c signals that are correlated to the spin

orbit coupling of Br3d 5/2 at 69 eV (RSF of 1.68) and Br3d 3/2 at 70 eV (RSF of 1.16).

An area constraint was set to 0.69 to obtain equal corrected areas for the both signals,

while the fwhm constraint was �xed to be equal (see table 3.6.1).

During the conversion of the terminal group of the monolayers, an azide group (−N ≡
N+− N−;−N =N+ =N−) is obtained in the intermediary step. By XPS analysis of an

azide group, a very characteristic high resolution signal can be obtained for the three di�er-

ent con�gurations of the nitrogen components (N+;N0;N−). One of the nitrogen atoms

is neutral, the second is negatively charged, while the third nitrogen atom is positively

charged. Consequently, the emitted electrons hold di�erent kinetic energies as a result of

di�erent nitrogen charges in the azide group. Hence two peaks are detectable at di�er-

ent binding energies with a separation distance of ∼ 3.7 eV. The signal of the positively

charged nitrogen is measurable at a higher binding energy than the other two nitrogen

components. The neutral and negatively charged nitrogen signals (0.5 eV distance) are not

fully separated due to energetic resolution but the area of this peak is double of the N+

previous peak. For the deconvolution of high resolution spectra three components were set

up with the same fwhm and the area constraint was �xed to be equal (see �gure 3.6).

3.3.4.1.1 Mixed monolayers

Further, the coverage of bromine, azide and amine of mixed monolayers was calculated.

The coverage XBr,N3,NH2 [%] provides the information, whether the experimental ratio for

pure (100 %) monolayers or mixed monolayers is in an agreement with the expected ratio

(depending on the ratio of silanes in solution in the �rst grafting step, see section 3.3.1).

There are two possibilities to determine the surface coverage: one is based on the data of

the survey spectrum (see equation 3.1) and a second one is based on the high resolution

spectra of C1s and Br3d or N1s for bromine or azide/amine surfaces, respectively. The

coverage is given by the two following equation,

X = 11 · ABr3d or N1s

AC1s
, (3.1)
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Figure 3.6: A characteristic XPS high resolution spectrum of an azide surface. Two

peaks are detectable, containing three nitrogen components with the same corrected area.

X = 11 ·
ABr3d or N1s

ACHx

1 + ABr3d or N1s
ACHx

, (3.2)

where ABr3d or N1s is the corrected area of the Br3d or N1s signal, AC1s is the corrected

area of the C1s and ACHx is the corrected area of the CHx component in the C1s signal.

Equations (3.1) and (3.2) are based on the ratio of bromine or nitrogen atoms to carbon

atoms. In case of equation (3.1), only the atomic concentration is considered, this atomic

concentration can be determined from the survey spectrum. The ratio of Br:C is 1:11 atoms

in the silane molecule. In case of equation (3.2), high resolution peak �tting is considered.

Instead of using the C-Br (or C-N) component of the C1s spectra, it is then preferable

to use the Br3d since the component determination is not the result of a complex peak

�tting and Br3d is not in�uenced by neighboring components like C-Br one. Theoretically

the corrected area of the pure element is in theory the same as the C-X component in the

C1s spectra, which is con�rmed by experimental data (examples are shown in table 3.3).

These values are based on three di�erent samples for the 1. and 2. condition-set and on

two di�erent samples for the 3. condition-step.

It is expected that the coverage is lower if calculated with equation (3.1), due to possible

incertitudes on the baseline and determination of the background: The only source of the

CHx component and bromine or nitrogen is the silane and its conversion, respectively. All

the used constraints and parameters for the analysis of XPS survey and high resolution

spectra are shown in table 3.6.1 in the supporting information of this chapter.
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Table 3.3: Comparison of the corrected areas of C-Br and Br3d 5/2 components.

surface A(C-Br) A(Br3d 5/2)

1 condition-set 47 ± 10 53 ± 10

2 condition-set 203 ± 19 222 ± 37

3 condition-set 14 ± 2 14 ± 1

3.3.4.2 Contact angle measurements

The wettability characteristics of the surfaces were analyzed by a DSA100 goniometer

from Krüss. For static contact angle measurements, a droplet of 2 µL was placed onto the

surface and θs was determined after 1 min, time enough for the system to be in a state of

equilibrium. By adding and withdrawing liquid, advancing θa and receding θr angles were

obtained, respectively. The �ow rate of the liquid was 20 µL/min and values of θ were

automatically collected each 1
2 second.

The surface energy of the �nal amino terminated surfaces were additionally determined.

This is essential when considering surface properties e.g. the area wetting/adhesion or

surface modi�cations. The contact angle method is based on the assumption that the

surface is homogeneous [156]. The mixed monolayers were regarded as homogeneous sur-

faces, since no aggregation or islanding was expected. Surface energies were obtained by

the measurement of the contact angle of several di�erent solvents, here diiodomethane, 1-

bromonaphthalene and water were used. Contact angles are usually measured with polar

and apolar liquids [157]. The dispersion forces of a solid-liquid system can be described by

equation 3.3. Here, diiodomethane
√
γDL
γL

= 0.137 and 1-bromonaphthalene
√
γDL
γL

= 0.15,

were used.

γL cos θ = −γL + 2
√
γDL γ

D
S − πe, (3.3)

where γL is the surface tension of the liquid L, cos θ is the contact angle, γDL is the dispersion

force of L, γDS is the dispersion force of solid S and πe is the equilibrium �lm pressure of

adsorbed vapor on the solid. πe is zero if γL > γS [158].

The surface energy of a solid can be su�ciently determined with only one contact angle

measurement by plotting of cos θ versus
√
γDL
γDS

. A straight line should be obtained with the

origin at cosθ = -1 and with a slope of 2
√
γDS [158].
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3.4 Material and Methods: Part 2

3.4.0.3 Grafting of the amino acid glycine with aid of a homobifunctional linker

3.4.0.3.1 Linker 1: Glutaraldehyde (GAD)

The samples were immersed in a solution of 10 vol-% glutaraldehyde (25 %, grade I, Sigma-

Aldrich) in MilliQ water, at pH between 5-6 for 1 h. Afterwards, the samples were rinsed

with MilliQ water and dried under nitrogen stream. The glutaraldehyde activated surfaces

were then immersed in a 20 mM glycine (purchased from Alfa Aesar in Germany) solution

containing 50 mM NaCNBH3 (Sigma-Aldrich) in MilliQ water (pH 5-6). The reaction

was carried out overnight at room temperature. Afterwards, the samples were rinsed with

MilliQ water [159] and dried under nitrogen stream. A reaction scheme is depicted in

�gure 3.7.

Figure 3.7: Scheme of the grafting of glutaraldehyde, followed by the glycine grafting.

3.4.0.3.2 Linker 2: Di-(N-succinimidyl)oxalate (DSO)

NH2 terminated surfaces were immersed in a solution of 10 mM DSO purchased from Fluka

in CH2Cl2 (Sigma-Aldrich) supplemented with TEA (1 vol-%) for two hours at 6 ± 0.8 ◦C.

The surfaces were rinsed several times with CH2Cl2 and dried under a nitrogen stream.

DSO-activated surfaces were directly used for surface analysis and for amino acid grafting.

For the amino acid grafting, samples were immersed in a solution of glycine (1 mM) and

kept 24 hours at room temperature. Afterwards they were rinsed with MilliQ water and

EtOH and dried under nitrogen stream [149]. The reaction scheme of glycine grafting via

DSO is depicted in �gure 3.8.

Figure 3.8: Reaction of DSO and NH2-group of the surface, followed by the reaction of

the DSO-activated surfaces and glycine.

3.4.0.3.3 Linker 3: 1.4-Phenylendiisothiocyanat (PDITC)

NH2 terminated surfaces were activated with PDITC by immersion of surfaces in a solution

of 10 mM PDITC purchased from Sigma-Aldrich in CH2Cl2 supplemented with 1 vol-%

pyridine (Sigma-Aldrich) for 2 h at 6 ± 0.8 ◦C. Afterwards, the samples were rinsed several
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times with CH2Cl2, dried under nitrogen stream and immediatly used for further amino

acid grafting and the analysis of the surfaces. An 1 mM glycine/MilliQ water solution was

prepared, in which activated surfaces were immersed. After 24 h at 4 ◦C the surfaces were

rinsed with MilliQ water and EtOH and dried under nitrogen stream [149]. The schematic

of glycine grafting via PDITC is shown in �gure 3.9.

Figure 3.9: The isothiocyanate groups of the linker reacts �rst with an amine groups

of the surface and, after adding of an amino acid, with their amino groups.

3.4.0.4 Grafting of an amino acid by protection and activation of glycine

3.4.0.4.1 Step 1: Synthesis of Fmoc-glycine

For the synthesis of Fmoc-glycine, 13.3 mM glycine and 26.7 mM Na2CO3 (Sigma-Aldrich)

were dissolved in MilliQ water. The solution was added, drop by drop, into 1.4-dioxane

(Sigma-Aldrich), containing 20 mM 9-�uorenylmethyl succinimidyl carbonate (Fmoc-OSu,

Fluka). During the addition of glycine, the solution was stirred at 0 ◦C up to 1 h after

glycine was completely added and let 12 h under stirring at room temperature.

The reaction medium was diluted with MilliQ water and extracted two times with AcOEt

(Riedel-de Hoen). The organic phase was washed two times with a saturated Na2CO3

solution. Obtained water phases were combined and a pH of 1 was reached by adding HCl.

Subsequently, the aqueous phase was rinsed three times with AcOEt. The resulting organic

phases were dried by MgSO4 (Fluka), �ltered and concentrated by rotary evaporator. After

removal of the solvent, a white, solid substance was obtained. Finally, the substance was

washed with CH2Cl2 to remove traces of Fmoc-OSu. The obtained product was analyzed

by 1H-NMR and the reaction yield of the puri�ed product was calculated. The protection

mechanism of glycine with Fmoc-OSu is depicted in �gure 3.10.

Figure 3.10: The amine groups of glycine is protected by Fmoc
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3.4.0.4.2 1H-Nuclear Magnetic Resonance spectroscopy (1H-NMR)

NMR spectroscopy techniques (1H-, 13C-, 15N-NMR) are often used to determine the

structure of organic products or biomolecular compounds. The techniques investigates

the electronic environment of single atoms and interactions with neighboring atoms. The

measurements take place in a main magnetic �eld with a vertical high frequently alternating

�eld to the main �eld. An energy (∆E) is absorbed by the sample from the alternating �eld

and can be measured in a current strength (in case of resonance). ∆E corresponds to a

certain frequency and depends on magnetic properties of the nucleus of the atom. It is also

proportional to the outer magnetic �eld Ho. A spectrum is obtained with shifted frequencies

of resonance versus their intensity compared to a reference (standard). The chemical shift of

the resonance frequency depends also on the electron density of the corresponding proton.

There is an in�uence of π-systems but as well of substituents. The magnetic shielding

increases or decreases if the substituents are electron-acceptors or -donators, respectively.

The shift is de�ned in equation (3.4), while the signals are split in multiple signals due

to the J-coupling (indirect dipole-dipole coupling). These splittings have speci�c patterns

and result from the interaction of di�erent spin states through a chemical bond.

δ[ppm] =
νH(Probe) − νH(Standard)

νH(Standard)
, (3.4)

where δ is the chemical shift of resonance frequency, νH(Probe) is the frequency of the

sample and νH(Standard) the frequency of the reference.

3.4.0.4.3 Step 2: Grafting of glycine onto NH2 functionalized surfaces

For the reaction, Fmoc-glycine, hydroxybenzotriazole (HOBt, Sigma-Aldrich), 2-

(1H-Benzotriazole-1-yl)-1.1.3.3-tetramethyluronium hexa�uorophosphate (HBTU, Sigma-

Aldrich) and N,N-Diisopropylethylamine (DIPEA, Sigma-Aldrich) were added to a solu-

tion of DMF. During the reaction, DIPEA deprotonates the COOH of the Fmoc protected

glycine. The deprotonated Fmoc-glycine reacts in a �rst step with HBTU, before forming

an active ester with HOBt. Finally, the OBt-activated Fmoc-glycine reacts with the amino

group of the surface. Figure 3.11 shows the reaction of Fmoc-glycine with the amino func-

tionalized surface.

Three conditions of concentration were tested (C1, C2 and C3). They are shown in ta-

ble 3.4. The reaction with NH2 functionalized surfaces took place at room temperature

and with di�erent reaction times. To remove the Fmoc protection-group, the surfaces were

immersed in a solution of piperidine (21 vol-%) in DMF for at least 12 h, followed by a

rinsing with water and EtOH. Finally the samples were dried under nitrogen stream.
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Figure 3.11: The carboxy group of Fmoc-glycine is activated by HBTU, before reacting

with the amine group of the SAM surface. The protecting group is removed by piperidine.

Table 3.4: Di�erent conditions of amino acid grafting.

C1 C2 C3

Fmoc-gly 8.3 µM 33.7 µM 3.3 mM

HOBt 8.3 µM 33.7 µM 3.3 mM

HBTU 33.0 µM 8.3 µM 3.3 mM

DIPEA 67 3 µM.17 6 µM. 6.7 mM

solvent in DMF

time of reaction 137 h 143 h 200 h

3.4.1 Amino acid grafting on amine reactive surfaces

Amine functional SAMs were used as substrate to graft an amino acid such as glycine via

a homobifunctional linker. A summary of the coupling agents used in this chapter is given

in table 3.5.

3.4.2 Analyses of surfaces

All surfaces were analyzed by XPS. The reaction yield was determined by use of the survey

and high resolution spectra (see section 3.4.2.1). In addition, contact angle measurements,

ellipsometry and AFM were performed on several surfaces, as described before in the second

chapter.

Additional information about XPS analysis are given in article 2b on page 116.

3.4.2.1 Additional Information about XPS analysis

The reaction yields of the grafting of amino acids were determined after evaluation of the

XPS data analysis. The yield was calculated through (i) the experimental ratio of N1s to

C1s compared to the ideal ratio and (ii) after deconvolution of C1s spectra. Thereby, the
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Table 3.5: Summary of coupling reagents for amino acid grafting.

Short name Name IUPAC Molecular Purpose

formula

Linker

GAD pentane-1.5-dial C5H8O2 homobifunctional, �exible

between two NH2 groups

Linker

DSO N,N'-Disuccinimidyl C8H4N2O8 homobifunctional, �exible

oxalate between two NH2 groups

ring-opening molecule;

PDITC 1.4-phenylene C10H8N2S2 homobifunctional, rigid

diisocyanate between two NH2 groups

Fmoc-Osu 9-�uorenylmethyl C19H14N1O5 Activation of

succinimidyl carbonate amino acid

HOBt N-Hydroxybenzo- C6H5N3O activation of COOH-

triazol groups of amino acid

O-(Benzotriazol-1-yl)-

HBTU N,N,N',N' C11H16F6N5OP coupling additive

-tetramethyluronium

hexa�uorophosphate

di�erences of the chemical composition of C1s of initial and �nal surfaces were compared

to the ideal ones. However, the components had to be normalized by the CHx component

of the same spectrum to be able to compare di�erent analysis of XPS. The yield of (ii) was

calculated according to the following equation 3.5:

yield % =
( AX
ACHx

)finalexp − ( AX
ACHx

)initialexp

( AX
ACHx

)finalideal − ( AX
ACHx

)initialideal

, (3.5)

where Ax is the corrected area of the component X of C1s, ACHx is the corrected area

of the CHx component of the experimental and ideal surfaces, subscripted exp and ideal,

respectively. The ratio of the substrate is called initial, while the ratio after the reaction

is named final.

Besides the calculation of the yield by comparing the experimental and ideal ratios of

concentrations (areas), the surface structure was interpreted by evaluation of the de-

crease/increase and disappearance/appearance of C1s components.
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3.5 Results and Discussion of Part 1

3.5.1 Article 2a: �Well-controlled platforms to study the role of functional

groups accessibility at bacteria / material biointerfaces�

Article by Judith Böhmler, Arnaud Ponche, Karine Anselme, and Lydie Ploux, in prepa-

ration.

Well-controlled platforms to study the role of

functional groups accessibility at bacteria / material

biointerfaces

Judith Böhmler, Arnaud Ponche, Karine Anselme, Lydie Ploux§

Institut de Science des Matériaux de Mulhouse (CNRS LRC7228), Mulhouse,

France

§ Corresponding author:

Dr Lydie Ploux, Institut de Science des Matériaux de Mulhouse (CNRS LRC7228), 15 rue

Jean Starcky, BP2488, 68057 Mulhouse cedex, France; Lydie.Ploux@uha.fr

Abstract

Well-controlled mixed molecular layers are crucial to study the role of material surface

chemistry in biointerfaces such as bacteria and subsequent bio�lm on biomaterials. Al-

though self-assembled monolayers (SAMs) based on silanes with non-nucleophilic func-

tional groups are promising due to their low sensitivity to side-reaction, their well-control

in terms of surface chemistry, as well as layer structure and organization has never been ev-

idenced. Here, we report a comprehensive synthesis and analysis of undecyltrichlorosilane

and 11-bromoundecyltrichlorosilane based mixed SAMs on silicon substrate. Role of sev-

eral reaction conditions on the control of surface chemistry, layer structure and organization

was investigated by survey and high resolution X-ray photoelectron spectroscopy analysis,

wettability measurements and ellipsometry. Aiming at providing well-controlled yet easily

made platforms for biointerface studies, the most appropriate conditions were determined

for elaborating pure 11-bromoundecyltrichlorosilane SAMs of high reproducibility. We

demonstrated that control is maintained on more complex surfaces i.e. surfaces revealing

various chemical densities that were obtained with di�erent ratios of undecyltrichlorosi-

lane and 11-bromoundecyltrichlorosilane as well as after bromine was converted to amine

groups via SN2 bromine-to-azide conversion. Appropriateness for biointerface studies of

such amino and methyl group revealing platforms (NH2-X % / CH3) was proved by higher

reproducibility of bacterial adhesion on NH2-100 % / CH3 SAMs compared to commonly

reported SAMs of theoretically similar surface chemistry, yet less control of quality.
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Keywords: SAM, surface analysis, high resolution XPS, surface chemistry, biointerface,

bacterial adhesion

1. INTRODUCTION

Biointerfaces have become a crucial �eld of the material science, being involved in appli-

cation �elds as di�erent as micro�uidic systems, biosensors and biomaterials. Interfaces

between materials and biological objects are therefore more and more investigated attempt-

ing to improve the fundamental knowledge in this area [1,2]. A typical example, crucial

topic for better understanding biomaterials-related infections, concerns whether bacteria

- material interfaces may be controlled by the material surface chemistry through a�ec-

tation of bacterial adhesion and bio�lm formation [3,4]. Chemical heterogeneity of the

surface, accessibility or orientation of (bio)molecule adsorbed or grafted at this interface

are some of the parameters potentially relevant for bacterial response to surface. To study

such aspects, however, material tools are rare. Surfaces should be as ideal as possible to

avoid coupling of e�ects resulting from di�erent surface characteristics (typical, frequent

coupling of surface topography and surface chemistry). They must be very well-controlled

and well-known i.e. well-described surfaces, to know the exact surface in contact with the

studied biological system (bacteria for example) [4].

The best controlled surfaces currently suitable for fundamental study at biointerfaces are

probably self-assembled monolayers (SAMs) [5-7]. Aside from, in principle, well-controlled

structure and architecture of the molecular layer [8,9], they can reveal a large diversity of

functionalities by choosing the adequate molecular candidates [8], can be further grafted

through various ways with biomolecules for example [10], and are stable enough to en-

visage their use in long term aqueous aging conditions or in vivo mimicking experimental

set-ups like bioreactors or �ow cells [11-13]. If realized on silicon wafer, their high substrate

smoothness is an additional advantage to achieve platforms for biointerface studies, avoid-

ing any undesired e�ect of the surface topography even at the nanoscale. Many studies

at biointerfaces have been reported with SAMs, providing number of relevant results in

particular in the surface - bacteria interface �eld [11-13].

Based on the principle of SAMs, chemically mixed monolayer can be achieved. They al-

low to envisage studying the role of chemical heterogeneities and molecular accessibility in

bacterial and cell adhesion to surfaces. M. Wiencek and M. Fletcher proposed promising

SAMs of mixed chemical composition with which they investigated bacteria behaviors in

response to surface chemistry [14,15]. E. Burton et al. developed mixed monolayer reveal-

ing gradients of chemical density that they used for studying bacteria and cell response

to chemical surface properties [16]. Nevertheless, despite the indisputable interest of these

mixed surfaces, the di�erence in length of the molecules used to create the molecular layer

may have led to side e�ects due to topographical features at the molecular scale or chemical

groups carried by the molecular chain. In other words, the biological response observed on

such surfaces may be the result of several added or coupled e�ects [15].
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Heise et al. proposed to exploit silanes with non-nucleophilic functional group like bromine

and methyl terminated trichlorosilanes for creating mixed monolayer with reduced risk of

polymerization and homogeneous length of the silanes [17,18]. Further in situ transforma-

tion (SN2 reaction) allows to convert the bromine groups into azide groups [19] to �nally

obtain amino mixed monolayer [20,21] suitable for further grafting of (bio)molecules. Very

promising platforms were obtained, providing in particular control of chemical group den-

sity, which was stated by the quasi-linear relationship between monolayer composition and

composition of silanization solution [17]. However, the surface coverage by bromine groups,

and subsequent amine groups, of the monolayers was much lower than expected, being in-

ferior to 60 % and 40 % for pure bromine-revealing (Br 100 %) and pure amine-revealing

(NH2 100 %) monolayers respectively. Values may be erroneous due to the degradation

of C-Br bond during XPS analysis with a non-monochromatic source, as it was already

stated by Fryxell et al. [19]. This can also be attributed to the presence of solvent or

other contaminants that may be inserted in the molecular layer. Incomplete or uncertain

description of the layer, as well as the presence of unknown and unexpected additional

components both prevent the use of such monolayers for studying the role of subtle surface

chemical properties on biological objects. Nevertheless, adequate changes in the reaction

conditions and careful analysis of the surface properties should allow to improve monolayer

quality and knowledge about surface composition, structure and organisation. This was

provided in the present study.

As we showed previously [22], thorough surface analysis must be supplied to provide the

necessary insurances about surface chemical nature and layer architecture and structure,

including the presence of defects such as impurities intercalated in the layer or undesired

chemical side reactions. The common association of contact angle (sessile drop analysis),

thickness (ellipsometry) and elementary chemical composition (X-ray photoelectron spec-

troscopy survey spectra analysis) measurements mainly failed to highlight such defects.

Typically, additional analysis with high resolution XPS and zeta potential measurements

were essential to show silane polymerization disturbing molecular layer architecture and

failure in the orientation of molecules in SAMs based on 3-aminopropyltriethoxysilane

(APTES) and N-(6-aminohexyl)-aminopropyltrimethoxysilane (AHAPS) respectively [22].

Until now, similar thorough analysis of mixed monolayers, mainly based on high resolution

XPS, was not reported in the literature and experimental evidence of well-control of their

structure and architecture has never been supplied.

In the present work, we provide comprehensive investigations of the synthesis and charac-

teristics analysis of mixed monolayers based on trichlorosilanes with bromine and methyl

groups as non-nucleophilic functional groups. Besides, we report evidence that this strategy

of mixed monolayer elaboration supplies very well-controlled and reproducible platforms

for biointerface studies.

First, di�erent reaction conditions like concentration, solvent, temperature, reaction time,

rinsing and annealing are screened for elaborating full covered (i.e. Br 100 %) bromine
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surfaces. Changes so-induced in the coating properties, i.e. surface chemical composi-

tion, layer structure and architecture, are comprehensively analysed. High resolution XPS

analysis is used in particular to evaluate not only the chemical composition of the layer

surface but also the structure and the organisation of the layer. Variability in layer char-

acteristics is determined aiming at evaluating whether such platforms may be elaborated

in high number without losing the control of the surface chemical composition, and layer

architecture and structure. Secondly, mixed monolayers are synthesised using the reaction

conditions that allowed to obtain the most controlled layer characteristics. They are com-

pletely analysed to con�rm the control of surface chemical composition, layer structure and

organization, as well as reproducibility. Conversion of bromine/methyl- to amino/methyl-

revealing surfaces is also investigated. Finally, by comparing adhesion of bacteria on such

full amino-covered platforms (NH2 100 %) and on similarly amino-covered APTES and

AHAPS SAMs, we evaluate whether these platforms may constitute an advantage to pro-

vide new and more relevant results in biointerface studies.

2 MATERIAL AND METHODS

2.1 Surface substrate

Silicon wafer (100), purchased from MCR (Germany), one side polished, was used as a

substrate for further chemical modi�cation and cut into pieces of 1 cm x 1 cm. Substrate

pieces were ultrasonically (frequency 45 kHz) cleaned for 10 min in CHCl3 (Sigma-Aldrich)

to remove organic contamination, followed by 30 min of cleaning in Piranha solution (30:70

vH2O2 25 %:vH2SO4 99 %, both purchased by Sigma-Aldrich) at 50 ◦C. Samples were then

rinsed with MilliQ water.

2.2 Chemical modi�cations: NH2 terminated SAMs

2.2.1 3-aminopropyltriethoxysilane (APTES) and N-(6-aminohexyl) amino-

propyltrimethoxysilane (AHAPS) based SAMs.

For the elaboration of amino-functionalized layers made of APTES, piranha-cleaned sub-

strates were immersed in a 1 mM solution of 3-aminopropyltriethoxysilane (APTES, pur-

chased from ABCR in Germany) in acetone (Sigma-Aldrich) overnight at room temperature

in the dark. Samples were cleaned for 30 s in acetone under ultrasonic treatment (45 kHz)

to remove the free silane fraction.

The same protocol was used for N-(6-aminohexyl)-aminopropyltrimethoxysilane (AHAPS,

purchased from ABCR in Germany) in ethanol (Sigma-Aldrich). These two types of sur-

faces are named "APTES" and "AHAPS", respectively, in the following sections of the

paper.

2.2.2 SAMs based on silane with non-nucleophilic functional group.

11-bromoundecyltrichlorosilane based SAMs.

Freshly cleaned substrates were immersed for 4 h in a solution of 70 % n-heptane (n-C7H16,

Carlo Erba) and 30 % chloroform (CHCl3, Sigma-Aldrich) at 4 ◦C containing various molar

ratios of undecyltrichlorosilane and 11-bromo-undecyltrichlorosilane (ABCR, Germany)
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according to the desired bromine density i.e. Br/CH3 surface ratio.

Freshly prepared, piranha-activated wafers were immersed in 1 mM solution of 11-bromo-

undecyltrichlorosilane (ABCR, Germany). Several solvents (hexadecane, CHCl3, heptane,

toluene and 30 % CHCl3 in heptane), temperature (6 ◦C, 20 ◦C and 45 ◦C) and immersion

time (4 h and 16 h) were tested (table 3.6 and Supporting Information, tables 3.8 to

3.11). Samples were then rinsed by immersion in CHCl3 and hot water, before drying

under nitrogen stream. Improvement of stability potentially resulting from an additional

annealing and ultrasonic treatments step was tested. For that purpose, functionalized

samples were baked for 1 h at 105 ◦C, and subsequently ultrasonically rinsed for 15 min

in CHCl3 to remove residual silanes.

The �nal surfaces are named "Br 100 %" in the following sections.

Table 3.6: De�nition of the three di�erent reaction conditions sets considered for Br

100 % surfaces fabrication.

Parameters 1. Condition-set 2. Condition-set 3. Condition-set

Concentration silane 1 mM 1 mM 1 mM

Solvent hexadecane hexadecane 70 % n-heptane/

30 % CHCl3

Time 4 h 16 h 4 h

Temperature 45 ◦C 20 ◦C 6 ◦C

1. Rinsing CHCl3/hot water CHCl3/hot water CHCl3/hot water

Annealing None None 1 h at 105 ◦C

2. Rinsing None None 15 min sonication

in CHCl3

Conversion of bromine to amino termination.

SN2 nucleophilic substitution and subsequent reductive amination were performed on Br

100 % surfaces to convert them in azide terminated surfaces (N3 100 %) and �nally in

amine functionalized surfaces (NH2 100 %) [18,20] (�gure 3.12). To convert bromine to

azide functional groups, bromine-functionalized samples were immersed in a 0.7 M solu-

tion of sodium azide (NaN3, Fluka) in dimethylformamide (DMF, Sigma-Aldrich) under

shaking for 72 h at room temperature. Samples were then rinsed with MilliQ water and

acetone before drying under nitrogen stream. Subsequently, azide-revealing samples were

reduced overnight by immersion in a 0.2 M solution of lithium aluminium hydride (LiAlH4,

Sigma-Aldrich) in tetrahydrofuran (THF, Carlo Erba), before being immersed in THF over

12 h at room temperature. Lithium-complexes on the surface were removed by hydrolysis

by immersion for 1 h in 10 % solution of hydrochloric acid (HCl , 37 %, Sigma-Aldrich).

Samples were then rinsed with MilliQ water and ethanol (C2H5OH, 99.9 % absolute anhy-

drous, Carlo Erba) before drying under nitrogen stream. Finally, the resulting NH+
3 groups

were converted in NH2 groups by immersion in triethylamine (TEA, Sigma-Aldrich) during
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24 h at room temperature. Samples were �nally rinsed with MilliQ water (pH between

5.0-5.8) and ethanol before drying under nitrogen stream. The �nal surfaces are called

"NH2 100 %" in the following sections.

Figure 3.12: (a) Scheme of the conversion of bromine-revealing to amino-revealing sur-

faces: bromine groups are converted by a SN2 reaction to azide groups that are subse-

quently converted to amino groups. (b) Br3d high resolution XPS spectra associated to

Br 100 %, N3 100 % and NH2 100 % surfaces respectively (from left to right). (c) N1s

high resolution XPS spectra associated to Br 100 %, N3 100 % and NH2 100 % surfaces

respectively.

2.3 Chemical modi�cations: Br/CH3 and NH2/CH3 mixed self-assembled

monolayers (MML)

Freshly cleaned substrates were immersed for 4 h in a solution of 70 % n-heptane (n-C7H16,

Carlo Erba) and 30 % chloroform (CHCl3, Sigma-Aldrich) at 4 ◦C containing various mo-

lar ratios of undecyltrichlorosilane and 11-bromo-undecyltrichlorosilane (ABCR, Germany)

according to the desired bromine density i.e. Br/CH3 surface ratio. Five ratios of bromine

surface coverage were considered: 0, 25, 50, 75 and 100 Br % (�gure 3.13). The �nal

concentration of silane in solution was constant and equal to 1 mM. Samples were rinsed

with chloroform and shortly immersed in hot water. Subsequently, they were baked for

1 h at 105 ◦C before rinsing for 10 min in chloroform under ultrasonic treatment. In the
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following sections, these �nal surfaces are named "Br X %", according to the expected

surface coverage in bromine. A Br 100 % surface is expected to exhibit only Br groups at

the extreme surface.

Br X % surfaces were further converted to so-called NH2 X % surfaces by using the same

procedure as described in paragraph 2.2.2 (�gure 3.12). As each molecule of silane contains

one nitrogen atom, NH2 X % surface is expected to reveal a NH2 to CH3 functional groups

ratio of X %.

Figure 3.13: Aim of mixed monolayer fabrication. Five �at, chemically well-controlled

surfaces with �ve di�erent coverages (0, 25, 50, 75 and 100 %) with Br group (respec-

tively NH2 group after SN2 conversion and further amino reduction) in a CH3 group

environment.

2.4 Surface characterization

Survey and high resolution X-ray photoelectron spectroscopy (XPS), ellipsometry, atomic

force microscopy (AFM) and contact angle measurements were used to determine the

chemical composition, the structure and the organization of the layers.

X-ray photoelectron spectroscopy (XPS).

XPS analysis was used to determine the chemical composition of the surface layers. It was

performed with a Gammadata Scienta spectrometer equipped with a monochromated Al

Kα X-ray source (1486.6 eV) under ultrahigh vacuum (base pressure < 10−9 mbar) and a

takeo� angle of 90 ◦. Survey and high-resolution spectra were recorded at pass energy of 500

and 100 eV respectively. For high-resolution experiments, the overall energetic resolution

is estimated to 0.45 eV. All spectra were analyzed and peak-�tted using CasaXPS 2.3.12

software (Casa Software Ltd., Teignmouth, UK, www.casaxps.com). All components were

referenced according to the CHx component at 285.0 eV, and the full width half-maximum

(fwhm) was constrained to be constant for all components in the same spectrum. The

relative binding energy of all components was �xed and maintained constant for all peak-

�tting procedures. For quanti�cation purpose and area corrections, Sco�eld sensitivity

factors were used (Br3d5/2: 1.68, Br3d3/2: 1.16, C1s: 1.00 and N1s: 1.80). To evaluate

the most e�cient reaction conditions, reproducibility of atomic composition and Br surface
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coverage were used. After calculation of the area ratio of N1s or Br3d5/2 /CHx components

on high resolution, the experimental Br or NH2 coverage was evaluated by the equation 3.6.

X(%) =
11.A(N1s)orA(Br3d5/2)

A(CHx)

1 + A(N1s)orA(Br3d5/2)
A(CHx)

, (3.6)

where A(N1s) is the corrected area of N1s, A(Br3d5/2) is the corrected area of Br3d5/2
and A(CHx) is the corrected area of the CHx component in the C1s spectra.

Equation 1 originates from the stoichiometry of the two silanes used for mixed monolayers.

In an ideal case and for each surface coverage, the ratio of corrected area of NH2:CHx XPS

components are the following: 100 % - 1:10, 75 % - 3:41, 50 % - 2:42, 25 % - 1:43. The

sensitivity of the spectrometer allows for the separation of the CHx (285.0 eV) and C-Br

(286.0 eV) components. The peaks that are the most intense and less sensitive to peak

�tting conditions, i.e. CHx and Br3d5/2 components, were used for coverage calculation.

Contact angle measurements.

Water contact angles were measured for assessing wettability and hydrophilic/hydrophobic

character of the surface layers. Static, advancing, and receding contact angles were mea-

sured as described elsewhere [16] at room temperature with a contact angle goniometer

(Krüss) coupled to a camera and an image analyzer. The static contact angle was de-

termined after a delay of 1 min to ensure the equilibration of the droplet (2 µL distilled

Milli-Q, pH 5.8). Reported values are an average of measurements performed at three

di�erent regions on four di�erent samples. Hysteresis, de�ned as the di�erence between

advancing and receding contact angles, was used as a quantitative indication of surface ho-

mogeneity. In general, small and large values are a sign for homogeneous and heterogeneous

surface properties [23].

Ellipsometry.

Ellipsometry was used to determine the thickness of the layers as described elsewhere [16].

Brie�y, measurements were done at 532 nm (HeNe laser) and incident angle of 70 ◦, with

an ellipsometer equipped with a phase modulation multiskop from Physik Instrument (M-

O33K001). Thickness of the chemical, grafted layers was evaluated at room temperature

both in air (named "thickness in air") and in distilled water (named "thickness in liquid").

∆ and φ values were measured on three di�erent regions of each sample. Thickness of

the oxide layer was determined on ungrafted silicon wafers cleaned as described in section

2.1. Models were composed of two (pure silicon and oxide layer) or three layers (pure

silicon, oxide layer and organic layer) for ungrafted and grafted silicon wafers, respectively.

Refractive indices were those reported previously [16].

Atomic force microscopy (AFM).

AFM was used to determine surface morphology and surface roughness. A

NanoScopeIII/Dimension 3000 (Digital Instruments) equipped with Si cantilever

(k=42 N/m, Pointprobe, Nano World) was used in tapping mode under ambient air, with

scan rate of 1 Hz and image size of 2 µm2. AFM micrographs were analyzed with the
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NanoScope 6.13R1 software (Digital Instruments) for providing mean roughness values

(Ra, arithmetic average of the absolute height values). Height and phase contrast micro-

graphs being similar, only height images are considered for discussion.

2.5 Biointerface experiment

The relevance of better control of not only the surface chemical composition but also the

structure and organization of the layer was tested by investigating the repeatability of

bacterial adhesion on three di�erent NH2 terminated surfaces (APTES, AHAPS and Br

based NH2 100 %).

Bacterial strain and bacteria culture.

Bacterial experiments were conducted with Escherichia coli (E. coli) MG1655 [24]. -80 ◦C

frozen bacteria were cultured overnight on Luria Bertani (LB purchased from Sigma-

Aldrich) agar plate at 30 ◦C. A �rst pre-culture was then prepared with one colony in

LB and incubated overnight at 30 ◦C. A second pre-culture (10 % of the �rst pre-culture)

was prepared in M63G selective medium [24] and incubated overnight at 30 ◦C. A third

pre-culture (10 % in M63G of the second pre-culture) was incubated for 4 h before cen-

trifugation for harvesting bacteria. Bacteria were then re-suspended in M63G to reach an

absorbance of 0.01 at 600 nm.

Bacterial adhesion test.

Three di�erent types of NH2 100 % surfaces (APTES, AHAPS and Br based NH2 100 %)

were inoculated with the bacterial suspension at 0.01 of 600 nm absorbance. Hence, bac-

teria were cultured for 2 h on the samples before non-adherent bacteria were removed by 3

subsequent gentle rinsings with sterile NaCl 9 g/L solution. Visualization of bacteria was

performed by �uorescent confocal microscopy (Zeiss Upright LSM700) after bacteria stain-

ing with Syto9r (Molecular Probes, 1 µL/mL of a 5 mM Syto9r stock solution). Bacteria

were observed directly in the last rinsing solution using a 9 mm long focal objective (Zeiss

LD Epiplan Neo�uar 50X). The experiment was repeated 3 times. Two samples of each

type were used for one experiment. Ten zones per sample were microscopically imaged. On

each micrograph, the adherent bacteria number was determined through image analysis

by using ImageJ V.1.44d software with LSMtoolbox V4.0g plugins [25], allowing to calcu-

late adherent bacteria number average and standard deviation for each sample. Bacterial

adhesion was statistically analyzed by student's test (T-Test) to determine di�erences of

bacterial adhesion on one surface compared to all the other surfaces.

3. RESULTS AND DISCUSSION

3.1. Control of monolayer chemical composition, layer structure

and organization

The functionalization of silicon wafer with organosilane-based SAMs should allow to con-

trol the surface chemical functionality with molecular precision without adding any rough-

ness side-property [9]. Such SAMs should lead to well-organized and long-term stable 2-

dimensional polysiloxane networks, thanks to numerous Van der Waals interactions along
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the main chains and dehydration between adjacent Si-OH groups [8,9]. Nevertheless, silane

must display necessary, yet insu�cient, speci�c characteristics, to permit the fabrication

of well-de�ned monolayers: Functional groups have to be sterically small enough [19] to

allow close packed assembling [26]; Organosilane main chain must be long enough to lead

to well-order, while short silane form multilayers [27]; Functional groups should not be

able to compete with the head groups for the interaction with the surface [19,22]. Ad-

ditionally, the reaction conditions are crucial: temperature, reaction time, solvent(s) and

additional annealing for example have been reported for their in�uence. As pure SAMs,

chemically mixed monolayers with well-control chemical group density and layer structure

and organization can be envisaged on this basis. The most successful mixed monolayers

reported in the literature probably displayed the expected monolayer structure as shown by

the thickness measurements. Moreover, the relationship between the composition in silane

of the monolayer and the content in silane of the silanization solution was quasi-linear,

stating a good control of the surface chemical composition [18]. However, the coverage of

the monolayers in bromine groups was much lower than those expected for pure layers of

undecyltrichlorosilane and 11-bromoundecyltrichlorosilane as used in the study. Instead

of 100 % expected for a pure bromine-revealing monolayer (Br 100 %), the coverage was

inferior to 60 %, which may have resulted from the intercalation of solvent and other con-

taminants in the silane layer or/and from the underestimation of coverage value due to

the silane layer degradation during XPS analysis with a non-monochromatic source. In

addition, the absence of survey spectra and atomic Br to substrate (Si) percentage pre-

vented both to con�rm the monolayer structure of the coating which was uncertain as

shown by some spots-like aggregates, and to indicate the close-compactness of the grafted

silanes. Finally, solvent insertion leading to uncertain chemical composition as well as low

coverage and uncertain structure prevent the use of such mixed monolayer as platforms for

biointerface studies.

Based on some literature about SAMs [19,28], we introduced adequate changes in the re-

action conditions to improve the monolayer quality while keeping a protocol easy to use in

biointerface study environments (room temperature or low positive temperature as reached

by refrigerator for example). Moreover, surface and layer characteristics such as chemical

composition, structure and organization were determined through a comprehensive ap-

proach of analysis.

Three reaction conditions were considered for a thorough analysis of Br 100 % layers (ta-

ble 3.6). As a reference, we considered the reaction conditions used in the published work

having provided the most successful of such mixed monolayers (so-named "1. Conditions-

set"). By analogy with the protocols commonly used for synthesizing APTES-based SAMs,

a protocol, easy to be applied in non-specialist environments, was proposed by introducing

room temperature and overnight reaction time (so-named "2. Conditions-set"). Further

parameters including solvent, temperature, annealing and ultrasonic post-treatment were

added or/and modi�ed for the so-named "3. Conditions-set". The most appropriate con-
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ditions to reach the highest quality of SAMs were chosen after speci�c investigations that

are described in Supporting Information.

Brie�y, annealing and subsequent ultra-sonic post-treatments were added in order to im-

prove the monolayer stability for further biological experiments in aqueous, long-term con-

ditions. Expected to remove small quantity of silane molecules that are not directly linked

with the substrate, and to convert physisorption of the silanes to the silicon substrate

to chemisorption, by removing the water molecule layer present at the silane-substrate

interface [29,30], annealing allowed to slightly decrease the monolayer thickness without

reducing Br coverage (eq. 3.6) (see Supporting Information, table 3.8). By this process,

enhancement of the monolayer stability for experiments in liquid medium, as used in bio-

logical experiments, is expected. This was shown by the higher Br3d / SiOx ratio measured

after annealing and ultrasonic treatment. Solvent was also adapted to improve the silane

solubility. Among �ve solvents tested (hexadecane, chloroform, heptane, toluene, chloro-

form/heptane mixture), chloroform/heptane mixture allowed to improve both Br coverage

(∼ 100 %) and layer thickness (1.2 ± 0.0 nm measured in air) (see Supporting Informa-

tion, table 3.9). The slight di�erence with the theoretical thickness value (1.4 nm) was

probably the result from a well-structured and solvent- and contaminant-free monolayer

yet presenting an insu�ciently dense packing of the assembled silanes. Improvement of

the compactness was obtained by decreasing reaction temperature to 4 ◦C (see Support-

ing Information, table 3.10), which was empirically reported by Brozska et al. to provide

the optimized conditions for forming monolayers with silanes of 11 carbon main chains

[26,27,30]. Time reaction was reduced to 4 h, which was shown not to degrade the layer

quality yet facilitating the protocol (see Supporting Information, table 3.11).

Results of the 3 reaction conditions are presented in table 3.7. 1. Conditions-set led to

results signi�cantly di�erent than those reported by Heise et al. [18]. In particular, Br

coverage was much higher than estimated from the published results (∼ 100 % compared

to ∼ 60 %) and any spots-like aggregates were observed on the surfaces (data not shown).

However, thickness values, measured in air or in liquid, were 10 times higher as expected,

which demonstrates the non-monolayer structure of the surface. Additionally, the contact

angle hysteresis was su�ciently high to suggest the presence of topographical defects at

the extreme surface.

Modi�cations in temperature and time reaction applied to 1. Conditions-set to obtain

2. Conditions-set moderately a�ected the quality of the layer, leading in general to slight

improvements. Br coverage as measured on high resolution spectra was not changed

(107 ± 2 % for 1. Conditions-set; 106 ± 6 % for 2. Conditions-set). However, Br3d

/ SiOx ratio signi�cantly decreased, indicating the reduction of the Br-containing layer.

This was further con�rmed by the layer thickness values (10.5 ± 2.8 nm for 1. Conditions-

set; 7.0 ± 1.4 nm for 2. Conditions-set) that signi�cantly decreased, yet remaining 5 times

higher than expected (1.4 nm). 2. Conditions-set thus allows to prepare thinner layers

than 1. Conditions, however without achievement of well-structured monolayers.
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On the contrary, 3. Conditions-set allowed to highly improve the layer quality. The layer

thickness was 1.6 ± 0.2 nm, in very good agreement with the theoretical value (1.4 nm),

which demonstrates that silanes were structured in a monolayer. In addition, as expected,

the high Br coverage value (105 ± 5 %) and the high value of contact angle (86 ± 1 ◦) in

agreement with published values (80-89 ◦ according to Aswal et al. [10]) insure that the

improvement of the layer structure was not accompanied by a degradation of the dense

packing of silane. The 3. Conditions-set was demonstrated to allow the synthesis of well-

structured and well-packed Br 100 % SAMs.

Table 3.7: Characteristics of Br 100 % layers obtained in the three di�erent reaction

conditions sets described in table 3.6.

1. Condition Sample 2. Condition Sample 3. Condition Sample

-set number -set number -set number

Br coverage [%] 107 ± 2 3 1066 ± 6 4 105 ± 5 3

HR spectra

Br coverage [%] 95 ± 3 3 87 ± 6 4 91 ± 5 3

Survey spectra

Br3d/SiOx 0.42 ± 0.05 3 0.26 ± 0.05 4 0.15 ± 0.02 3

θs [◦] 88 ± 2 3 84 ± 6 5 86 ± 1 4

θa [◦] 102 ± 2 3 92 ± 2 4 94 ± 1 3

θr [◦] 70 ± 2 3 64 ± 8 4 72 ± 3 3

θH [◦] 32 28 22

Thickness air [nm] 11.7 ± 3.6 3 5.8 ± 2.1 5 1.5 ± 0.2 6

Thickness liquid[nm] 10.5 ± 2.8 3 7.0 ± 1.4 3 1.6 ± 0.2 5

3.2. Mixed Monolayers

The possibility to reach well-structured and well-packed Br mixed monolayers based on

the 3. Condition-set of reaction conditions, while maintaining well-control of Br coverage,

was tested by a similar characterization than above.

As shown in �gure 3.14, the Br solution content vs. Br coverage relationship was quasi-

linear, which indicates that the chemical properties of the surface in terms of coverage can

be easily controlled by simply proportionally adapting the content in Br of the solution.

This aspect was improved through the new reaction conditions proposed in the present

paper. Indeed, no preferential adsorption of Br- versus CH3-terminated silane was observed

on the contrary to results obtained with 1. Conditions-set and reported in literature [18].

Signi�cantly higher Br coverages were achieved compared to literature as already noted

above for Br 100 %, indicating excellent purity and close packing of the grafted layer as

well as non-destructive XPS analysis. Well-control of the chemical content of the surface

and purity of the grafted layer were con�rmed by the hydrophilic character of the surface

(�gure 3.15) that directly increased with the increase of Br content and was in the 85-110 ◦

range as expected according to literature [18]. This especially proves the absence of any
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interactions of the water drop with the underlying silicon substrate during contact angle

measurements and demonstrates therefore that layers are highly densely packed. Despite

the high silane packing, however, a monolayer structure was maintained whatever the Br

to CH3 coverage ratio, as shown by the good agreement of the thickness values with the

theoretical one (�gure 3.15).

Figure 3.14: Surface coverages of Br, N3 and NH2 for surfaces revealing the �ve various,

theoretical Br/CH3, N3/CH3 and NH2/CH3 coverages (0, 25, 50, 75 and 100 %) versus

the concentration of bromine silane in solution.

3.3. Conversion of bromine termination to amino groups

Further conversion of Br/CH3 to NH2/CH3 mixed surfaces was performed via SN2 bromine-

to-azide conversion as depicted in �gure 3.12 a. E�ciency of the conversion steps was deter-

mined on high resolution XPS spectra. Typically, as shown in �gure 3.12 b and �gure 3.12 c

respectively, conversions of Br to N3, and of N3 to NH2, led to the total disappearance of

Br and N3 respectively. Quantitatively, high resolution XPS spectra analysis allowed to

highlight that the linear relationship between Br surface coverage ratio and initial Br con-

tent of the solution was conserved after the �rst (from Br to N3) as well as the second (from

N3 to NH2) conversion step (�gure 3.14). Nevertheless, bromine and amine content were

equal but azide surface coverage was systematically lower than bromine or amine content.

This is attributed to the probable chemical reduction of azide groups during XPS analysis,

which however has no impact on the preparation of the amine surfaces. Conversion led

�nally to create NH2/CH3 mixed monolayers that displayed the expected chemical prop-

erties as further attested by the contact angle measurements (�gure 3.15). The monolayer

structure and the organization of the silane in a dense layer were not modi�ed by the con-

version steps. Indeed, thickness values were not modi�ed by the chemical process, and, as
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discussed in the above paragraph, the good accordance between contact angle values and

expected ones [10] certi�es the compactness of the monolayers (�gure 3.15). Importantly,

the good reproducibility was maintained, shown by the low standard deviation values on

each of the indicative characteristics (coverage rate, contact angle value, thickness value),

throughout the conversion from Br to NH2 functional groups. As depicted in �gure 3.16 b

for a NH2 100 % surface, the real structure and organization of the mixed monolayer are

estimated to be close to the expected, ideal structure (�gure 3.16 a). The presence of

NH+
3 functional groups (20 at. %), as shown in the high resolution XPS spectrum of N1s

peak (�gure 3.16 e), may result from the incomplete reduction of the functional groups

during the post-conversion treatment with triethylamine. Ejection of photoelectrons from

the material during the XPS analysis may also have induced additional positive charges at

the surface.

Figure 3.15: Contact angle values (a) and thicknesses (b) for surfaces revealing the �ve

various, theoretical Br/CH3, N3/CH3 and NH2/CH3 coverages (0, 25, 50, 75 and 100 %).

3.4. Relevance of the Br based NH2/CH3 platforms for biointerface studies

SAMs, chemically homogeneous or mixed monolayers, have been already frequently used

either under static or dynamic conditions for analyzing the in�uence of surface chemistry

on bacterial adhesion and bio�lm development. Ploux et al. used homogeneous NH2 and

CH3 terminated layers on silicon wafers for studying the adhesion and proliferation of E.

coli under static conditions in a time space from 4 h to 2 weeks [13]. They demonstrated

that despite similar colonization at 2 h, considered as bacterial adhesion, NH2 and CH3

surfaces can reveal signi�cantly di�erent kinetics of bio�lm formation as well as bio�lm

structure. Katsikogianni et al. used CH3, NH2 and OH terminated surfaces on glass sub-

strate to investigate the adhesion of S. epidermidis on di�erent surface chemistry after 2 h

of culture under various hydrodynamic shear rates [11,31]. They reported that the number

of adherent bacteria decreased following the rank CH3 > NH2 > OH (pure glass slide).

Through the use of OH/CH3 mixed monolayers on gold substrates under hydrodynamic
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conditions of bacterial culture, Wiencek et al. showed that the bacteria attachment to

detachment balance also leads to more bacterial attachment on CH3 surfaces than on OH

surfaces for Pseudomonas sp.. Besides, bacterial colonization to OH/CH3 surface relation-

ship was linear [14,15]. Although these di�erent SAMs enabled to provide relevant results

in the bacteria/material biointerface �eld, the absence of a comprehensive analysis of their

structure and organization leads to wonder whether possible structure and organization

failures may have altered biological responses. Hence, sensitive e�ects that surface chem-

istry may induce in bacterial response to surface, such as those related to functional group

accessibility and chemical heterogeneity, may be screened. The assurance of well-controlled

surface chemistry, structure and organization of the Br-based NH2/CH3 mixed monolayers

should therefore o�er new opportunities of relevant results in the biointerface �eld.

To test the relevance of better controlling surface chemical composition, layer structure

and organization for material/bacteria biointerface studies, we compared the repeatability

of bacterial adhesion on Br based NH2 100 % with those measured on other NH2 100 %

terminated surfaces that were shown not to reveal well-structured and well-organized lay-

ers on the contrary to Br-based NH2 100 % surfaces (�gures 3.16 b, 3.16 c, 3.16 d) [22].

APTES and AHAPS were chosen since we recently demonstrated defects in the layers de-

spite characterization results in apparent agreement with expected.

The averaged numbers of adherent bacteria observed on APTES and AHAPS NH2 100 %

surfaces were not signi�cantly di�erent (114 ± 35 and 132 ± 32 respectively) but di�ered

from the weaker average value determined on Br based NH2 100 % (102 ± 14). This

�rst result demonstrates that layer structure and organization can a�ect the result of

material/bacteria biointerface studies, con�rming that their control must be a crucial topic

of the elaboration of dedicated platforms. Di�erences in colonization probably results from

the few quantity of NH2 groups revealed at the APTES and AHAPS NH2 100 % surfaces,

what is expected for a fully packed, well-structured and well-organized layer. Besides, a

remarkable result concerns the deviation of the adherent bacteria numbers determined for

each type of NH2 100 % surfaces throughout the experiment replicas. As shown by the

atomic percentages of nitrogen determined on XPS survey spectra (2.7 ± 1.1, 1.7 ± 0.7

and 1.1 ± 0.4 for APTES, AHAPS and Br-organosilane-based NH2 100 % respectively),

the di�erences in bacterial adhesion on APTES, AHAPS and Br-organosilane-based NH2

100 % should not be attributed to the variation and reproducibility of nitrogen amount in

the silane layers. However, the signi�cant di�erences in the structure and organization that

were highlighted in a previous [22] and in the present study (�gures 3.16 b, 3.16 c, 3.16 d)

lead to signi�cant di�erences in the functional group accessibility at the extreme surface of

the silane layers. Furthermore, insu�cient control of APTES and AHAPS layer structure

and organization leads to probable high variation of the functional group amount present

at the extreme surface of the layer. These variations between APTES and AHAPS samples

of one series are probably the main reason of both the slight di�erences in the adherent

bacteria number average and the high di�erences in the reproducibility of the bacteria
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Figure 3.16: (a) Representation of the "ideal" layer structure and molecular organiza-

tion of Br-organosilane-based NH2 100 % terminated surfaces. Representations of the

"real" layer structure and molecular organisation of NH2 100 % terminated surfaces

based on Br-organosilane (b), APTES (c) and AHAPS (d) ((c) and (d) reprinted with

the permission from [22], Copyright 2010 American Chemical Society). (e) XPS N1s

high-resolution spectra expected for the ideal case (full curve) and in the real case (i.e.,

experimental results) (line curve) of Br-organosilane-based NH2 100 % terminated sur-

faces.
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adhesion test (�gure 3.17). Nevertheless, variations of the adherent bacteria number on

AHAPS surfaces are less than on APTES surfaces in agreement with the higher control

of both structure and organization observed for AHAPS in comparison to APTES layers

(�gures 3.16 c, 3.16 d).

Figure 3.17: Amount of E. coli K12 (MG1655 [24]) bacteria adhered on the three di�er-

ent types of NH2 100 % surfaces (APTES, AHAPS and Br-organosilane-based surfaces)

on six di�erent samples for each type of surface. Number of bacteria was compared

to the colonization on internal control (i.e., cleaned, ungrafted silicon wafers; 100 =

6.1x105 pm 5.3x104 bacteria/cm2). *: Signi�cant di�erence (p > 95.0 %); **: Signi�-

cant di�erence (p > 99.0 %); ***: Signi�cant di�erence (p > 99.9 %).

4. CONCLUSION

Based on a comprehensive analysis of Br-organosilane-based mixed monolayers and the de-

velopment of an adequate protocol, we achieved the well-control of chemically well-de�ned

and well-structured monolayers. In particular, Br / CH3 and NH2 / CH3 surface cover-

age rates were perfectly controlled by the chemical content of the initial Br-organosilane

solutions. SN2 bromine-to-azide and further azide-to-amine conversions did not a�ect the

chemical well-control. The molecules that were structured in a monolayer were densely

packed and organized as expected for SAMs. The relevance of such well-controlled sur-

faces was evaluated by comparing bacterial adhesion on NH2-terminated surfaces obtained
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by the Br-organosilane way and APTES and AHAPS ways. The quantity of adhered bac-

teria on Br-organosilane-based monolayer throughout several experiment replicates was

very signi�cantly less dispersed than on both the other SAMs types, showing the high

importance of the functional group accessibility in the adhesion or the retention of bacte-

ria at the interface. Therefore, we believe that the platform quality that was achieved in

this work may o�er new opportunities for studying in a comprehensive way behavior and

biological response of microbiological and eukaryotic cells at the biointerfaces. Through

further grafting of biomolecules, this platform may provide promising tools for the study of

the still unknown impact of the accessibility of biomolecules immobilized on biomaterials.
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Supporting Information

Table 3.8: Characteristics of Br 100 % layers obtained in the 2. condition-set of reaction

conditions (named "A" condition set) (see table 3.6) with supplementary post-treatments

including annealing step and further rinsing under sonication (named "B" condition set)

(see Material and Methods).

Thickness in air Br coverage Br coverage Br3d/

(in liquid) HR spectra Survey spectra SiOx

[nm] [%] [%]

A 5.8 ± 2.1 5 106 ± 6 4 87 ± 6 8 0.26 ± 0.05 4

(7.0 ± 1.4) 3

B 4.7 ± 0.6 3 106 ± 7 3 87 ± 3 2 0.30 ± 0.05 2

(5.6 ± 3.2) 2
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Table 3.9: Characteristics of Br 100 % layers obtained in the B condition set and

modi�ed by changing the solvent (CHCl3, heptane, toluene and 30 % CHCl3 in heptane

for the so-called "C", "D", "E" and "F" condition-sets respectively) (see Material and

Methods).

Thickness in air Br coverage Br coverage Br3d/

(in liquid) Nr HR spectra Nr Survey spectra Nr SiOx Nr

[nm] [%] [%]

B 4.7 ± 0.6 3 106 ± 7 3 87 ± 3 2 0.30 ± 0.05 2

(5.6 ± 3.2) 2

C 2.4 ± 0.3 1 82 1 83 1 0.11 1

D 4.3 ± 0.4 1 128 1 106 1 0.61 1

(6.6 ± 0.1) 1

E 2.9 ± 0.4 1 81 1 72 1 0.22 1

(3.0 ±0.3) 1

F 1.2 ± 0.0 1 109 1 90 1 0.16 1

Table 3.10: Characteristics of Br 100 % layers obtained in the F condition set and

modi�ed by changing the reaction temperature (20 ◦C, 45 ◦C and 6 ◦C for the so-called

"F", "G", and "H" condition sets respectively) (see Material and Methods).

Thickness in air Br coverage Br coverage Br3d/

HR spectra Survey spectra SiOx

[nm] Nr [%] Nr [%] Nr Nr

F 1.2 ± 0.0 1 109 1 90 1 0.16 1

G 1.4 ± 0.0 1 93 1 74 1 0.24 1

H 1.5 ± 0.0 1 115 1 101 1 0.19 1

Table 3.11: : Characteristics of Br 100 % layers obtained in the H condition set and

modi�ed by changing the reaction time (16 h and 4 h for the so-named "H", and "I"

condition sets respectively) (see Material and Methods).

Thickness in air Br coverage Br coverage Br3d/

(in liquid) HR spectra Survey spectra SiOx

[nm] Nr [%] Nr [%] Nr Nr

H 1.5 ± 0.0 1 115 1 101 1 0.19 1

I 1.5 ± 0.2 6 105 ± 5 3 93 ± 5 3 0.15 ± 0.02 3
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3.6 Supplementary Information of Part 1

3.6.1 Additional information on XPS analysis

For the background determination, a Shirley equation was used. Parameters like positions

and constraints to analyze the XPS survey and high resolution spectra are shown in the

tables beyond. Table 3.12 shows the parameters for the survey spectra. In comparison to

chapter 2 only the bromine signal at a binding energy of ∼ 71 eV was added to analyze

the survey spectra. The Br3d signal is deconvoluted in two peaks Br3d 3/2 and Br3d 5/2,

which arises from the spin orbit coupling. Here, an area constraint is needed to adjust

the peaks and �nally to obtain the same corrected area of Br3d 3/2 and Br3d 5/2 for one

surface. In the ideal case, the C1s high resolution spectra should only contain the signals

of CHx assigned at 285.0 eV and C-Br assigned at 286.0 eV. However, a third component

has to be added at 286.65 eV (C-O) for an adequate peak �tting. The attribution of this

component is unclear, but has no impact on the yield calculation.

Table 3.12: Parameters and constraints for XPS analysis.

survey spectra

Br3d Si2p C1s O1s

position [eV] 71 99 285 533

±
RSF 2.84 0.817 1 2.93

High resolution of Br3d and C1s

Br3d 5/2 Br3d 3/2 CHx C-Br C-O

position [eV] 70.6 71.6 285 286 286.65

± 0.0 0.0

position constr. A A + 1 A A + 1 A + 1.65

area constr. A A · 0.69
FWHM constr. A A · 1 A · 1 A · 1 A · 1
RSF4 1.68 1.16 1 1 1

In tables 3.12 and 3.13, the parameters for the deconvolution of the N1s high resolution

signal of the azide surface (see table 3.13) are presented. The parameters for the C1s high

resolution spectrum are the same as shown in the supporting information of chapter 2 in

table 2.1.
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Table 3.13: High resolution spectra of azide surfaces.

High resolution of N1s

N N− N+

position [eV] 401.4 400.9 404.9

± 0.1 0.1 0.1

position constr. A A - 0.5 A + 3.5

area constr. A A · 1 A · 1
FWHM constr. A A · 1 A · 1
RSF 1.8 1.8 1.8

3.6.2 Optimization of the Br-silane grafting

As shown in the article 2a: �Well controlled platforms to study the role of surface chemistry

at biointerfaces�, the choice of the solvent is crucial to obtain well-controlled monolayers.

By using hexadecane as solvent, a multilayer is achieved. The signal of bromine is then

more intense in XPS survey spectrum in the case of a multilayer structure than for a

monolayer. Consequently, the survey spectrum of a multilayer di�ers from a spectrum of a

monolayer. For instance, the peak of the substrate (Si2p) decreases compared to the C1s

and Br3d signals. Additionally to the Br3d signal, the signal of Br3s (at 257 eV) is more

distinctive. In general, a low concentration of the substrate may already indicate that a

multilayer was formed on the surface. In �gure 3.18, two survey spectra are shown, (a)

was prepared in hexadecane and a multilayer was obtained, while the use of CHCl3 leads

to a monolayer (b).

Figure 3.18: The survey spectra of a multi- and a monolayer di�er from each other.

(a) Spectrum from a multilayer, the substrate signal of Si2p is less intense than in a

monolayer (b). Through the high amount of Br, the Br3d and Br3s signals are more

intense than in case of a monolayer.
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3.6.3 Br terminated mixed monolayers

Surfaces with di�erent percentages of atomic concentration of bromine were obtained ac-

cording to the ratio of Br silane in the solution. The density of Br groups in a CH3

environment was demonstrated in the article 2a. Further, the variation of the density

re�ected by the Br3d signal, is depicted in �gure 3.19 a. The wettability character of the

surfaces was analyzed by dynamic contact angle measurements. Therefore, a water droplet

was deposited on the surface, and by the increase of the drop volume, the advancing con-

tact angle could be obtained, while the receding contact angle was measured by reducing

the volume of the droplet.

Figure 3.19: Br terminated mixed monolayers can be easily identi�ed by Br3d high

resolution spectra of XPS (a) and contact angle measurements (b). Through di�erent

ratios of the Br silane and CH3 silane, various densities of Br on the surface can be

obtained. In (a) is shown that the signal of Br increases with the % w/v of Br silane

in solution. (b) the change of the wettability character of the surface, is correlated with

the increase of Br silane in solution, the surfaces become less hydrophobic than CH3

terminated surfaces.

In �gure 3.19 b, the advancing and receding contact angles were plotted for the surfaces

with di�erent densities of bromine, revealing a linear correlation. As expected the CH3

terminated surface shows the most hydrophobic character (highest advancing and receding

contact angle), while the bromine terminated surface shows the most hydrophilic char-

acter (lowest advancing and receding angle) of the investigated surfaces. The di�erence

between the advancing and the receding contact angle is the hysteresis. A small hysteresis

indicates a homogeneous surface, while a high hysteresis indicates a heterogeneous sur-

faces. For the investigated surfaces hysteresis values between 14 and 27 were obtained.

In which the 0 %Br:∆H=18, 50 %Br:∆H=14, 75 %Br:∆H=16 showing a hysteresis be-

yond ∆H=20. These hysteresis values are in agreement with �at surfaces. For the mixed
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monolayers 50 %Br and 75 %Br surfaces, the lowest values of hysteresis were obtained

while for 25 %Br and 100 %Br an elevated hysteresis was obtained ∆H=27 and ∆H=22,

respectively. Despite, the �at surfacesn the hysteresis is elevated for the mixed monolayers.

However, this can be explained by the inluence of the di�erent chemical functionalities on

the surface and their impact on the contact angle.

3.6.4 Conversion of bromine into amine

3.6.4.1 Kinetics of the SN2 reaction

Investigations of the conversion reaction from bromine to azide were performed in DMF

and in water. DMF favor the bimolecular nucleophilic substitution reaction. Hence, no

reaction took place in water, while the bromine was successfully substituted by the reaction

in DMF. As mentioned in literature [132], the conversion is quite fast at the beginning.

As depicted in �gure 3.20 a, over 50 % of the bromine is already converted into azide

after 6 h. The following displacement reaction takes more time and after 72 h more than

95 % of the bromine are converted into amine. XPS analyses of amine surfaces showed no

residual bromine, therefore the reaction is considered as complete after 72 h. Further, the

atomic concentration of N3 is three times the atomic concentration of Br (on the substrate),

therefore the SN2 reaction is assumed to be quantitative.

3.6.4.2 Reduction: from azide to amine

The reduction from azide to amine is characterized by the loss of nitrogen signal and

the change of the peak shape in the N1s spectrum. The azide contains three di�erently

charged nitrogen atoms, a positively charged, a negatively charged and a neutral nitrogen.

Therefore, three signals areas can be assigned to the azide. NH2 groups are achieved, by

reduction of azide with LiAlH4. However, a treatment in acid solution is necessary to

remove lithium complexes on the surface. Hence, the amine groups is protonated, and has

to be deprotonated in a subsequent step by reaction with TEA. As expected the shape of

the peak changes by comparison of azide and amine terminated surfaces, as depicted in

�gure 3.21. The reduction reaction is quantitative after 14 h, con�rmed by the nitrogen

concentration, that is three times higher for azide than for amine. Nevertheless, a small

quantity of NH+
3 (around 18 %) was always detectable on amine terminated surfaces. One

explanation could be that this small amount of NH+
3 is stablized by the NH2 environment

and therefore was not deprotected by TEA. However, no counterion was detected. A second

explanation is the evolution of positive charge of the surface during XPS analysis, due to

the photoelectrons ejection.
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Figure 3.20: During the reaction of the surfaces reacted with NaN3, XPS measurements

were done after 6, 12, 24 and 72 h. (a) The obtained coverage of bromine is plotted against

the reaction time (red curve). It decreases with time while the coverage of nitrogen

increases (blue curve). (b) XPS measurements at t=0 h (left) and t=72 h (right) show

that at the beginning of the reaction only a signal of Br3d but no nitrogen was detectable.

After 72 h the signal of Br3d disappeared, while a new signal of N1s appeared.

3.6.4.3 Amino functionalized surfaces

The equation of Israelachvili (equation 3.7), which is adequate for mixed monolayers, can

be used to demonstrate a correlation between the contact angle and the di�erent densities

of one functional group (NH2) among another (CH3) [160].

(1 + cos θ)2 = f1 · (1 + cos θ1)
2 + f2(1 + cos θ2)

2 , (3.7)

1 = f1 + f2 (3.8)
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Figure 3.21: The N1s spectra show the di�erences between the signal of N3 and the

signal of NH2. The three components of azide becomes united in one signal containing

the two components NH2 and NH+
3 . The decrease of the NH2 signal is due to the loss of

nitrogen atoms (N3 → N).

where cos θ is the experimentally obtained contact angle, f1 and f2 are the mole fraction

of the �rst component NH2 back�lled with a second component CH3 and added up to 1

(see equation 3.8), here 0.75 NH2 = 0.25 CH3. θ1 is the contact angle of the SAM with

100 % of grafted component 1 and θ2 is the contact angle of the 0 % grafted component 1

i.e. of the 100 % grafted component 2.

Based on the following equation 3.9, (1+cosθ)2 can be plotted versus f1 and as mentioned

above, there is a linear correlation between (1 + cosθ)2) and f1.

(1 + cos θ)2 = f1 · ((1 + cos θ1)
2 − (1 + cos θ2)

2) + (1 + cos θ2)
2 , (3.9)

where ((1 + cos θ1)
2 − (1 + cos θ2)

2) is the slope and represents the contact angle of

100 % NH2, and (1 + cos θ2)
2 is the y-intercept, which represents the contact angle of

100 % CH3. For example, the advancing contact angle of a 100 % NH2 surface is 77 ◦

(111 ◦ 100 % CH3), and by using the slope of equation 3.9, an angle of 78 ◦ (112 ◦, for

CH3) is assessed. The linear correlation between (1 + cosθ)2 and the NH2 concentration of

the surfaces, implies a chemical heterogeneity at molecular or atomic scale [160]. Further,

the Cassie equation was applied however, no linear correlation was obtained. Hence, the

silanes with di�erent functional groups are well distributed at the surface, without forming

domains of one component within the other.

In addition, the surface energy was estimated through the contact angle of di�erent polar

and apolar solvents. Figure 3.22 b shows the obtained surface energies of the mixed mono-

layers. The hydrophilic NH2 terminated surface has a higher energy than the hydrophobic

CH3 terminated surface.
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Figure 3.22: A linear behavior of the contact angle of mixed monolayers is well described

by equation 3.7 that takes into account di�erent group contributions. (a) shows the

linear correlation between the advancing and receding angle (1 + cosθ)2 and the NH2

mixed monolayers. (b) shows the surface energy of the mixed monolayers obtained by

water contact angle measurements. The surfaces energy increases with the hydrophilic

character of the surfaces.

3.6.4.4 Zeta potential

As in the second chapter, the IEP of the mixed monolayers was determined by zeta potential

measurements (see �gure 3.23). An IEP between pH 8 and pH 9 was expected for closely

packed NH2 terminated SAMs [76]. However, table 3.14 shows that the values of the IEP

for the mixed monolayers and the substrate are similar.

Figure 3.23: A pH titration was carried out, to determine the IEP of the amine termi-

nated surfaces. However, the values of the surfaces are similar to the cleaned substrate.

Nevertheless, it was demonstrated by XPS, contact angle, and AFM analysis that well

organized SAMs were obtained. In contrast, the values of the IEP are equal to the IEP

of the substrate. Values of the zeta potential are measured due to the charge transport
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between the Stern and the di�use layer. However, the Stern layer is not only represented

by the ions on the top of the layer but also on the entire surface. It is not surprising that

the structure has small defects, which can appear in form of nano channels. These nano

channels might be large enough for the small cations in solution (Na+, H+) to pass through

the monolayer down to the silicon substrate. At the same time, these nano channels might

be small enough that they are not visible by other applied characterization techniques like

AFM and (macroscopic) contact angle measurements. Consequently, the charge of the

silicon substrate becomes predominant compared to the charge of the monolayer on top of

the surface.

Table 3.14: IEP values of mixed monolayers.

substrate 0 % NH2 25 % NH2 50 % NH2 75 % NH2 100 % NH2

IEP [pH] 3.7 3.4 3.5 3.4 3.4 3.5

3.6.4.5 Atomic force microscopy

After the deposition of the silanes and the conversion from Br terminated silanes into

NH2 terminated silanes, AFM measurements were done. As expected, no aggregation or

islanding was detected by the visualization of the surfaces. Figure 3.24 represents the

phase contrast AFM images of �ve surfaces with di�erent amounts of NH2 back�lled with

CH3. In addition, the height contrast images (not shown) show a homogeneous and smooth

surface.

Figure 3.24: The mixed monolayers were characterized by height and phase contrast

AFM. (a) shows the AFM phase contrast images of a 100 %NH2 surface, (b) of a 75 %NH2

surface, (c) of a 50 %NH2 surface, (d) of a 25 %NH2 surface and (e) of a 0 %NH2 surface.
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3.7.1 Article 2b: �XPS evaluation of the in�uence of a linker on the

grafting yield of glycine on aminofunctional self assembled

monolayers�

Article by Judith Böhmler, Lydie Ploux, Karine Anselme, and Arnaud Ponche, in prepa-

ration.

XPS evaluation of the in�uence of linkers on the

grafting yield of glycine on aminofunctional self

assembled monolayers.

Judith Böhmler, Lydie Ploux, Karine Anselme, Arnaud Ponche§.

Institut de Science des Matériaux de Mulhouse (CNRS LRC7228), Mulhouse,

France

§ Corresponding author:

Dr Arnaud PONCHE, Institut de Science des Matériaux de Mulhouse (CNRS LRC7228),

15 rue Jean Starcky, BP2488, 68057 Mulhouse cedex, France, arnaud.ponche@uha.fr

Abstract :

The chemical yield of classical surface reactions destinated to graft biomolecules has been

estimated using X-ray photoelectron spectroscopy. We show that high resolution peak �t-

ting of C1s spectrum is necessary at each step to evaluate e�ciency of the chemical reaction

at the surface of a biomaterial. Dense amino-functional self assembled monolayers have

been elaborated and serve as chemical platform to graft small biomolecules like glycine with

bifunctional linkers. Common glutaraldehyde linker has been evaluated and appears to be

grafted under oligomer form. Isothiocyanate and succinimide linkers solve the problem of

oligomerization but the reaction is still limited to approximately 50 % of yield. Systematic

evaluation of e�ciency of surface reactions gives a better insight on the real structure of

the organic layer and will then improve e�ciency of biomaterial modi�cation.

Keywords: XPS, C1s, linker, glutaraldehyde, isothiocyanate, succinimide, glycine graft-

ing

Introduction:

In 2008, M. Mrksich pointed out the di�culty to characterize a reaction yield at the sur-

face of a material1. Whereas common characterization techniques are operated in liquid

conditions to follow organic reaction (NMR, liquid and gaz chromatography), all these
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techniques (except NMR) are usually unavailable for surface characterization. It is then

necessary to use physical techniques like X-xay photoelectron spectroscopy (XPS), infrared

spectroscopy, quartz crystal microbalance (QCM) or mass techniques like matrix assisted

laser desorption ionization (MALDI-ToF) or surface enhanced laser desorption ionization

(SELDI ToF)2,3. However, if users want to determine a reaction yield, for instance, the

technique has to be quantitative and XPS remains one of the most used techniques.

Surface chemical reactions are used to confer speci�c chemical properties to a substrate4.

The latter usually gives the mechanical resistance whereas chemical reactivity is induced

by a molecule grafted at the surface. In that case, chemical informations about organic

top layers are important to verify the presence of the molecule and to ensure that the to-

pography of the layer is in accordance with the ideal scheme5. It is particularly critical for

biomaterial applications, where a complete control of the structure of the layer is required

to achieve a good enhancement of the �nal properties. Biomaterial chemical modi�cation

in the �eld of biosensors6, implants7,8 or microarrays9,10 is usually a multi-step procedure

and if the yield of each step is not carefully optimized, the �nal structure of the grafted

layer will de�nitely move away from the target result and can dramatically reduce the

sensitivity of a biosensor for example.

A lot of grafting procedures exist in the literature via multiple techniques11. We are in-

terested in self assembled monolayers for their simpleness and control provided over the

�nal layers10. Yet, when trying to elaborate organic layers via Self Assembled Monolayers

(SAMs), we have already shown that a careful characterization of the surface was neces-

sary in order to investigate the grafting e�ciency. A lot of secondary reactions12 occurs

with reactants or compounds of atmosphere making the real chemical structure of the �-

nal layer deviate from the ideal representation. In particular, the ideal monolayer is very

di�cult to achieve with commonly used aminosilane for bioconjugation like aminopropy-

ltriethoxysilane. Short aminosilanes are prone to polymerization as well as interaction

with the surface giving a non controlled �nal structure. Bromo-functionalised silane o�ers

the opportunity to avoid this interaction and a more ideal structure is obtained. Such

SAMs can be easily converted into aminofuntional SAMs via a nucleophilic reaction (SN2)

with NaN3 and reduction of azide goups in amines13,14. It gives a more controlled struc-

ture with aminogroups located away from the surface and avoids all polymerization side

reactions. At the end, the surface is fully covered with amine groups which serve as an-

chor to graft biomolecules15. If the direct immobilization is possible, the surface or the

biomolecule has to be activated with a coupling reagent. To favor the reaction with amine

groups, N-hydroxysuccinimide esters are common. This step is crucial and is justi�ed

by lower reactivity of functional groups close from the substrate4. Aside from coupling

reagents, bifunctional linkers are commonly used to immobilize biomolecules. The role of

the linker is to push aside the biomolecule from the surface to ensure that it will keep its

biological activity with a su�cient mobility16. In the choice of a bifunctional linker, it is

important to favor quantitative and stable reaction. With amine groups, isocyanate17,18

or isothiocyanate9,19 are often used as well as glutaraldehyde for example4,20−22.
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In the following study, di�erent reactions were performed to obtain immobilized single

amino acids on NH2 functionalized silicon wafer. The advantage to study the immobi-

lization of a single amino acid and not large biomolecules like protein is that the amino

acid has a smaller size and sterical hindrance plays a minor role. Yet amino acid can be

considered as a probe to evaluate the reactivity of amino functional SAMs via the use of

a linker.

The main objective of this study is to evaluate the potentiality of XPS to calculate surface

reaction yield after peak �tting of C1s spectrum. Using only one photoelectric peak for

quantitative study avoid the problem of evaluation of mean free path and transmission func-

tion of the spectrometer. These parameters are indeed known to contribute largely to the

uncertainties or systematic errors of quantitative study by XPS23,24. This study will be fo-

cused on well controlled SAMs elaboration with maximum density of amine groups followed

by coupling of glycine with three classical homobifunctional linkers. Glutaraldehyde (GAD)

is a commonly used linker between two amino groups. However, research groups mentioned

a low yield and the risk of polymerization and bridging25. Di-(N-succinimidyl)oxalate

(DSO) is a linker that contains two leaving groups. The split o� of the leaving groups hap-

pens by the reaction of DSO with amine group26,27. DSO is larger and requires more place

than GAD. The last homobifunctional linker is 1.4-Phenylendiisothiocyanate (PDITC),

where the isothiocyanate group reacts with an amino group19,27. PDITC contains an aro-

matic ring system, which would allow a stacking of PDITC through interactions of the

aromatic rings and result in a second organized layer at the top of the monolayer. It is

also a more rigid molecule and this characteristic can limit the reaction with the surface.

In this article, we will study the in�uence of three linkers with di�erent physico-chemical

properties on the grafting yield of the smallest amino acid: glycine. These linkers will

be grafted on self assembled monolayers on silicon, giving a high density of amine groups

at the surface. These monolayers have been described elsewhere but, to our knowledge,

have never been used for biomedical applications. As a surface sensitive and quantitative

technique, X-ray photoelecton spectroscopy will be used to determine yield of reaction by

extensive analysis of high resolution C1s spectra.

Material and Methods:

Preparation of NH2 terminated substrates:

As substrate for the SAMs, silicon wafers were used. The silicon wafers (N-Phosphorus

doped, orientation (100), one side polished, resistance 1-30 Ω·cm−1, Mat technology,

France) were cut into 1 x 1 cm2 pieces and cleaned by an ultrasonic treatment in chloroform

(CHCl3 pure, Carlo Erba) followed by a piranha cleaning step, as described elsewhere5.

Subsequently, the wafers were thoroughly rinsed with MilliQ water. Cleaned wafers were

immediately used for silanization. The silanization took place in small glass vessels con-

taining 1 mM of 11-Br-undecyltrichlorosilane (98.5 %, ABCR) in CHCl3/n-heptane (3:7)

solution. Silicon wafers were immersed in the silane solution for 4 h at 6 ± 1 ◦C28. Af-

terwards, the substrates were cleaned by short immersion in CHCl3 and hot water. The
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substrates were baked at 105 ◦C for 1 h to stabilize the monolayer. Residual ungrafted

silanes were removed by an ultrasonical rinsing step of 15 min in CHCl3. Finally, the

substrates were dried under a nitrogen stream.

Amine terminated SAMs were obtained by conversion of the bromine functionalization

into an amine14,29(see Supplementary informations: �gure 3.32). Thereby, the bromine

terminated substrates were immersed in an over saturated solution of 0.7 M sodium azide

(NaN3, 99.5 %, Sigma-Aldrich) in dimethylformamide (DMF, 99.9 %, Sigma-Aldrich) over

72 h at room temperature. Afterwards, the substrates were rinsed with water and acetone

and dried under a nitrogen stream. An azide functionalization was obtained through this

SN2 reaction. The azide groups were reduced by immersion in a 0.2 M solution of lithium

aluminum hydride (LiAlH4, 95 %, Sigma-Aldrich) in tetrahydrofuran (THF, 99.9 %, Carlo

Erba) for 12 h, followed by an immersion of the substrate for further 12 h in THF. The

substrates were treated for 1 h with 10 % HCl, to remove the lithium complexes on the

surface13,14. Finally the surfaces were deprotonated by immersion of the substrate in tri-

ethylamine (TEA, 99.5 % Sigma-Aldrich) for 24 h. The amine functionalized substrates

were rinsed with ethanol (EtOH, absolute, Carlo Erba) and dried under a nitrogen stream.

Amine substrates were immediately used for further experiments.

Glycine grafting by GAD.

Amine terminated SAMs were immersed in a solution of 10 % v/v GAD in MilliQ water,

for 1 h at a pH between 5 and 6. The samples were thoroughly rinsed by MilliQ water

and dried under a nitrogen stream. GAD activated surfaces were subsequently immersed

in a 20 mM solution of glycine, containing 50 mM NaCNBH3 in MilliQ water. NaCNBH3

reduces the imine group to an amine. Ideal representation of the glycine surface after each

chemical step is given in �gure 3.25.

Figure 3.25: Ideal representation of the chemical steps necessary for elaboration of NH2-

GAD-Glycine surface.

Glycine grafting by DSO.

The amino terminated substrates were immersed in a solution of DSO (10 mM) in CH2Cl2
supplemented with TEA (1 % v/v) for 2 h at room temperature19. Afterwards, the samples

were rinsed several times by CH2Cl2 and dried under nitrogen. The DSO activated surfaces

were immersed in a solution of 1 mM glycine in MilliQ water for 24 h at 6 ◦C. The samples

were rinsed with MilliQ water and EtOH and dried under a nitrogen stream. Chemical

steps and ideal stoechiometry of the surface are given in �gure 3.26.

Glycine grafting by PDITC.

The amino terminated substrates were immersed in a solution of PDITC (10 mM) in
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Figure 3.26: Ideal representation of elaboration of NH2-DSO-Gly surfaces.

CH2Cl2 supplemented with pyridine (1 %, v/v) for 2 h at room temperature19. Afterwards,

the samples were rinsed several times by CH2Cl2 and dried under nitrogen. The PDITC

activated surfaces were immersed in a solution of 1 mM glycine in MilliQ water for 24 h

at 6 ◦C. The samples were rinsed with MilliQ water and EtOH and dried under a nitrogen

stream. Chemical sketches of surfaces are drawn in �gure 3.27.

Figure 3.27: Ideal representation of elaboration of NH2-PDITC-Gly surfaces.

Characterization by X-ray Photoelectron Spectroscopy (XPS).

The chemical composition of the surfaces was determined by XPS analysis. The analysis

was performed with a Gammadata Scienta spectrometer, equipped with a monochromated

Al Kα X-ray source (1486.6 eV) under ultra high vacuum and a take o� angle of 90 ◦.

Survey and high resolution spectra were recorded at pass energies of 500 eV and 100 eV,

respectively. For the high resolution experiments, the energetic resolution was estimated

to 0.45 eV. All spectra were analyzed and peak-�tted using CasaXPS 2.3.12 software (Casa

Software Ldt, Teignmouth, UK, www.casaxps.com). All components were referenced ac-

cording to the CHx component at 285.0 eV. The full width half maximum (fwhm) of the

�tted peaks in high resolution spectra was constrained to be constant for all components

in the same spectrum. The areas given in the article are corrected areas, calculated with

a Shirley background and modi�ed by the value of the transmission function of the spec-

trometer at the selected energy and inelastic mean free path.

Yield calculation

Several parameters were analyzed to follow surface modi�cation and calculate reaction

rates.

(i) The experimental ratio of the N1s and C1s regions was compared to the ideal ratio.

(ii) The following equation (see equation 3.10) was used to calculate the yield of a reaction.

The equation is based on the di�erence of experimental ratio of carbon components before

and after chemical reaction compared to the ideal one. For example, if glutaraldehyde is
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characterized by C=O component, the yield is calculated as follows:

Y ield(%) =
(A(C=O)
A(CHx)

)NH2−GAD
exp − (A(C=O)

A(CHx)
)NH2
exp

(A(C=O)
A(CHx)

)NH2−GAD
ideal − (A(C=O)

A(CHx)
)NH2
ideal

, (3.10)

where A(C=O) and A(CHx) are the corrected area of C=O and CHx C1s components.

Upperscript NH2-GAD denotes the surface after glutaraldehyde grafting and NH2 the

initial amino-functional SAMs surface. To normalize all values and avoid every problem of

X-ray intensity over two di�erent analysis, the area of CHx component has been used as a

reference.

(iii) The direct evolution of one component (appearance or disappearance), characteristic

of the chemical reaction was considered.

Results and Discussion:

XPS is a quantitative characterization technique, hence the yield of a reaction can be

calculated by the ratio of components and regions. In this study, survey spectra have

been acquired as well as high resolution C1s. For high resolution analysis, a peak �tting

model based on the stoichiometry of the ideal surface has been used in order to follow the

chemical modi�cations.

Peak �tting model for XPS characterization

Survey spectrum of amino functional self assembled monolayers exhibits characteristic

photoelectron peaks of substrate and organic layer: Si2p at a binding energy of 100 eV,

O1s at 533 eV, C1s at 285 eV and N1s at 400 eV. Silicon and oxygen from the substrate

represent 60 at% and 18 at% respectively of the volume probed, the rest being characteristic

of the thin organic layer. In a �rst approach, it is possible to evaluate the presence or not of

a biomolecule by inspecting the evolution of the area ratio of each atom. According to the

stoichiometry given in �gure 3.25, the ideal N/C ratio for NH2 SAMs is N/C=1/11=0.09,

N/C=1/16=0.0625 for NH2-GAD samples and N/C=2/17=0.12 for NH2-GAD-Glycine.

Experimental ratio are systematically lower than the ideal value: 0.071, 0.03 and 0.05

respectively. This indicates that the amount of carbon probed by XPS technique is higher

than expected. The higher content of carbon on the reference NH2 samples can only be due

to contamination. E�ectively, if SAMs were under the form of multilayers, the N/C ratio

would not be modi�ed and the value would be close to 0.09. The only piece of evidence

of such a multilayer will be the reduction of the substrate signal and in particular Si2p

transition. It can also be noticed that after GAD grafting, the amount of carbon is two

times higher than expected and even more after glycine immobilization. Assuming that

contamination is the same for all steps and occurs during storage of the samples, it seems

that glutaraldehyde in solution is sensitive to polymerization and consequently the ratio

of glutaraldehyde over amine on the surface is higher than one.

To go further into details about the chemistry of the layer, it is necessary to analyze high

resolution spectra of the photopeak C1s. An example of C1s spectra for the three steps of

elaboration of glycine grafted with glutaraldehyde is presented on �gure 3.28. The binding
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energy and interpretation of the components for all samples are the following: the �rst

component at lower binding energy is attributed to aliphatic carbon (CHx, 285.0 eV) and

is the energy reference for all peaks, the second component is related to carbons adjacent

to a carboxylic group (C-COO, 285.5 eV) and is constrained by de�nition to have the same

atomic quanti�cation than carboxylic groups or esters (COO, 289.1 eV). Carbons atoms

linked to nitrogen are located at a binding energy of 286.1 eV (C-N, 286.1 eV). The two last

components are related to carbons linked to oxygen via a simple bond (C-O, 286.65 eV)

and carbons doubly bonded to oxygen (C=O) where appear aldehydes and also amides

(NC=O). The analysis of the data of the high resolution spectra let assume that the C-O

and the C=N component can be both assigned to a binding energy of 286.65 eV. Hence

in the following, the carbon of the C=N and the C-O component are considered to have

the same binding energy. We can also notice that the central carbon atoms in the glycine

molecule (NH2-CH2-COOH) are similar to C-N (286.1 eV) but are submitted to an extra

binding energy shift of 0.5 eV (C-COO) due to the adjacent position of carboxylic acid.

As binding energy shifts are cumulative, central carbons atoms of glycine will appear at a

binding energy of 286.6 eV and then be counted in the C-O (286.65 eV) component.

Figure 3.28: Evolution of C1s lineshapes for (a) amino-functional SAMs, (b) glutaralde-

hyde grafted surface and (c) after immobilization of glycine.

NH2-GAD

After the glutaraldehyde grafting on NH2 terminated SAMs, two carbon components

showed signi�cant di�erences compared to the substrate (table 3.15). The �rst compo-

nent is C-O/C=N and the second component is C=O /N-C=O at a binding energy of
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286.65 eV and 288 eV, respectively. If glutaraldehyde is grafted ideally on the NH2 surface,

amine group reacts with one aldehyde of GAD to give an imine, while the second aldehyde

function of GAD is free at the surface. This ideal grafting has been simulated as described

elsewhere5 on the basis of the experimental NH2 surface C1s spectrum and adding contri-

bution of the aliphatic carbons of glutaraldehyde as well as C=O at 288 eV and C=N at

286.65 eV (�gure 3.29). As expected for the GAD grafting, the experimental XPS data

show an increase in the corrected area of those two components. The area of C-O/C=N

increased from 10.4 up to 26.5 (∆ = 16.1) and C=O from 6.15 up to 19.0 (∆ = 13.15). A

similar evolution was expected if GAD is grafted via an ideal mechanism. The fact that the

experimental spectrum deviates from the simulated spectrum (see �gure 3.29) at a bind-

ing energy attributed the component C-O/C=N, indicates that a small amount of GAD

molecules react with both terminal aldehyde groups on the substrate. Consequently few

bridges of GAD are formed on the monolayer. We can estimate the number of glutaralde-

hyde molecules which make a bridge with amine groups of the surface to be approximately

10 % of the total number of glutaraldehyde molecules. Nevertheless, the increase of those

components indicates that GAD was successfully grafted on the substrate. Two ways are

possible to determine the yield of glutaraldehyde grafting, one compare the increase of area

of C=N component (with reference to CHx) compared to the ideal increase and the second

one the increase of C=O compared to the ideal one. On the basis of equation 3.10, it is

possible to calculate a yield which take into accounts the contamination present on all the

surfaces. Reaction yield of 98 % and 87 % could be obtained for the grafting of GAD on

NH2 terminated SAMs. The di�erence of 10 % is due to the existence of bridging molecules

which reacts via the two aldehyde moieties. The almost quantitative yield told us that one

aldehyde is present per amine group of the initial SAMs surface. Nevertheless, the �rst

part of the characterisation showed that the number of carbons probed by XPS was higher

than the ideal. It can not be excluded that oligomers of glutaraldehyde are attached to the

surface. Polyglutaraldehyde is formed via aldol condensation reaction of glutaraldehyde

monomer. The polymerization process results in soluble and insoluble polymer but the

reaction is favored in basic conditions25. With the synthesis conditions used in this study

(pH 6, 10 % solution and reaction time 1 h), unsoluble polymers (of high mass) are unlikely

to appear but from the molecular point of view of the surface dimers or trimers can not

be excluded25.

Table 3.15: NH2-GAD-glycine: corrected areas of C1s components.

CHx CCOO C-N C-O/C=N C=O/ COO

N-CH2-COO N-C=O

NH2 120.0 2.3 9.7 10.4 6.2 2.3

NH2-GAD 157.8 4.6 13.5 26.5 19.0 4.6

NH2-GAD-Gly 153.9 2.8 15.7 27.9 12.0 2.8
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Figure 3.29: Comparison between experimental and simulated spectra for NH2-GAD

surfaces.

NH2-GAD-Glycine

The ratio of the nitrogen and the carbon signals obtained from survey spectra results

in a value of 0.058. This value is lower than the expected value for ideal ratio of GAD

surface. Again, the excess of carbon due to glutaraldehyde oligomerization prevent from

calculating the yield of reaction. Consequently, peak �tting and analysis of components of

high resolution spectra is necessary to avoid miscalculation.

After glycine grafting, the main evolution in lineshapes is the decrease of the component

attributed to C=O (288.0 eV, �gure 3.26 c). This trend is explained by the disappearance

of aldehyde moieties upon reaction with glycine to give �rst an imine (C=N), which is

further reduced to secondary amine by the NaCNBH3 treatment. In summary, the C1s

modi�cation obtained after grafting of glycine are:

• The disappearance of imine C=N and C=O to the pro�t of secondary amine (detected

in the C-N component at a binding energy of 286.1 eV).

• The gain of one carbon atom (central atom of the glycine molecule) detected, as

previously seen in the C-O component (286.65 eV).

• The gain of one carboxylic acid carbon (COO, 289.1 eV).

The yield obtained with the disappearance of aldehyde compounds is 36 %. This yield is

certainly a maximum value. The reducing treatment with NaCNBH3 can have an impact

on aldehyde and carboxylic groups. In acidic conditions, both can be reduced to alcohols.

The pH of glycine solution in MilliQ water was measured to be 5.8, hence the conversion of

aldehyde into alcohol must be limited. Acidic conditions and several hours are necessary

(pH 3-4) to obtain adequate reduction rates. In neutral conditions, cyanoborohydride is
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practically inert toward aldehyde. This is also con�rmed by the very low increase of C-O

C1s component re�ecting alcohols. By using equation 3.10 and area of the C-O component,

the yield obtained is 24 %, lower than the previous value, as expected (see table 3.17 in

supporting information).

In�uence of linkers

In an attempt to evaluate the reactivity of other molecules, we have grafted two other clas-

sical linkers: di-(N-succinimidyl)oxalate (�gure 3.26) and phenylendiisothiocyanate (�g-

ure 3.27). Both linkers avoid the possibility of polymerization, the �rst is �exible whereas

the second incorporates a phenylene group giving a high rigidity. The high resolution peak

�tting procedure has been applied as discussed above, except for the COO component. As

a DSO molecule contains a modi�ed ester with succinimide, the binding energy should be

lower than 289.1 eV (binding energy for classical ester). To take this into account, the

binding energy was not constrained to a �xed value.

Analysis of survey spectrum gives only limited information. The grafting can be con�rmed

by the increase of carbon content (C1s) or decrease of substrate signal (Si2p). But the

estimation of the yield is very di�cult, the stoichiometry of the surface being very close

before and after glycine immobilization. The use of high resolution peak �tting of C1s

spectrum is again requested.

NH2-DSO-Gly Lineshapes of C1s for NH2DSO and NH2-DSO-Gly are presented in �g-

ure 3.30. The major di�erence between the two lineshapes is the shift of the carboxylic

component toward lower values of binding energy (288.7 eV vs 289.1 eV). This shift is due

to the presence of succinimidyl groups that induce a lower positive charge of the carbon

atom in the carbonyl group. After glycine immobilization, only one component appears

(289.1 eV): the di�erence of binding energy between the two components is too low (in

the order of the energetic resolution of the spectrometer) and only one peak is kept by the

software. The two previous characteristic peaks are then unusable for yield calculation.

Nevertheless, glycine grafting on DSO is characterized by an increase of C-O (as previ-

ously the central atom of glycine is related to the component C-O) as well as an increase

of the amide peak. When a glycine molecule is grafted, a succinimidyl group (detected at

288.7 eV) is leaving and an amide bond is established (and counted in the 288.0 eV C=O

component). Then, based on increase of C=O or C-O components, the grafting yield can

be evaluated. Interestingly, these two components provide similar values of 42 % and 44 %

respectively.

NH2-PDITC-Gly The sulfur element is characteristic of the PDITC and can be used as a

marker. Unfortunately, silicon surfaces and in particular Si2p and Si2s transition exhibits

loss plasmon peaks which superimpose with the sulfur 2p transition. The presence of sulfur

could then not be con�rmed owing to the small amounts present and to its low atomic

sensitivity factor. Using C1s peak �tting, this system only allows the determination with

C-O component (related to the central atom of glycine) and carboxylic groups (�gure 3.31,
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Figure 3.30: Evolution of C1s lineshapes for (a) NH2-DSO surfaces and (b) NH2-DSO-

Gly.

286.6 eV and 289.1 eV). Using equation 3.10, the two values are both close to 46 %.

Figure 3.31: Evolution of C1s lineshapes for (a) NH2-PDITC surfaces and (b) NH2-

PDITC-Gly.

All yields determined in this article are summarized in table 3.16. We can notice that

PDITC and DSO linkers give very similar value, lower to 50 %. The reaction seems to be

limited by the size of the glycine molecule and no di�erence can be made for the �exible

or rigid linker. For glutaraldehyde, the yield attained hardly 30 % with the chemical
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conditions used. This can be due to the structure of the glutaraldehyde layer, known

to polymerize or, at least oligomerize, inducing bridging phenomenon between two amine

groups of the surface or limited accessibility to the free aldehyde in the layer.

Table 3.16: Glycine grafting: yields obtained with three linkers (GAD, DSO, PDITC).

Linker C1s grafting yield remarks

component of glycine

GAD C-N 29 % Conversion of imine

in secondary amine

C-O 24 % Speci�c signature of the

central carbon of glycine

C=O 36 % Overestimated due to the

possibility of reduction of

aldehyde by NaCNBH3

DSO C-O 44 % Speci�c signature of the

central carbon of glycine

C=O 42 % Conversion of succinimidyl-

group into amide

PDITC C-O 46 % Speci�c signature of the

central carbon of glycine

COOH 46 % Speci�c signature of

carboxylic group

Conclusion Going into details of high resolution peak �tting of C1s, we have estimated

surface reaction yield as a function of three common linkers used for biomaterial modi�-

cations. The comparison between ideal stoichiometric ratio and area ratio determined by

XPS allows the calculation of surface reaction yield. As expected, the surface reaction, in

normal condition, is often limited by the vicinity of the surface. No di�erences have been

made between rigid and �exible linker, the yield being limited in both case around 45 %.

For glutaraldehyde, the yield was even lower (around 25 %) and this reduction is probably

due to oligomerisation property of glutaraldehyde which give a complex structure, probably

less accessible even for a small amino-acid like glycine. We believe that these informations

are crucial when surfaces are put in contact with biological materials. If not controlled,

chemical and structural heterogeneities, induced by limited reaction rates, will add errors

to the intrinsic variability of biological experiment and can result in misinterpretation. The

procedure described in this article allow precise quanti�cation without chemical derivati-

zation. Variable angle XPS analysis can, nevertheless, add supplementary informations to

the knowledge of the structure layer and also give even more surface sensitive analysis.
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Supporting Information

Figure 3.32: Chemical scheme of conversion of bromine surfaces into amine functional-

ized surfaces

Table 3.17: NH2-GAD-glycine: yield of reaction.

b C−O/C=N
CHx

C=O
CHx

C−N
CHx

NH2-GAD 98 % 87 % �

NH2-GAD-Gly 24 % 36 % 29 %
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3.8 Supplementary Information of Part 2

Amino acid grafting via Fmoc-glycine

Additionally to the used homobifunctional linkers GAD, DSO and PDITC (see article2b

"XPS evaluation of the in�uence of linker on the grafting yield of glycine on amino func-

tional self assembled monolayers."), one further experiment was carried out, in which the

functional group COOH was activated before reaction with a NH2 group. Therefore, the

amine group of glycine was protected by reaction with Fmoc-OSu, followed by the acti-

vation of the COOH of glycine by HBTU. After reaction of the activated glycine with

the NH2 terminated substrate, the Fmoc protection group was suppressed by piperidine.

Preparation of Fmoc-glycine

In a �rst step, the amine group of glycine was protected by the Fmoc-protection group. The

obtained Fmoc-glycine was puri�ed by extraction in DCM. Given that the educt Fmoc-

OSu is much more soluble in DCM than Fmoc-glycine, the educt and product could be

separated. After the puri�cation 1.15 g Fmoc-glycine were obtained, which is equivalent

to a yield of 30 %. The Fmoc-glycine was analysed by H1-NMR. The assignment of the

protons of the product to the chemical shift is shown in �gure 3.33:

δ=7.77 ppm; d; 2H; H; 3J=7.6 Hz. δ=7.60 ppm; d; 2H; H; 3J=7.6 Hz. δ=7.40 ppm; t; 2H;

H; 3J=7.6 Hz. δ=7.31 ppm; t; 2H; H; 3J=7.6 Hz. δ=5.25 ppm; s large; 1H; NH. δ=4.43

ppm; d; 2H; CHCH2OCO; 3J=6.8 Hz. δ=4.24 ppm; t; 1H; Caromat.CHCH2; 3J=6.8 Hz.

δ=4.06 ppm; d; 2H; NHCH2; 3J=5.6 Hz.

Figure 3.33: The shifts of the frequencies in the H1-NMR spectra can be assigned to

the di�erent hydrogen environments.
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3.8.0.0.1 Grafting of Fmoc glycine

The amino terminated substrates were immersed in 2500 equivalents (eq.) of Fmoc-glycine

(C1) and afterwards deprotected. The samples were analyzed by XPS. Each step of the

glycine grafting was evaluated by comparison of the ideal N1s/C1s ratio with the experi-

mental one (see table 3.18).

Table 3.18: Reaction yield of glycine grafting

ratio N1s
C1s ratio N1s

C1s yield

experimental ideal [%]

NH2-glycine-Fmoc 0.070 0.074 94

NH2-glycine (C1) 0.067 0.154 43

After the grafting of Fmoc-glycine onto NH2 functionalized substrate, the value of the

N1s/C1s ratio should decrease, through the addition of 17 carbon atoms and only 1 nitrogen

atom per grafted Fmoc-glycine. Indeed, the C1s peaks increases slightly compared to the

substrate, while the nitrogen peaks decreases (see �gure 3.34). Considering the ideal value

of N1s/C1s ratio as a total grafting reaction of Fmoc-glycine, a yield of the reaction of

94 % was achieved. In the next step, the Fmoc protection group was removed, and hence

15 carbon atoms are suppressed. Consequently, the value of the N1s/C1s ratio is expected

to increase. Finally the deprotection of glycine results in a reaction yield of 43 %.

Figure 3.34: Surface modi�cations can be monitored by XPS. Here, attention was payed

to the changing of the C1s signal after grafting of Fmoc-glycine onto the substrate (a)

and after the deprotection of glycine (b).

In addition to XPS measurements, the �nal surface was characterized by AFM, ellipsom-

etry and contact angle measurement. The AFM height contrast images show a �at and
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homogeneous surface with few, very small aggregates on it (see �gure 3.35). The presence

of these aggregates is con�rmed by the thickness of the surface, which increased of about

3.6 nm, while an increase of the thickness about 0.8 nm was expected. Further, the hetero-

geneity of the surface is indicated by the high hysteresis of ∆H = 57, obtained by contact

angle measurements.

Figure 3.35: The AFM height and phase contrast images of the surfaces were analyzed.

C1 (10 000 eq. Fmoc-glycine) shows almost no modi�cation of the surface, only few small

aggregates are visible. The AFM contrast images of C2 (2 500 eq. Fmoc-glycine) show

several aggregates and di�erent phase of the aggregates deposited on the surface. C3

(1 000 000 eq. Fmoc-glycine) contrast images are similar to the results of C2, there are

some aggregates, with di�erent phases.

Here it was found that a surface modi�cation took place; aggregates are deposited on the

surface which in�uence the topography, the contact angle and the thickness. Further, these

aggregates seem to be the source of the additional carbon detected by XPS. Results are

summarized in table 3.19. These aggregates may result of side reactions like polymerization,

or crystallization of the used products.

In�uence of the concentration

The concentration of Fmoc-glycine was increased to 10 000 eq. (C2) and 1 000 000 eq

(C3), to increase the possibility of the glycine grafting. As before, the yield was estimated

based on the N1s/C1s ratio obtained by XPS and the ideal ratio (N1s/C1s) for grafted

glycine. The yields are slightly higher, with 47 % and 52 %, for 10 000 and 1 000 000 eq.
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respectively, compared to the �rst reaction yield of 43 %.

Interestingly, with the increase of the Fmoc-glycine concentration, the thickness approaches

the theoretical value of around 2.3 nm (see table 3.19). The hysteresis increases from

∆H = 33.3 for the substrate up to ∆H = 48 and for C2. Similar to C1, AFM height

contrast images of C2 show several large aggregates on the substrate (see �gure 3.35).

In contrast, for C3 a lower hysteresis ∆H = 42.1 was obtained. By the increase of the

concentration of Fmoc-glycine, a homogeneous surface modi�cation was obtained.

Table 3.19: Grafting of Fmoc-glycine.

Condition equivalent N1s
C1s yield θs θa θr thickness

Fmoc-gly. [%] [◦] [◦] [◦] [nm]

NH2-substrate 65 ± 2 77 ± 1 44 ± 1 1.4 ± 0

C1 2500 0.067 43 73 ± 2 83 ± 3 20 ± 2 5.1 ± 1

C2 10000 0.081 47 69 ± 1 81 ± 5 33 ± 1 3.6 ± 3

C3 1000000 0.073 52 73 ± 2 83 ± 1 41 ± 0 2.4 ± 0

theoretical 0.154 100 � � � 2.3

C3-blind 0 0.080 75 ± 2 85 ± 1 41 ± 1 2.3 ± 1

Side reactions

The substrate was immersed under the conditions of C1 and C3 (see table 3.4 in Material

and Methods), but without Fmoc-glycine, called C1-blind and C3-blind respectively, to

investigate possible side reactions. After analyzing the sample C1-blind, the surface showed

no change of chemical composition. In contrast, the ratio N1s/C1s increased from 0.065

for the NH2 substrate up to 0.08 for C3-blind and the ratio of N1s/SiO2 increases from

0.15 (substrate) up to 0.26. Similarly, the C1s/SiO2 ratio increased from 2.4 up to 3.2.

Consequently, carbon and nitrogen components were deposited on the amino terminated

substrate. Nevertheless, the pro�le of C1s was the same, except for the intensity (see

�gure 3.36 a). In contrast, the N1s spectrum of C3-blind (�gure 3.36 b) indicates positively

charged nitrogen at a binding energy of 402.5 eV.

A possible side reaction is the reaction of HBTU with an amine group, which results in

a tetramethylguanidine [161]. This side reaction could explain the increase of the area of

the nitrogen component and the carbon component on the substrate. Nevertheless, on the

N1s high resolution spectra the new component at 402.5 eV is higher than expected for a

N+, which usually is assigned to a binding energy of 401.8 eV. Besides the XPS analysis,
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Figure 3.36: The pro�le of C1s (a) and N1s (b) high resolution spectra changed after

immersion in solution of C3. (a) shows the same pro�le, hence the interpretation of a

new surface modi�cation is di�cult. (b) shows the N1s spectra with a new component

at 402.5 eV that appeared, which indicates that a surface modi�cation took place.

the static and advancing contact angles and the thickness increased slightly compared to

the substrate.
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3.9 Conclusion

The aim of this chapter was to create well-controlled surfaces that can be used as substrates

for the immobilization of biomolecules and for biointerface studies.

As showed in the chapter before, amine terminated silanes were used to establish the thor-

oughly characterization of SAMs on silicon wafer. The thorough surface characterization

and analysis demonstrated that amine terminated silanes in the used conditions lead to

surfaces, which are not controlled. Consequently, a di�erent types of silane was used to

obtain well-controlled amine-terminated surfaces. This silane contains a bromine termi-

nation, hence does not interact with silanol groups of the substrate and the other silanes,

it is also slightly longer, compared to AHAPS and contains 11 carbon atoms (instead of

9 for AHAPS). Through the longer chain, the Van der Waals forces and consequently the

probability of an organized overlayer increases. Moreover, the bromine terminus hold the

possibility to react in a nucleophilic substitution reaction, in order to obtain an amine

terminus.

The preparation of the bromine-silane base monolayers was based on literature that re-

ported layers made of this silane; however without proving the monolayer structure and

the well organization of silane. Various parameters as the solvent, the temperature and

the reaction time were adapted to achieve optimal silane grafted and the assembling on the

silicon wafer. An annealing step was used to stabilize the overlayer and therefore to provide

adequate substrates for biointerfaces studies, which are performed in liquid conditions.

Finally, a protocol was de�ned that leads to well controlled bromine monolayers, using a

mixture of two solvents, a reaction time of 4 h and a reaction temperature of 6 ◦C. In

the following process, the bromine terminus was successfully converted into an azide and

subsequently into an amine terminus. Hence, amino terminated well-controlled surface

(100 %NH2) was obtained, which led to ideal amino-terminated surfaces, on the contrary

to APTES and AHAPS surfaces. The fact that APTES and AHAPS are less organized,

was used to investigate the impact of the organization of theoretically �ideal� substrate

(amino terminated SAMs) on bacterial adhesion. The results of the bacterial adhesion ex-

periments shows that there is a signi�cant impact of the organization of the substrate. The

reproducibility increasing with the quality of the substrate organization, i.e. the chemical

�purity� of the overlayer showing that bacterial adhesion is sensible to subtle chemical

heterogeneities of the surface.

Furthermore, mixed monolayers were obtained by the use of a second silane with methyl

termination. Di�erent concentrations of bromine on the surfaces, back�lled with methyl

groups, were achieved by the immersion of the substrate in a solution containing adequate

ratios of the two silanes. The successful fabrication of the mixed monolayers was mainly

con�rmed by XPS, ellipsometry and contact angle measurements. Further, the character-

ization by height and phase contrast AFM imaging showed no islanding of one silane in

the other.
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In the next step the bromine/methyl mixed monolayer were transformed into amine/methyl

mixed monolayers. XPS measurements showed the increase and decrease of the nitrogen

signal according to the percentage of amine terminated silane, i.e. the bromine terminated

silane. Furthermore, it could be veri�ed that, as expected, the relationship between the

contact angle and the amount of nitrogen follows the Israelachvili equation.

In conclusion, well-controlled amine/methyl mixed monolayer were obtained, which were

used as substrates for bacterial adhesion investigations. These investigations will be de-

scribed in the following chapter.

Aiming at investigating the possibility to use such surfaces to prepare biomolecule-revealing

model surfaces of di�erent densities, we studied the grafting e�ciency of amino acid

(glycine) on well-controlled amine monolayer. Thereby, 100 %NH2 terminated monolayers

were used as substrates, prepared as previously described. Di�erent ways were attempted

to achieve a high concentration of glycine grafted onto surfaces. At �rst three homobifunc-

tional linker (GAD, DSO and PDITC) were used to graft the amino acid on the substrate.

The yield of the grafting evaluated by XPS measurements was similar for the three homob-

ifunctional linkers with 30-46 %. However, the linkers themselves are quite di�erent. This

shows that, on a fully covered surface with NH2 groups in close contact, it is not possible to

graft one glycine for one NH2 group. Another possibility of grafting, without the use of any

linker was investigated (in collaboration with Delphine Josien). In this process, the graft-

ing protocol was adapted to graft an amino acid onto a solid substrate. A reaction yield

around 47 % was obtained. Moreover, several coupling reagents were shown to react with

the surface, leading to uncontrolled grafting of amino acids. Finally, the four strategies

tested, failed to achieve a yield of grafting higher than 50 %. The expected consequence

for achieving mixed monolayers revealing di�erent densities of amino acid is the restriction

of the range of coverage that will be possible to reach. Nevertheless, optimizing of the

amino acid grafting protocol may allow to improve the loading capacity of the subtrate

with amino acid.

In addition, it was demonstrated that the grafting of an amino acid could be monitored

and evaluated by thorough analysis of each step by XPS.
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Chapter 4

Bacterial response to well controlled

model surfaces

4.1 Introduction

This chapter aims at investigating bacterial behavior resulting from chemical surface prop-

erties existing at the nano- and molecular-scale. It is separated in two parts. The �rst part

deals with the ability of bacteria to, actively or not, di�erentiate surfaces, according to sub-

tle and neglected di�erences in their chemistry. For that purpose, the well-controlled mixed

monolayers (MMLs) from the third chapter are used to analyze the bacterial adhesion and

hence the possible ability of bacteria to distinguish between the surfaces, containing dif-

ferent densities of NH2 back�lled with CH3. The second part of this chapter deals with

the ability of bacteria to sense and/or response speci�cally to these surfaces by expressing

di�erent genes, thus with the change of their metabolism. Two di�erent bacteria strain, the

gram-negative E. coli and gram-positive S. epidermidis, which both cause serious health

problems, were used. Aside from the di�erences in their envelope, structure and compo-

sition E. coli is rod shaped and quite mobile due to appendages on its membrane. In

contrast, the S. epidermidis strain is coccus shaped and known for the production of the

polysaccharide intercellular adhesion (PIA), which has been recognized as a virulence fac-

tor.

For all microbiological experiments conducted in this work, MMLs with di�erent densities

of NH2 back�lled with CH3 were used as substrate. Since the substrates have been thor-

oughly characterized and are fairly smooth, topographical and other uncontrolled features

of the surface are minimized. �Gradients� of mixed functionalities were achieved over sev-

eral surfaces (see �gure 3.3) which allows to study the accessibility of a functional group

without coupling another surface property.

The �rst part of the chapter consistes in bacterial adhesion experiments that were con-

ducted in batch and real-time experiments for a short incubation time (2 h) (see �gure 4.1

step 1). Experiments were done in simple and well-de�ned saline solution (9g/L NaCl) to
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Figure 4.1: The �rst part of the chapter deals with interactions between the surface and

bacteria (1). In the second part, the changes of the metabolism resulting from adhesion

were investigated (2).

limit unknown in�uence of surrounding parameters. Nevertheless, batch experiments with

E.coli SCC1 were also performed in the minimal media M63G-B1 to investigate potential

modi�cations of bacterial behavior coming from surroundings. For real-time experiments

on non-transparency materials, an upright confocal laser scanning microscope (CLSM)

allowing �uorescent and re�exion examination was used as well as �ow cell and proto-

col speci�cally developed for that purpose. For both batch and real-time experimental

conditions bacterial adhesion and proliferation analyses were either in �uorescence or in

re�exion mode according to the bacteria species. Plot of numbers of adherent bacteria on

the surface, versus the amount of NH2 of the surface provided, bacterial adhesion rate and

proliferation rate were used as indicators of the bacterial behavior on the surface.

In the second part of this chapter, investigation of the metabolism of bacteria and its change

depending on the surfaces on which they adhere were aimed to visualize (see �gure 4.1

step 2). However, the study of changes in the metabolism, which is in�uenced by the

surface was and remains quite challenging. In this work, RT-PCR was used to investigate

the expression of icaA and icaD, two genes that are involved in the production of PIA and

in the bio�lm formation of S. epidermidis [162]. In parallel, the results of the RT-PCR

were con�rmed by CLSM observation after bacteria and PIA �uorescent staining. A second

approach based on staining of membrane proteins and analysis of these proteins in a 2D gel-

electrophoresis was envisaged, aiming at determining changes in the bacterial membrane

proteins as an indicator of the capacity of a bacterium to sense subtle properties of the

surface. The number of adherent bacteria in bacterial adhesion experiments is usually

rather low. Consequently, the material of protein or nucleic acids, which can be used to

examine bacterial metabolism in response to the surface, is low. This leads to di�culty

or even impossibility to extract suitable experimental data from proteomic and genomic

techniques. Thus, di�cult adaptions were needed to be within the detection range of the

used characterization techniques.
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The chapter is separated in two parts. The microbiology results of the �rst part are

mainly given in form of an article "The role of chemical heterogeneities of surfaces in

the adhesion and proliferation of bacteria". Additional results of this part are given in

Supplementary Information. The second part is written in a classical form with a

Results and Discussion section.

4.2 State of the art

4.2.1 Bio�lm

A bio�lm is a structured community of sessile (attached) bacteria on a surface, enclosed in

a self-polymeric matrix [1]. The advantage of bio�lm formation for bacteria is their protec-

tion against several external stresses, as antibiotics, changes in temperature, dehydration

or detergents [1, 3]. Further, the matrix of the bio�lm stores nutriments and is able to

restrict the di�usion of molecules within the bio�lm. The bio�lm is therefore highly favor-

able for the survival of bacteria in hostile media. Various factors are involved in the bio�lm

formation, like the cell wall properties [3, 163] and external conditions, like temperature,

pH, shear stresses etc. [7�9]. Diverse macromolecules on the bacteria surface can interact

with the material surface and with other bacteria cells. Such macromolecules are generally

lectins [164, 165], �agella [166�168], pili [51, 54, 164, 169, 170], other �mbriae, and pro-

teins [171] and polysaccharides [172�174] (see paragraph 4.2.1.3). Among them, material

properties have been recognized to play an important role [3]. Material properties i.e. the

topography and the surface chemistry, are known to in�uence bacterial adhesion. Several

articles are published in literature, addressing the impact of surface topography on bacte-

rial adhesion, as reviewed in reference [3]. Bacteria adhere for example, on surfaces with

topographical features, rather on the bottom than of the top such features [175]. A higher

number of bacteria colonies was found on site with surfaces defects [176�178]. Further,

bacterial adhesion seems, most likely to be in�uenced by speci�c functional groups on the

surface, hydrophobic or hydrophilic surface character, surface energy and surface charge.

Functional groups can lead to receptor/ligand interactions between bacteria and the sur-

face [3]. Bacterial adhesion studies on hydrophilic/hydrophobic surfaces lead to controver-

sial results (see paragraph 4.2.2) [3, 13, 14, 19, 163, 179, 180]. Aside from functional groups

and the wettability character of the surface, the surface energy and the surface charge were

studied. It is assumed that the surface charge plays an important role due to attractive or

repulsive attractions, by the mainly negatively charged bacterial envelope (at physiological

pH) and charged surfaces (see paragraph 4.2.2) [47,78,181]. Finally, the surface free energy

was considered in the process of bacterial adhesion. However, no obvious relationship ap-

peared between the bacterial adhesion and the surface free energy [20,48,182�184], which

may due to the envelope of bacteria that is rarely considered [3].
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4.2.1.1 Formation of a bio�lm

Figure 4.2: The bio�lm formation consists in four steps, that may more or less overlap

depending on bacteria species and external conditions. At �rst, planktonic bacteria are

transported close to the surface, with which they interact in the second step. Finally, the

bacteria irreversibly adhere on the surface and build up a 3D structure by proliferating

and starting to produce exopolysaccharide substances. This bio�lm matures, some bac-

teria detach from the bio�lm and are transported as planktonic bacteria to other regions.

(Illustration from Ploux et al. [3])

The formation of bio�lm can be described in 4 steps, as depicted in �gure 4.2. The steps

may more or less overlap each other.

Step 1: Bacteria transport near the surface

In the �rst step, bacteria are passively and/or actively transported to the living or abiotic

surface [185]. In the passive transport, long-range forces like gravitational or brownian

forces play an important role. In addition, hydrodynamic forces, when present, take part

in the transport. In the active transport, depending on species and strains, proteinic

organelles like �agella are involved [3].

Step 2: Adhesion of bacteria on the surface

The adhesion of bacteria consists in two separate stages. First, bacteria reversibly attached

to the surface before they irreversibly adhere to the surface. Di�erent physico-chemical

interactions between the surface and bacteria are involved in these two stages [3,185] (see

paragraph 4.2.2 for more details) as well as diverse cell surface structures according to

bacteria species and strains [163]. Interestingly, after sensing the surface during the initial

adhesion phase, the expression of speci�c genes can be switched on governing for example

the synthesis of �mbriae involved in the bacterial attachment to surface [50, 53, 54] or of

the bio�lm matrix [1, 186,187].

Step 3: Synthesis of matrix and proliferation

In the third step, adherent bacteria start to proliferate and to synthesize a matrix that

mainly consists of exopolysaccharide substances (EPS) [188�190]. Sessile bacteria are then

embedded in a 3D matrix forming the bio�lm [1]. Appendages, like �agella and �mbriae,

pili, curli are assumed to also play a crucial role in this step [3].
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Step 4: Maturation of the bio�lm and detachment

Bio�lm has a complex structure with pores and channels for the nutrition transport [3,

185]. These characteristics evolve with the time and external conditions. Within the

bio�lm, bacteria communicate with each other via chemical and electrical signals. Gene

expressions of sessile bacteria in a bio�lm and of planktonic bacteria can signi�cantly di�er.

For example, 38 % of the genes are di�erently expressed in E.coli bio�lms compared to

planktonic state [54]. Mature bio�lms are known to grow up to a certain point, at which

bacteria that are farest from the surface and nearest from the surrounding escape from the

bio�lm. These newly planktonic cells become able to colonize other surfaces [185].

4.2.1.2 The envelope of bacteria

The outermost cell surface plays a crucial role in bacterial adhesion, since it constitutes the

direct contact with material surfaces. Its chemical composition and structural arrangement

surface is extremely complex due to the presence of a large variety of chemical components

and surface appendages of di�erent lengths [12,191].

Bacteria can be separated in two di�erent groups due to their envelope structure: gram-

positive and gram-negative bacteria, distinguished by the gram-staining. As depicted in

�gure 4.3, the composition of the cell wall of Gram-positive and Gram-negative bacterial

di�ers considerably. On top of the cytoplasmic membrane, gram-positive bacteria have

a thick and rigid peptidoglycan layer, whose density varies throughout the layer within

20 % [191, 192]. In contrast, the peptidoglycane layer of gram-negative bacteria is much

thinner and sandwiched between two phospholipid membranes, i.e. the inner and outer

membrane. The outer membrane contains aggregated proteins, which form pores of various

types [193,194] to facilitate the transport of molecules through the membrane. A character-

istic component of the outer membrane of gram-negative bacteria, is the lipopolysaccharide

(LPS). LPSs contain mainly saturated fatty acids, which are linked to a glucosamine dis-

accharide backbone. On this backbone and on sugar residues many negatively charged

groups are present [193]. LPS was also found to bind divalent cations. Furthermore, the

physical structure of LPS depends on the nature of such cations [193,195,196].

Bacterial cell surface is highly complex and di�ers strongly from surfaces of non-biological

colloids, such as polystyrene particles [192]. Therefore, description of bacteria surface prop-

erties through global values of charge, hydrophobicity/hydrophilicity etc. must be care-

fully considered. However, some general trends can be stated: (i) The bacterial surface is

charged due to the dissociation and protonation of several functional groups contained in

polysaccharides, proteins, peptidoglycan, teichoic acids and phospholipids on the cell enve-

lope, such as carboxyl, phosphate and amine groups. At a physiological pH (pH ∼7) most

bacteria are negatively charged, as the number of carboxyl and phosphate groups exceeds

the number of amine groups [192]. (ii) The hydrophobicity of bacterial cell wall varies

according to the bacteria species, and is in�uenced by the growth medium and the age and

the surface structure of the bacteria [163]. (iii) The sti�ness and the thickness of the cell
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envelope can signi�cantly change with environment conditions, like the pH [197�199].

Figure 4.3: Schematic model of the surface of gram-negative bacteria (like E. coli) and

gram-positive bacteria (like S. epidermidis) adapted from reference [192].

4.2.1.3 Factors involved in bio�lm formation

It is assumed that several membrane-anchored or extracellular, macromolecules produced

by bacteria (for example their �agella, pili and other �mbriae or exopolysaccharide), play

an important role in the motility, the attachment of bacteria on the surface and the bio�lm

formation [3, 200].

Pili, also named �mbriae, are �lamentous appendages on the bacterial surfaces, which are

often no more than 4 to 7 nm in diameter and 0.2 up to 20 nm in length [163]. These pili

are rigid, straight and of a polymer nature. They are composed by identical subunits [201].

From 100 up to 1000 pili may be present on the outer surface of the outer membrane and

may reach considerable distances beyond the outer membrane. They are most prominent

in gram-negative bacteria [163], as E. coli. As example, in E. coli, the most common and

well studied �mbriae is called Type I pili/�mbriae, which is long and rod-shaped [200].

Physical interactions between Type I �mbriae and a solid surface have been shown to lead

to structural changes in the outer membranes of attached E. coli, which is re�ected by

the reduction in the expression level of outer membrane proteins [51, 200]. The adhesion

mediated by �mbriae has been proposed to vary with the hydrophobicity of the substrate,

due to the increase of the hydrophobicity of the envelope of �mbriaeted bacteria [202].

Beside �mbriae, other heteropolymeric, �lamentous appendages like curli are also able to

in�uence the adherence properties of several bio�lm-forming E. coli strains [203]. Curli

were shown to be involved in bacteria-surface interactions [204]. They are involved in

irreversible attachment, formation of microcolonies, early development of the bio�lm ar-

chitecture and maturation of the bio�lm [200].

Beside the extracellular slime, composed of EPS and that were shown to favor the attach-

ment of some species of bacteria [163,205] (see next section), some species possess capsules

outside of the cell wall, which may also favor adhesion to abiotic surfaces. They can exist
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in gram-negative and gram-positive bacteria [163]. Capsules consist of �rmly adherent and

discrete covering layer and that depending on its properties, changes the hydrophobicity

of the bacteria surfaces [163].

4.2.1.4 Excursus: The role of PIA in S. epidermidis bio�lm formation

By investigation of S. epidermidis strains, which caused several serious infections on

catheters in the 80ths, a slime layer was identi�ed by staining with alcian blue. This

material was assumed to be a polysaccharide [206]. Since then, many di�erent saccharides

that are involved in the bio�lm formation of S. epidermidis were discovered (reviewed

in [185]).

Figure 4.4: PIA is a linear homoglycan. It is composed of β-1,6-linked N-acetyl-

glucosamine residues. Around 20 % of the residues are deacetylated and hence positively

charged. Illustration adapted from reference [207].

Among them, one exopolysaccharide is important for the formation of cellular aggregates

and is a virulence factor in the pathogenesis of foreign body infection: the polysaccharide

intercellular adhesin (PIA) [162]. PIA is a linear β 1-6 N-acetyl-d-glucosaminylglycan,

depicted in �gure 4.4, which is expressed by the icaADBC operon [207]. The ica operon

is depicted in �gure 4.5.

Figure 4.5: The synthesis of PIA is expressed by the genes of the ica operon in S.

epidermidis. icaADBC are regulated by icaR and result in PIA. For the RT-PCR,

the expression of icaAD was examined, icaAD are usually coexpressed when PIA is

produced [207].

icaA and icaD are coexpressed, since icaA is responsible for a transmembrane protein that

requires the product of icaD for its optimal activity. The products of icaA and icaD are

N-acetyl-glucosamine oligomers, which reach a maximal length when they are coexpressed

with icaC. Finally, IcaB is attached to the surfaces and is responsible for the deacetylation
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of the poly-N-acetylglucosamine molecule [208, 209]. The role of the formation of cell

aggregates, depicted in �gure 4.6 was also demonstrated by Dunne et al. [185].

Figure 4.6: The cell aggregation of S. epidermidis is promoted by the exopolysaccharide

PIA. Hence, the bio�lm formation of S. epidermidis is generally described in 3 steps: 1.

The bacterial adhesion; 2. The accumulation of cells, promoted by PIA; and 3. the

synthesis of another slimy exopolysaccharide. Adapted from reference [185].

4.2.2 Bacterial adhesion

Bacterial adhesion depends on the physico-chemical properties of the material and bacte-

rial surfaces. The typical attractive interaction leading to the reversible adhesion mainly

results from the balance between repulsive and attractive, electrostatic, van der Waals and

hydrophobic/hydrophilic interactions (see �gure 4.7) [3].

In general, it is assumed that, the bacteria with hydrophobic properties prefer to adhere on

hydrophobic materials and bacteria with hydrophilic properties prefer hydrophilic materi-

als. Additionally, the amount of adhered bacteria is higher on hydrophobic surfaces than

on hydrophilic ones [163]. Aside from the wettability character of the cell envelope and

the material surface, their charges are also considered to be important for the interaction

with material surface. As already evoked in paragraph 4.2.1.2 most bacteria are nega-

tively charged at physiological pH (pH∼7). Bacterial surface charge can be assessed by

isoelectric point, zeta potential and electrophoretic mobility [163]. Importantly, whatever

their charges, bacterial and material surfaces are frequently ionized in aqueous systems.

Therefore they attract dissolved ions, resulting in a charged double layer at the surfaces,

which is expected to highly impact the bacteria/material interface [192].

4.2.2.1 Theories to describe bacterial adhesion

Two theories are reported in literature to attempt to describe the adhesion of a bacterium

to the surface: the thermodynamic theory and the DLVO-based theory [205].

Bacterial adhesion based on thermodynamic theory

The thermodynamic theory describes the approach of two surfaces, resulting in adhesive
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Figure 4.7: The adhesion of bacteria is imprinted by di�erent long and short distance

interactions between the bacteria cell and the surface. (Illustration from Ploux et al. [3]).

molecular interaction, in which adsorbed water must be displaced. If the surface is highly

hydrated, such water displacement is energetically unfavorable and may be impossible

to overcome by counteracting attractive interactions [48]. The thermodynamic theory is

based on the surface free energy of the solid-bacteria, the bacteria-liquid, and the solid-

liquid interface. Brie�y, the bacterial adhesion is favored if the free energy is negative [205].

DLVO based theory of bacterial adhesion

The DLVO (Derjaguin-Landau-Verwey-Overbeek) theory describes the interaction between

a particle and a surface, since bacteria and particles are frequently assumed to behave

similar, due to their comparable size. The total interaction is then calculated by the sum

of the Van der Waals forces and Coulomb interactions [205, 210]. In case the particle is

close to the surface, the Van der Waals forces are predominant, while when increasing the

distances between particles and surface, the Coulomb interactions becomes predominant.

In solution, ion double layers are commonly formed on charged surfaces and particles,

i.e. bacteria that are mainly negatively charged at physiological pH. Hence, a repulsive

electrostatic energy is caused by the overlap of the electrical double layer of bacteria and

the substrate [205,211�214].

In the process of bacterial adhesion, bacterium approaches the surface by its motility or

brownian motion and adheres �rst reversibly. Adherent bacteria can now overcome the

energy barrier by a linkage through nano�bers (e.g. pili and �agella) or EPS between

bacteria and surface (irreversible attachment). Thereby, the ionic strength of the solution

and the distance between bacteria/particle are crucial parameters for a successful adhesion

of the bacteria/particle on the surface [205].

131



4. BACTERIAL RESPONSE TO WELL CONTROLLED MODEL SURFACES

In summary: The adhesion behavior of bacteria on surfaces is also often described by the

DLVO theory [215], the extended DLVO theory [216] or the extended DLVO theory with

steric e�ects [214]. The DLVO theory is based on the Van der Waals and electrostatic

interactions of colloids, while the extended DLVO considers such hydrophobic/hydrophilic

and osmotic interactions, as in the thermodynamic theory [205,216]. The extended DLVO

theory with steric e�ects considers the steric repulsions between bacteria and surface [3,

192].

The main limitation of theories to describe bacterial adhesion is common to thermodynamic

and DLVO theories. In both cases, bacteria are highly simpli�ed. Bacteria are regarded as

particles, but they are not always spherical as assumed for particles [3]. On the contrary,

the real envelope of bacteria is elastic and porous and may change in terms of its protein

composition [193]. Bacteria cells have also various appendages, like pili, curli, etc. as

described above, which may speci�cally interact with the surface and are responsible for

bacterial movements. Further, the cell shape varies depending on bacteria species and

strains. Another issue, results from the bacteria stereotypes that are used in theories

and does not consider the capability of bacteria to sense the surface and to change their

metabolism, like for example the composition of their envelope, in response to this surface

[217]. These speci�c modi�cations are still not fully understood and, hence, can hardly be

described in the theory of bacterial adhesion.

Finally, the thermodynamic theory assumes only reversible adhesion that however, is rarely

the case [205]. Nevertheless, this approach helps to explain the previously described ob-

servation that: Bacteria with hydrophobic surface character prefer to adhere on surfaces

with also hydrophobic character, while bacteria with a hydrophilic surface character adhere

preferentially on surfaces with hydrophilic character [163,205].

The extended DLVO-theory seems to predict better the bacterial adhesion, which is based

on strong acid-base interactions than the classical DLVO-theory [205].

4.2.2.2 Impact of surface chemistry on bacterial adhesion

Aside from surface topographical features, surface chemistry is the most frequent topic of

articles concerning bacterial adhesion. The three following topics are mainly addressed:

the wettability of the surfaces [12,14,19,49,180,218�220], the charge of the surface [11,47]

and more generally the in�uence of chemistry [10,13,18,20,48,221].

It is assumed that the attachment of bacteria is in�uenced by the hydrophobic-

ity/hydrophilicity and the surface charge of the substrate, beside the impact of bacterial

characteristics, as previously addressed in paragraph 4.2.1.2, which is also a�ected by ionic

strength and pH [221]. These in�uences have been recently extensively reviewed in liter-

ature [163]. Brie�y, it was found that hydrophilic materials might be more resistant to

bacterial adhesion than hydrophobic ones [10, 14, 163]. Wiencek and Fletcher used mixed
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monolayers (OH back�lled with CH3) to study the e�ect of various substrate wettability on

bacterial adhesion [10, 49]. Observation showed that with the increase of the hydrophobic

character of a substrate, the initial bacterial adhesion rate and the net number of adherent

bacteria also increased, while the attachment/detachment rate decreased. They concluded

from their results that the detachment rate rather than the attachment rate determines

the net number of adherent bacteria, suggesting that interfacial forces, which are respon-

sible for the initial binding of bacteria are greater on hydrophilic than on hydrophobic

surfaces. Hence, more bacteria changes from reversible to irreversible adhesion with the

increase in CH3-groups on the surface. Interestingly, they also suggested but did not am-

plify the possibility that OH terminated surfaces have only a limited number of attachment

sites that in�uence the number of attached bacteria [10, 49]. While Wiencek and Fletcher

studied one bacterial strain on di�erent surfaces [10, 49], Cerca et al. investigated the

bacterial adhesion of several S. epidermidis strains on one hydrophilic and one hydropho-

bic substrate [14]. Most of the bacteria strains adhered preferentially on the hydrophobic

substrate than on the hydrophilic one. However, they observed no correlation between

the bacteria hydrophibicity and the extent of the initial binding to either hydrophilic or

hydrophobic substrate [14]. Other studies, which considered the impact of the wettabil-

ity revealed that the surface energy on bacterial adhesion is con�icting [13, 19, 48]. For

example, Katiskogianni and Missirlis studied the bacterial adhesion of two S. epidermidis

stains on mainly CH3, NH2 and OH terminated surfaces with di�erent ionic strengths and

di�erent shear rates [48]. Both bacteria strains showed the same adhesion tendency, i.e.

most bacteria adhered on CH3 > NH2 > OH terminated surfaces. They suggested that the

enhanced bacterial adhesion on CH3 and NH2 terminated surfaces is due to the increase of

the ionic strength and hence the minimization of repulsive electrostatic interactions. They

concluded that zeta potential and electron donor properties of the material in�uences bac-

terial adhesion [48]. Moreover, they compared the results of bacterial adhesion with the

predictions of the thermodynamic theory, the DLVO and the XDLVO theory. They found

that the DLVO and XDLVO were more adequate to predict bacterial adhesion results under

low ionic strengths than the thermodynamic theory. Furthermore, the XDLVO described,

the adhesion results, obtained under higher ionic strength better than the DLVO theory,

because the surface chemistry and the ionic strength are encountered in the XDLVO the-

ory [48]. In contrast, Tegoulia at el. observed no di�erences in the bacterial attachment

on CH3, COOH and OH terminated surfaces under low shear rates [13]. However, under

high shear rates, the bacteria adhered the most on CH3 terminated surfaces, then on the

negatively charged COOH and the least on the OH terminated surface. They expected

repulsive interactions between the negatively charged S. aureus and the negatively charged

COO− (at physiological pH) surfaces, which was however, not observed. The hydrophobic

CH3 surface was more preferable than the hydrophilic OH surface [13].

Some studies investigated the surface properties and their in�uence on the mobility of

bacteria [19] and the morphology of the formed bio�lm [16]. Ploux et al. demonstrated

that the number of attached bacteria on NH2 and CH3 terminated surfaces are similar
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after 4 h of incubation. However, the kinetics of bio�lm formation was quite di�erent on

the two substrates. Further, they observed that the morphology of the bio�lm is changing

depending on the substrate properties. A similar e�ect, the change of the cell shapes

depending on the substrate detected by Parreira et al. [21].

Boks et al. [19] studied the residence time on hydrophilic and hydrophobic surfaces. The

attachment and detachment rate of bacteria signi�cantly di�ered on hydrophobic and hy-

drophilic surfaces. They found that the hydrophobic character of the surface strongly

in�uences and increases the dynamic behavior of adherent bacteria [19]. Adherent bacteria

were moving on hydrophilic surfaces, while their were quite immobile on hydrophobic ones.

In their article, four di�erent bacterial adhesion modes were proposed (see �gure 4.8). A

bacterium arrives on a surface and either detaches, attaches or slides on it. Depending on

the sliding speed of the bacterium on the surface, the bacterium is considered to interact

with the surface (slow sliding) or not (fast sliding). Finally, the bacterium attaches irre-

versibly on the surface or detaches from the surface. However, these results are opposite

to some other publications [3,10,49]. They also observed that detachment is promoted by

the hydrophilic character of the substrate [16].

Figure 4.8: Di�erent modes of adhesion distinguished in the paper of Boks et al. (a)

Bacterium arrives and attaches on the surface without sliding, until possible detachment.

(b) Bacterium arrives, attaches and slides along the surface in the direction of the �ow

until it �nds its �nal adhesion site or it detaches. (c) Bacterium arrives on surface

and detaches. (d) Bacterium arrives, attaches and slides along the substrate and �nally

detaches. Illustration adapted from Boks et al. [19].

As mentioned above, surface charge seems to strongly in�uence bacterial adhesion. Several

research groups investigated the impact of charged surfaces on bacterial adhesion [11, 47,

78, 180, 181, 222�224]. Many results demonstrate that positively charged surfaces appear

to promote bacterial adhesion, probably due to the attractive electrostatic interactions

between the global, negatively charged bacterium and the positive charge on the surface.

Furthermore, bacterial adhesion is discouraged on negatively charged surfaces, which may

be due to the repulsive electrostatic interactions [47,224,225]. However, it was also shown in

literature that bacteria preferentially adhere on surfaces with a similar zeta potential [78].

Bacterial adhesion behavior in response to charged surfaces have been also considered

with the point of view of the electrokinetic theory. Bacteria cells as soft particles, with a

hydrodynamically permeable layer surrounding the particle. However, the application of

the theory remains di�cult because of the heterogeneous character of microbial suspension

but also of heterogeneities in bacteria envelope and its substructures. [222]
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The prediction of bacterial adhesion on basis of attractive and repulsive electrostatic in-

teractions often seems to be in accordance with the literature. Nevertheless, most of the

studies focus on the �rst stage of bacterial adhesion. However, bacterial adhesion and fur-

ther e.g. proliferation behavior on the surface can signi�cantly di�er. Typically, Gottenbos

et al. demonstrated such di�erences in bacterial adhesion and proliferation behavior of two

gram-negative E. coli and P. aeruginosa and two gram-positive Staphyloccocus bacteria

strains on three charged surfaces: +12 mV (+), -12 mV(-) and -18 mV (�) [47]. The re-

sults showed that the initial adhesion rate was highest for Staphyloccocus and generally

increased as the substrate became less negatively charged. They grew on all substrates,

although preferably on less negatively charged surfaces (-) than on negatively (�) and

positively (+) charged surfaces. The gram negative bacteria were proliferating only on

negatively charged surfaces. Thereby, the number of E. coli cells on the surfaces increased

slower than P. aeruginosa caused by a high desorption rate. The desorption rate of gram

negative bacteria was in general higher from negatively charged surfaces. Gottenbos et

al. suggested that the adhesion and the growth on surface may be oppositely a�ected by

the substrate charge. Bacteria adhesion is enhanced thanks to the electrostatic interaction

of the negatively charged bacterium and the positively charged substrate. However, the

growth is reduced or even absent for gram negative bacteria on positively charged sub-

strates. This absence may be explained by the inhibition of the elongation of attached

bacteria caused by strong electrostatic interactions. Though, the elongation of bacteria

cells is crucial for the cell division, hence the proliferation. The strong inhibition e�ect

may be due the envelope properties of the bacteria cells, gram positive bacteria being less

a�ected by the surface charge than gram negative bacteria [47].

The surface charge of substrate surfaces are �nally considered to in�uence bacteria adhe-

sion. However, it seems to depend on the bacteria strain and in particular on characteristic

features of the bacterial envelope if electrostatic interactions interactions are a predominant

parameter in bacteria adhesion process [181,222].

In summary, the surface properties like the wettability and as well as surface energies seems

to in�uence bacterial adhesion in di�erent ways resulting is several bacterial adhesion

theories as mentioned in paragraph 4.2.2.1. The surface properties of the substrate are

able to in�uence the di�erent dynamic behaviors of the bacteria on the surface, the cell

morphology of attached bacteria or even the process of the bio�lm formation. Many

parameters, as the wettability character of the surface, the acid-base interactions between

bacteria and surfaces, the surface charge etc. have to be considered, and yet not all of

them are fully understood [13, 20]. Thus the interpretation of physical-chemical features

of the surface and their impact on bacterial adhesion is still challenging.
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4.2.2.3 Is there a correlation between bacterial adhesion and the accessibility of

functional groups?

In literature, few articles report a correlation between bacterial adhesion and the accessi-

bility of functional groups. Most of them are based on mixed monolayers (MMLs), creating

di�erent densities of one functionality, back�lled with another [10, 18,49,77].

Qian et al. [77] used six di�erent mannoside ligands back�lled with tri(ethylene glycol)

(EG3) functionalized alkanethiol to study the inhibition of bacterial adhesion. The inves-

tigation was based on the speci�c interaction between mannose and the pili Type I of E.

coli. As expected the type of mannoside in�uences bacteria adhesion and moreover, bacte-

rial adhesion can be successfully inhibited [77]. Hence, in�uenced by the surface chemistry,

the pili Type I seems to be crucial for bacterial adhesion. The in�uence of mono-and

oligo-mannose (tri, hexa and nona) on bacterial adhesion, under batch and dynamic con-

ditions, was investigated in another study [90]. In contrast to Qian et al. no MMLs were

used but polycationic-g-PEG/PEG-mannoside polymers, which spontaneously assembled

on Nb2O5 substrates. Thereby, the mono-mannoside was linked to the polymer either

by an EG3 unit or a propyl unit, while the oligo-mannosides were linked to the polymer

only by EG3. Bacterial adhesion experiments, in batches showed six times more bacteria

adhered on surfaces with tri-mannose and mono-mannose-propyl residues than on surfaces

with mono-mannose-EG3 and on nona-mannose residues. The speci�c interaction between

the pili Type I and the mannose was shown by the inhibition of bacterial adhesion caused

by α-Me-mannose. The pili Type I, has a speci�c mono-mannose binding site. Next to

this site another pocket is expected that enables the binding to oligo-mannose. In case of

the tri-mannose the interaction between the three mannose units and the pocket seems to

be enhanced by further stabilizing interactions. Hexa- and nona-mannose seems to be too

complex for a high a�nity [90]. Hence, a speci�c interaction between the E. coli strain and

the surface chemistry, mannose units and linker, was observed. Similarly to the study of

Qian et al. [77], Burton et al. used two types of MMLs with EG3 to study the bio�lm for-

mation of E. coli on surfaces with di�erent bioinertness: MMLs (CH3 with back�lled EG3)

and MMLs (OH also back�lled with EG3) [18]. EG is known to exhibit strong resistance

to protein adsorption. In both series of MMLs, bacteria adhered preferentially on surfaces

with a high amount of EG3. The lowest adhesion was found on surfaces with OH/EG3

than on surfaces with CH3/EG3. Interestingly, a linear correlation was found between the

bio�lm formation and the decrease of EG3 on the surfaces. It should be mentioned that

the experiments were performed in nutrition rich culture medium LB. Hence, the culture

medium may have an in�uence on the surface chemistry or/and on the bacterial behavior

itself. Furthermore, the EG3 terminated surfactant is longer than either the CH3 or OH

terminated surfactant and the resulting roughness e�ect may also have, beside the surface

chemistry, an in�uence on the bacterial adhesion [18]. Wiencek and Fletcher [10] used

also mixed monolayers to obtain surfaces without roughness e�ect and varying wettability

character. They studied the e�ect of the hydrophobicity of the surface on the initial adhe-
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sion, the attachment and detachment rate and the residence time of bacteria on surfaces.

The impact on the stability of bacteria on the surface were discussed, and hydrophilic

surfaces showed higher attachment and detachment rates. Furthermore, a tendency of the

initial adhesion rate was obtained, that decreased with the increase of OH groups on the

surface [10,49].

The research groups, mentioned above, used the density of functionalities to study diverse

questions, like the inhibition e�ect [77, 90] and the bioinertness [18] of surfaces or the

impact of the wettability on bacterial adhesion [10, 49] and even, a linear correlation was

found between the concentration of a functionality and bacterial adhesion [18]. However,

the question of the impact of accessibility of functionalities did not directly arise even if,

Wiencek et al. assumed that their surface have only limited attachment sites [10].

The knowledge of the impact of accessibility of functionalities on bacterial adhesion, may

be crucial on surfaces modi�ed by biomolecules or macromolecules. Such large molecules

mainly contain various functional groups of di�erent densities. If bacteria are able to

sense such functional groups on the surface and adhere in respect to them, a macroscopic

description of the surface may lead to wrong interpretations of the interaction between

the bacteria and the surface. Hence, MMLs seems to be an ideal tool to investigate, a

hypothetic correlation between functional groups and the bacterial adhesion on simple

surfaces. Moreover, there may be a (linear) correlation between the concentration and

bacterial adhesion, but further investigations are required.

They may also answer the question how important is the accessibility of a functionality

to change the response of the bacteria, concerning the adsorption/desorption behavior or

their metabolism.

4.2.3 Characterization of bio�lms

Bio�lms are usually visualized with microscopic techniques such as light, scanning electron

or transmission electron microscopy [185]. When, the examination of bio�lms is provided by

scanning electron microscopy, the bio�lm is dehydrated with various graded solvents [217].

Initially, the matrix of the bio�lm contains up to 95 % water and is gelatinous. However,

during the dehydration, the samples are modi�ed and artefacts are created [185, 217].

With transmission electron micrsocopy, the nature of polysaccharides of bio�lms and their

association with the cells can be investigated through the use of several speci�c stains

[217]. Electron microscopy is therefore suitable to characterize bio�lm due to its high

magni�cation. Nevertheless, it has several limitations like the need of dry samples and the

resulting modi�cations of bio�lm characteristics [185,217].

In the 80 ths, confocal laser scanning microscopy (CLSM) was used for the �rst time to

analyze bio�lms [217]. The main advantage of examination with CLSM and epi�uorescence

microscopy, is the possibility to perform it in situ. However, the resolution is worse com-
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pared to scanning electron microscopy. The use of CLSM and epi�uorescence microscopy

often requires staining with special molecules labeling cells and matrix [217]. Some exam-

ples of frequently used stains are Syto9r and wheat germ agglutinin conjugates (WGA),

that were used in the present PhD work. The �rst is Syto9r, which is green �uorescent and

penetrates cells with intact or damaged envelopes. WGA is used to probe EPS, like PIA

by binding to N-acetylglucosamine and N-acetylneuraminic residues [226]. Used together,

Syto9r and WGA allow to quantify bacterial cell number to determine their behavior and

to assess the production of EPS by attached bacteria.

Another approach is the insertion of genes expressing �uorescent proteins, like GFP, in the

genome of bacteria. Hence, the bacteria produce a �uorescent molecule either constantly

or initiated by a promotor, as antibiotics for example [18, 155, 227, 228]. Then no staining

is needed and bio�lm can be analyzed in situ without in�uencing the bacteria by adding

staining molecules during the experiment.

In absence of staining, micrographs o�er less contrast, leading to di�cult analysis to extract

data [10, 19, 49]. However, many authors reported relevant results with this method, even

presenting satisfying standard derivation on the results [10,49]. Besides the visualization of

bio�lms, the removal of bio�lms or bio�lm associated organism from substrates is frequently

used for the quanti�cation of bio�lm cells as a measurement of total bio�lm accumulation

[217]. The bacteria cells are detached from a surface by sonication, vortexing or with a

brush or a swab. Afterwards, cells are plated and counted [20, 217, 229]. Additionally,

the weight of detached bacteria can be determined and thus the bio�lm or the growth of

bacteria can be assessed [230]. These techniques are commonly used for the characterization

and quanti�cation of infected implants. However, the localization of the bacteria on the

substrate remains unknown [217].

Bio�lms can also be analyzed by optical measurements after adequate staining. For exam-

ple, the total amount of proteins, or the staining of bacteria can be assessed with crystal

violet before measuring the absorbance at 490 nm [166,231].

Some original, uncommon methods were also developed like time of �ight- secondary ion

mass spectrometry (TOF-SIMs), used to identify the correlation of bacterial location with

chemical features on surfaces [232].

4.2.4 Characterization of bacterial adhesion

Adhesion of bacteria is usually studied by microscopy, in batches [14, 16] or in real-time

experiments [10, 11, 49]. In particular, real-time experiments which are examined in situ

allow to analyze several speci�c characteristics of bacterial adhesion. Generally, the ad-

hesion rate, i.e. attachment of cells per time unit is investigated. Sometimes, attachment

and detachment rates are distinguished and residence time of bacteria on surfaces can be

determined [10,11,13,19,233,234].
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Techniques like micromanipulation, optical tweezer and AFM with special modi�ed tips

were also used to study bacterial adhesion and the adhesion force of bacteria on the surface

[235]. Bacterial adhesion can also be monitored by quartz microbalance (QCM) [50].

However, these last methods do not allow to visualize, bacteria on surface.

4.2.5 Characterization of bacterial metabolism

As mentioned above, bacteria are able to adapt their metabolism in response to a surface.

Thus changes in gene expression result in changes in protein production [236]. During

the process of bio�lm formation, some proteins and genes are of particular interest like

those involved in the production of EPS, pili or curli, or in the synthesis of the bio�lm

matrix. However, publications about bacterial metabolism modi�cation in response to

surface are rare [54, 55, 237�239]. This rareness is mainly due to the sensitivity of the

available analysis methods, for proteomic or genomic evaluation. A minimal quantity

of cell is required and the investigation of bacterial cells in the �rst phase of the initial

adhesion is a challenge. Alternatively, other methods have been proposed to examine

bacteria metabolism. Dried bacteria can be analyzed by XPS [191, 225, 240�242] and

IR [225], to obtain certain information about cell surface composition. However, the cause

of such changes and the location remains unknown. Then more sensitive techniques are

needed to be able to interpret environmental conditions e�ect on the individual bacterial

response and metabolism. Finally, most of the established techniques requires dry samples

for the characterization. Cell surfaces being sensitive to dehydration, the bacteria envelope

may change during the drying process [197].

4.2.5.1 Proteome analysis

In general, proteins are examined with blots or 2-D gel electrophoresis. Proteins are stained

and commonly detected by colorimetry and �uorescence techniques, by using either organic

or silver based stains [243]. The detection limit depends on the used dyes: the range is

between 1-100 ng for colorimetric dyes and between 0.005-30 ng for �uorescent dyes [244].

In addition, membrane proteins can be labeled and examined separately [51,238]. Speci�c

stains can also allow to distinguish phosphoproteins and glycoproteins for example [244].

Additional 2-D gel-electrophoresis approaches can be combined with Maldi-TOF MS [245]

or N-terminal sequencing [53] to obtain more detailed information, like the sequences, on

the spots in the 2-D gel and on the proteins.

4.2.5.2 Investigation of gene expression using RT-PCR

Proteins are produced when a gene or gene sequence is expressed. If the protein and

the corresponding gene sequences are known, real time-polymerase chain reaction (RT-
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PCR) [246�248] can be performed to examine the potential over-expression of the genes.

Another possibility is to introduce the lacZ gene into a certain gene cluster [50], which

mutants can be identi�ed by expression of lacZ [54].

Figure 4.9: The mRNA is a short living messenger indicating which proteins are under

production. After this mRNA have been isolated, cDNA can be synthesized. By the

aid of PCR and the use of the de�ned primer of a certain gene, these cDNA fragments

further indicate if this gene was produced.

RT-PCR is a quantitative real-time PCR (see �gure 4.9) and is divided in two separate

steps. The �rst step consists in a reverse-transcription (RT) of the messenger RNAs (mR-

NAs) isolated from bacteria cells, leading to synthesize single strand copy DNAs (cDNAs).

mRNAs are short-living single strand sequences and indicate which genes are expressed at

the time of the investigation. The second step is a quantitative polymerase-chain reaction

(q-PCR), i.e., the ampli�cation of the cDNAs fragments. PCR is conducted with designed

primers for a certain gen and its expression is investigated. In addition, the use of an inner

standard guarantees a relative quanti�cation of the gene expression. The q-PCR is also

named real-time PCR, due to the fact that the quanti�cation of the PCR product takes

places during the ampli�cation cycles. In this process, the �uorescent dye SYBERr green

(Applied Biosystems) binds at double strained DNA, emits green light at a wavelength of

λmax = 521 nm and adsorbs blue light at λmax = 494 nm. Based on the intercalation,

the �uorescence intensity signal of SYBERr green increases with the number of copies of

double stranded DNA synthesized during the PCR.
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4.3 Material and Methods: Part 1

4.3.1 Strains and cultivation

The used Escherichia coli (E. coli) and Staphylococcus epidermidis (S. epidermidis) bacte-

ria strains (see table 4.1) were long-term stored either in liquid nitrogen at -200 ◦C or in a

freezer at -80 ◦C. E. coli were purchased by Miao et al. and S. epidermidis by the Centre

de Ressources of Pasteur Institute.

Table 4.1: Used bacteria strains.

Bacteria strain properties ATCC no/ reference

MG1655

Escherichia coli with chromosomal insertion of Miao et al 2009 [155]

SCC1 PA1/04/03/−gfpmut3*

CmR

Staphylococcus slime producing ATCC 35984

epidermidis coagulase-negative-staphylococci Christensen et al 1982 [206]

(RP62A) MetR, ClinR, EryR, GenR Christensen et al 1983 [249]

CMS , TetS

4.3.1.1 Cultivation

4.3.1.1.1 Escherichia coli K12 SCC1

E. coli SCC1 bacteria cells were streaked on LB petri-dishes and cultivated at 30 ◦C. One

colonie of E. coli SCC1 was used to inoculate freshly prepared LB medium. Bacteria were

grown in LB medium for 14 h at 30 ◦C. 10 %-vol of this preculture were used to inoculate

a second tube of LB culture medium. Bacteria of the second preculture were grown for 4 h

at 30 ◦C, before they were centrifugated at 4 ◦C and 3500 rpm.

The obtained bacteria pellet was resuspended in either 150 mM sterile NaCl solution

(saline solution), or in the minimal medium M63G-B1 (see table 4.2), depending on the

experiment. The bacteria solution was diluted either with saline solution or M63G-B1 equal

to an absorbance at 600 nm (Abs600) of 0.01 (i.e. 106 bacteria/mL) for batch experiments

or equal to an Abs600 of 0.1 for real-time experiments.

4.3.1.1.2 Staphylococcus epidermidis ATCC 35984

S. epidermidis ATCC 35984 were inoculated in Brain-Heart-Infusion (BHI, purchased from

Sigma-Aldrich) medium for 18 h at 37 ◦C. For the preculture, 10 % of the overnight culture

were inoculated in BHI medium. Afterwards bacteria were centrifugated at 3500 rpm, for
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20 min at 4 ◦C.

For batch experiments, the bacteria pellets were then resuspended in saline solution and

diluted equal to an Abs600 of 0.01. For real-time experiments, bacteria pellets were resus-

pended in saline solution and diluted with saline solution equal to an Abs600 of 0.1.

Table 4.2: M63G-B1.

KH2PO4 0.1 M

(NH4)2SO4 20 % wt

FeSO4 0.1 % wt

MgSO4 20 % wt

KOH 6 M

(agar 1.5 % wt, optional)

adjust to pH 6.8

autoclave for 20 min at 120 ◦C

V itaminB1 0.05 % wt

glucose 10 % wt

4.3.2 Bacterial adhesion experiments

4.3.2.1 Substrates for bacterial adhesion experiments

The well-controlled and well-characterized MML achieved in the frame of the work and

described in the third chapter, were used as substrates, for bacterial adhesion experiments

in batch and real-time conditions. Batch bacterial adhesion were performed three times,

each time in a double determination. In each series a reference was used to normalize

bacterial adhesion. Thus, bacterial adhesion was averaged out of six surfaces. Real-time

experiments were performed twice for each surface and bacteria strain. Therefore one

sample was placed in one �ow cell.

4.3.2.2 Sterilization

Substrates were incubated in 70 % EtOH (absolute ethanol, diluted with sterile and distilled

water) for 30 min followed by thorough rinsing with sterile MilliQ water. Tips, pipettes,

�ow cells, tubes, bubble traps and liquids were autoclaved for 20 min at 120 ◦C. Cover

glass slides to close the �ow cell and not autoclavable parts of the �ow cell system, were

sterilized 30 min by UV light.
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4.3.2.3 Batch experiments

The sterilized substrates were placed in small petri dishes (ø 35 mm) and covered with

3 mL bacteria suspension (Abs600 = 0.01) in the designated media. After 2 h at the

experimental temperature (TE) (E. coli 30 ◦C and S. epidermidis 37 ◦C), the substrates

were thoroughly rinsed �ve times with saline solution, to remove the residual, non adherent

bacteria. The rinsing procedure was carefully performed, so that bacteria were not removed

by a surface/air interface. S. epidermidis were stained with Syto9r (Molecular Probes),

purchased from Invitrogen. The adherent bacteria on the substrate were analyzed by

confocal laser scanning microscopy (CLSM).

4.3.3 Real-time experiments

A �ow cell was designed in IS2M for a direct use under the confocal microscope and was

fabricated by the Technical University of Denmark, Lyngby, that also provided the bubble

trab. The chamber of the �ow cell is suitable for the use of di�erent materials and samples.

The volume of the chamber is 4.68 cm3 i.e., larger than usually reported in the literature.

These dimensions allow for a laminar �ow (tested for a 1 mm thick silicon wafer, see

paragraph 4.6.1) and avoid border-e�ects of the �ow [250]. Interestingly, very low shear

rates at the substrate surface can be reached due to the chamber dimensions. The �ow cell

was designed in such a way that the set-up can be easily adapted to changing parameters

and conditions, e.g. with closed and open �ow system, change of medium etc. The system

(�ow cell, tubes, valves, bubble trap) was immersed overnight in 10 %-v/v NaOCl solution

and thoroughly rinsed with MilliQ water before autoclaving. Except for the valves, all

parts of the system can be autoclaved for sterilization.

In this work the set-up for the closed system was used (see �gure 4.10). For that purpose,

the di�erent parts of the �ow cell were connected by Tygonr tubing, under the clean bench

and it was tested with saline solution if there were some leaks. Parts, which are connected

to the environment, were equipped with 0.2 µm �lters from Millipore. These procedure

was also performed, in a sterile environment under a clean bench. Then the closed and

sterile system, �lled with saline solution was installed under the CLSM in a thermostatic

box (from OKOlab). The experimental temperature, TE , depends on the used bacteria,

as describe before. A peristaltic pump (Ismatch IP multichannel peristaltic pump) was

running at least 1 h with the corresponding �ow rate at TE before the experiment started

to ensure the stability of the system in terms of temperature.

10 mL of bacteria suspension was injected with the same �ow rate (injection mode) as

for the experiment, i.e. at 2.6 mL/min (i.e. a shear rate of 0.47 s−1). After injection,

the system was closed for 5 min so that bacteria could be distributed in the whole system
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Figure 4.10: Scheme of the �ow cell system in closed mode (A). Start point is a three way

valve (1) to inject (bacteria, or rinsing media (2)) or to close the system. The bacterial

or saline solutions are pumped (3) with a constant �ow rate. To remove bubbles from

the system, a bubble trap (4) is inserted between the pump and the �ow cell (5). The

�ow cell itself is installed under the CLSM (6). Just before the �rst valve, another three

way valve is present (7) to open the system in injection mode (B). To keep the volume

constant during the rinsing step for example, this valve is connected to a trash container

(8).

(�closed mode of �ow cell�). Images were taken by the CLSM during the whole experiment.

The experimental procedure is summarized in table 4.3.

Table 4.3: Injection mode of �ow cell.

Nr System Time [min] Step

1 open 3.8 bacteria injection

2 closed 5.0 distribution

3 open 4.6 rinsing with saline solution

4 open 4.6 rinsing with saline solution

5 closed 120.0 bacterial adhesion in closed system

4.3.4 Analysis of bacterial adhesion

4.3.4.1 Confocal laser scanning microscopy (CLSM)

Bacterial adhesion was observed in �uorescent and re�exion mode by a confocal laser

scanning microscope (Zeiss, LSM700) equipped with an 9.1 mm working distance focal

objective (Zeiss LD EC �epiplan neo�uar� 50X/055 DIC M27). The excitation wavelength

of 488 nm in combination with a pinhole of 1 AU, was used for the GFP producing E.

coli SCC1 and S. epidermidis stained by Syto9r, while the excitation at a wavelength of

405 nm and a pinhole of 0.5 AU was used for the re�exion mode. The images of the CLSM
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were treated with Zen2009 software (Zeiss).

For batch experiments, images were taken from ten di�erent regions of each sample in

�uorescent and re�exion mode. Images were taken every 2 min for real-time experiments

performed in �uorescent mode, while during experiments performed in re�exion mode,

images were taken every 1 min.

4.3.4.2 Tracking and counting adherent bacteria

The bacteria were counted with CellC [251], on images of bacterial adhesion from batch

and real-time experiments. Bacterial adhesion was statistically analyzed by excel student's

test to determine di�erences on bacterial adhesion behavior on surfaces with di�erent

chemistries.

Additionally they were tracked with ImageJ Particle Tracker software [252] on images from

real-time experiments. Real-time experiments conducted with S. epidermidis, however,

only and the adherent bacteria number were manually assessed. To analyze bacterial

behavior of real-time experiments, the counted numbers of bacterial cells on the surface

were plotted per frame or time. From the resulting slopes, the bacterial adhesion rate and

the proliferation rate were calculated. These rates were used to compare the experiments

on surfaces with di�erent chemistries (see paragraph 4.6.3).

4.4 Material and Methods: Part 2

4.4.1 Real-time experiments of S. epidermidis and subsequent RT-PCR of

its genome

Confocal analysis and RT-PCR experiments of icaA and icaD, of S. epidermidis were done

after 2 h in a parallel plate �ow chamber (PPFC) and under di�erent �ow conditions at

the Patras University (Greece) in collaboration with Prof. Yannis Missirlis, Dr. Maria

Katsikogianni, Antigoni Foka and Prof. Iris Spiliopoulou. Each real-time experiment

was performed 4 times. Two experiments were used for confocal analysis (staining of

cells and EPS), while two experiments were used for further genomic analysis. For this

last analysis, the bacteria were detached after 2 h and mRNAs isolated for RT-PCR.

Confocal experiments were performed with an inverse confocal microscope from Nikon, thus

transparent substrates were required. Therefore, the same mixed monolayers as introduced

in chapter 3 were used but on glass slides as substrate instead of silicon wafers.

4.4.1.1 Real-time experiment: Parallel plate �ow chamber (PPFC)

A parallel plate �ow chamber (see �gure 4.11) [253], placed in a thermostatic box, was used

to perform real-time experiments of S. epidermidis [253]. After cultivation of bacteria in
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BHI medium and centrifugation, the bacteria were resuspended in saline solution and

diluted to an Abs550 value of 1.7. Real-time experiments were performed for 2 h with a

�ow rate of 5 mL/min or of 0.5 mL/min. Several �ow cells were used in parallel, each �ow

cell containing one sample.

Figure 4.11: The parallel plate �ow chamber was connected with two syringes, con-

taining the bacteria suspension. One of the syringes was �xed to a pump to produce a

steadily �ow (injection and withdrawing).

4.4.1.2 Staining and analysis of adherent bacteria and PIA

4.4.1.2.1 Fixation of adherent bacteria cells and confocal analysis

After 2 h of PPFC experiments, samples were carefully rinsed in the �ow cells with saline

solution, with the same �ow rate as used for the experiment, to remove non-adherent

bacteria. Subsequently, cells were �xed with a 4 % paraformaldehyde solution, with the

same �ow rate for 30 min. Flow cells were removed from the pump and the thermostatic

box before opening under laminar �ow bench. The paraformaldehyde solution was carefully

removed from the �ow cells with a pipette. 1 mL of TexasRedr aliquot was added to the

samples. Flow cells were kept in the dark for 30 min. Samples were rinsed with 1 mL

of PBS, thereby the solution was two times withdrawn from the sample. PBS was added

and samples were kept in the dark for 5 min. Finally, the solution was removed from the

�ow cells and 1 mL of saline solution, containing 2 µL Syto9r was added before samples

were kept in the dark for 30 min. Afterwards, the solution with Syto9r was removed and

samples were rinsed two times with saline solution. Samples were kept for 5 min in dark,

saline solution was removed and added again, before samples are kept again in the dark for

5 min. Finally, saline solution was removed and surfaces with �xed and stained bacteria,

were removed from the �ow cells. A cover slip was hold on each surface with mounting

oil, and samples were analyzed with an inverted confocal microscope (Nikon D-eclipse C1,

ECLIPSE TE-2000U). Five di�erent regions of the samples were captured by confocal

microscopy.
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4.4.1.3 RT-PCR

RT-PCR was performed for planktonic and adherent bacteria. Planktonic bacteria in

syringes and planktonic cells in the �ow chamber were gathered in a Falcon tube. Adherent

bacteria were detached from the samples and also transferred in a Falcon tube.

4.4.1.3.1 Detachment of bacteria cells

For the mRNA isolation of adherent bacteria cells, the �ow cell was opened. The planktonic

cells were removed with pipette and gathered in a Falcon tube. 1 mL trypsin was added

to the sample in the �ow cell, to remove adherent bacteria. Samples were immersed for

5 min at 37 ◦C in the trypsin solution. Subsequently, bacteria cells were removed with a

cell scratcher and the solution was harvest with a pipette. The bacteria-trypsin solution

was neutralized by adding of 2.5 mL fetal bovine serum (FBS).

4.4.1.3.2 mRNA isolation

Gathered planktonic and adherent bacteria were centrifuged for 15 min at 4 ◦C and

3500 rpm. The supernatant was discarded and the bacteria pellet was resuspended in

1 mL DEPC water (see 4.4.1.3.7) and centrifuged for 15 min at 4 ◦C and 13000 rpm. After

centrifugation, the supernatant was discarded and the pellet was resuspended in 100 µL

TE-bu�er (see 4.4.1.3.8), containing 2 mg lysozyme, to lyse the bacteria cells. After 10 min

at 37 ◦C, 1 mL trizolr (Applied Biosystems) was added and the samples were incubated

for 30 min at 30 ◦C. Then, 200 µL of CHCl3 were added and the solution was carefully

homogenized. Samples were kept 30 min at -20 ◦C, but vortexed each 5 min to homogenize

the solution.

To separate the nucleic acid from cell fragments and proteins, samples were centrifuged for

15 min at 4 ◦C, resulting in three separate phases. The clear upper phase contains RNA.

This phase was transfered to a new Eppendorf tube and 500 µL isopropanol was added.

Tubes were gently turned to mix the samples and kept 30 min at -20 ◦C. Afterwards they

were centrifuged for 10 min at 4 ◦C and 13000 rpm. The supernatant was removed and the

nucleic acid pellet was washed with 70 % ethanol. 50 µL of RNase-free water were added,

gently mix with tip and incubated for 10 min at 55-60 ◦C.

To �nally destroy the DNA and only keep mRNA, 0.6 µL DNase (AmpI provided by Invit-

rogen) were added and incubated for 45 min at 37 ◦C. mRNA solution was stored at -20 ◦C.

The purity of mRNA was tested by a PCR (PCR, TECHNE GENIUS) of a housekeeping

gene lin (see table 4.4) and the adsorption ratio of A260
A280

[254]. Nucleic acids generally ad-

sorbs at a wavelength of 260 nm, while proteins, phenol (or other contamination) absorbs

at or near 280 nm. The ratio A260
A280

>1.7 can indicate whether the nucleic sample is �pure�

or contaminated by proteins etc. The absorption ratio depends thereby, on the kind of

nucleic acid, DNA or RNA, and external parameters like the used water, pH etc. [254].
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An agarose gel (see section 4.4.1.3.6) was charged with the PCR product. The expected

length for the lin-fragment is around 420 bp. The control PCR is a negative control

consequently, if there is no band visible at 420 bp, the DNA in the samples is supposed to

be digested. A good quality of mRNA is obtained, if the adsorption ratio A260
A280

is higher

than 1.7 [254].

Table 4.4: Schema of volume & conditions used for control-PCR.

10x RT-bu�er 5.0 µL

MgCl2 50 mM 1.5 µL

Primer lin′ 1.0 µL

Primer lin ′′ 1.0 µL

dNTPs 0.4 µL

Taq-Polymerase 0.4 µL

DEPC-H2O 35.7 µL

RNA 5.0 µL

Nr Step time temp.

1 Denaturation 3 min 96 ◦C

2 Denaturation 1 min 95 ◦C

3 Annealing 30 sec 55 ◦C

4 Extension 30 sec 72 ◦C

5 Final extension 5 min 72 ◦C

6 Cooling down ∞ 4 ◦C

Cycles 2-4 40 x

4.4.1.3.3 cDNA

Isolated and puri�ed mRNA was used for a reverse transcription (see table 4.5) and the

corresponding cDNAs were synthesized (SuperScriptIII Kit of Applied Biosystems). These

cDNAs were �nally used as a template for the quantitative PCR. Likewise, a control PCR

of lin was carried out (see table 4.4). Since lin is a housekeeping gene, it is constantly

produced, hence the mRNA of lin is always present. The experiment was performed with

a GeneAmpr PCR system 9700 from Applied Biosystems. The successful synthesis of

cDNA was con�rmed by the PCR product lin.
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Table 4.5: Conditions of cDNA preparation.

RNA (0.5 ng) * µL

random primer 1.0 µL

dNTPs 1.0 µL

DEPC-H2O 8.0 - * µL

Final volume 10.0 µL

5 min 65 ◦C

5 min on ice

10x RT-bu�er 1.4 µL

MgCl2 25 mM 2.9 µL

DTT 0.1 M 1.4 µL

RNaseOut 0.7 µL

DEPC-H2O 3.6 µL

Incubation 2 min 25 ◦C

SuperScript III RT 1.0 µL

10 min 25 ◦C

50 min 42 ◦C

15 min 70 ◦C

5 min one ice

RNase H 1.0 µL

20 min 37 ◦C

kept at -20 ◦C

4.4.1.3.4 Used primers

The primers corresponding to icaA, icaD and the housekeeping gene lin are listed in

table 4.6.

Table 4.6: Used primers for PCR.

Gene Sequence of primer′ Sequence of primer′′

lin 5′ cttatctcccccaagagt 3′ 5′ tctcgaactaaggacagctc 3′

icaA 5′ tctcttgcaggagcaatcaa 3′ 5′ tcaggcactaacatccagca 3′

icaD 5′ atggtcaagcccagacagag 3′ 5′ cgtgttttcaacatttaatgcaa 3′
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4.4.1.3.5 quantitative-Polymerase-Chain-Reaction (q-PCR)

With the obtained cDNAs as templates, a quantitative-PCR (table 4.7) was performed for

the genes of icaA, icaD and the housekeeping gene lin as an inner standard. For the q-PCR,

a PCR device of Rotorgene RG 3000 from Corbett Research was used. During the PCR

procedure double strand DNA of icaA and icaD genes is synthesized. The quanti�cations

was assessed by the intercalation of SYBERr green, which was detected at a wavelength

of λmax = 521 nm. Obtained data were analyzed by the Rotorgene 6 software.

Table 4.7: Conditions of quantitative-PCR icaA, icaD and lin.

Sybergreen 12.5 µL

Primer′ 1.0 µL

Primer′′ 1.0 µL

DEPC-H2O 5.5 µL

cDNA 5.0 µL

Step time temp.

1 2 min 50 ◦C

2 5 min 95 ◦C

3 20 sec 95 ◦C

4 20 sec * ◦C

5 20 sec ** ◦C

6 aquiring *** ◦C

7 5 min **** ◦C

Cycles 3-5 45 x

icaA & icaD lin

* 58 ◦C 53 ◦C

** 72 ◦C 68 ◦C

*** 74 ◦C 84 ◦C

**** 72 ◦C 68 ◦C

gain 5 9.33

Melt: 60 ◦C → 90 ◦C

2 sec/step; 0.2 ◦C/step
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4.4.1.3.6 Gel-electrophoresis

The PCR products of the di�erent steps during the mRNA isolation until the RT-PCR

were analyzed by gel-electrophoresis. An 1 % agarose-gel was used and prepared with TBS

bu�er (see 4.4.1.3.9). The gel was loaded by 10 µL of sample. Afterwards, the gel was

stained by ethidiumbromid (EtBr) and analyzed with a transilluminator.

4.4.1.3.7 Diethylpyrocarbonate (DEPC) water

DEPC water is used to inactivate RNase enzymes in solution, and hence to protect the

mRNA. 0.1 % v/v DEPS, were added to 500 mL distilled water, incubated overnight at

37 ◦C and sterilized by autoclaving.

4.4.1.3.8 Preparation of TE-Bu�er

Tris-HCl 10 mM

EDTA 1 mM

adjust to pH 8.0

sterilize by autoclaving

4.4.1.3.9 Preparation of TBS-bu�er

Tris-HCl 20 mM

NaCl 150 mM

sterilize by autoclaving

4.4.2 Analysis of (membrane) proteins of E.coli SCC1

4.4.2.1 Detachment of bacteria cells and protein extraction

Additionally to the RT-PCR, we aim at investigating potential changes of the membrane

proteins content of adherent bacteria on surfaces NH2 0 % and NH2 100 %. For that

purpose, preliminary experiments were done. A batch experiment was conducted with

E.coli SCC1 for 2 h on the surface in M63G-B1. Unlike in the previous btach experiments,

a bacterial concentration of Abs600=1.0 was used. Triple experiments were conducted for

2 h at 30 ◦C on silicon wafer, NH2 0 % and NH2 100 %. After the experiment, the surfaces

were rinsed 6 times thoroughly and carefully with sterilized MilliQ water and transferred

to a new petri dish. Surfaces were then covered with 1.5 mL of sterilized MilliQ water and

cells were detached by ultrasonic treatment, 3 x 15 min with a 5 min break and a frequency

of 25 kHz. Afterwards, cells were scratched from the surfaces and the water with bacteria

cells gathered in tubes. Finally, surfaces were rinsed again with 0.5 mL sterilized MilliQ

water and water was added to the already detached cells. The absorption of the solution

was determined at 600 nm.
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Bacteria suspensions were centrifuged and the resulting pellets were resuspended in 2 mL

of IEF bu�er. Cells were disrupted by thermal shock (from -24 ◦C to 20 ◦C) followed by

ultrasonication at 4 ◦C (30 W; 15 pulses of 2 s separated by 2 s breaks). The protein

extracts were centrifuged (10000 g, 10 min) to eliminate cell debris [55].

4.4.2.2 Two-dimensional gel electrophoresis

The �rst dimension gel separation was carried out with Immobiline Dry Strips (18 cm, pH 3-

10, nonlinear, Amersham Pharmacia Biotech). 200 µg of protein was loaded in 400 µL of

isoelectric focusing (IEF) bu�er (see 4.4.2.2.1). Gel electrophoresis was performed using

the following parameters: 150 V for 1 h, 350 V for 15 min, 750 V for 45 min, 1.5 kV for 1 h,

and 3.5 kV for 17 h (1 mA, constant). The second dimension consisted of SDS-PAGE using

12.5 % (wt/vol) polyacrylamide resolving gels (width: 16 cm; length: 20 cm; thickness:

0.75 mm). After migration, proteins were visualized by silver nitrate staining (developing

time: 45 min) [55].

4.4.2.2.1 Preparation of IEF-Bu�er

Urea 5 M

Thiourea 2 M

3-[3(cholamidopropyl)dimethylamino]-propanesufate 2 %

tributyl phosphine 2 mM

dithiothreitol 10 mM

carrier ampholytes (pH 3.5-10; Sigma-Aldrich 2 % v/v

Coomassie blue 0.4 % wt/v
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4.5 Results and Discussion

4.5.1 Article 3: �The role of chemical heterogeneities of surfaces in the

adhesion and proliferation of bacteria�

Article by Judith Böhmler, Hamidou Hadaira, Karine Anselme and Lydie Ploux, in prepa-

ration.

The role of chemical heterogeneities of surfaces in

the adhesion and proliferation of bacteria

J. Böhmler, H. Haidara, K. Anselme, L. Ploux§

Institut de Science des Matériaux de Mulhouse (CNRS LRC7228), Mulhouse,

France

§ Corresponding author:

Dr Lydie Ploux, Institut de Science des Matériaux de Mulhouse (CNRS LRC7228), 15 rue

Jean Starcky, BP2488, 68057 Mulhouse cedex, France; Lydie.Ploux@uha.fr

Abstract

Fonctionalization of materials has a broad application spectrum in the biomedical �eld for

implants and biosensors, mainly aiming at controlling eukaryotic cell or bacteria response

or retention. In this context, an essential parameter is surely the accessibility and the

heterogeneity of the functional groups that are strongly related to the density of molecules

immobilized on the surface. Aiming at improving the understanding of the impact of func-

tional group density and chemical heterogeneity on bacteria adhesion and development

on surfaces, we investigated the colonization by Escherichia coli K12 and Staphylococcus

epidermidis RP62A strains of versatile, well-controlled and well-described silicon wafer

platforms revealing various NH2/CH3 densities. A particular attention was focused on

the chemical composition, layer structure and molecular organization. Through static and

dynamic, real-time investigations under confocal microscope, we demonstrated for the �rst

time that bacteria behavior on surfaces is a�ected by chemical heterogeneities of a surface

at the molecular scale, probably in relation to the chemical heterogeneity of the bacte-

rial cell wall. Relationships between NH2/CH3 surface fraction and bacterial adhesion or

bacterial adhesion rate were non-linear and signi�cantly dependent on the composition

of the surrounding liquid medium and the hydrodynamic condition of culture. "Plateaus"

and transition zones were especially highlighted. This bacterial behavior was related to the

range of NH2/CH3 surface fraction o�ering stability or sharp variation in bacterium/surface

interactions. This was attributed to the crucial in�uence of electrostatic, repulsive inter-

actions occurring at the molecular scale. In particular the rare positive charges (relatively
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to the high quantity of negative charges), which are revealed by proteins or other peptides

of the bacterial envelope might play an important role in the interaction. A correlation

between their discrete distribution at the cell envelope and a speci�c distribution of pos-

itive charges on the material surface probably induces the transition zone. Besides, the

crucial and sensitive role of the environment or/and the growth conditions in the bacterial

response to surface chemistry was con�rmed.

Introduction

Despite many e�orts of research since three decades, bio�lm formation still remains a major

source of problem and limitation in the biomedical �eld. In particular, infections developing

on implants are the frequent cause of implant removal due to the di�culty and almost the

impossibility to treat bio�lm-related infections by systemic antibiotic treatments. More-

over, the use of implants that are coated with biomolecules to favour the integration in

human body may still increase the risk of infections by enhancing bacterial adhesion, in

addition to that of eukaryotic cells. Therefore, a comprehensive understanding of the role

of the large variety of factors likely to intervene and control bacterial adhesion is crucial,

deserving dedicated research e�orts.

Material properties like surface topography (Whitehead et al. 2005; Whitehead and Verran

2006; Anselme et al. 2010), mechanical properties (Cottenye et al. 2010) and chemistry

(Katsikogianni and Missirlis 2004; Ploux et al. 2010) are known to a�ect bacterial adhe-

sion. So far, however, the complex relationships between bacterial adhesion and surface

properties remain largely unknown. In the �eld of material surface chemistry in particular

many studies exist that report the in�uences of the hydrophobic/hydrophilic and surface

charge character on bacterial adhesion (An and Friedman 1998; Bakker et al. 2004; Roberts

2004; Terada et al. 2005), or the impact of various chemical functionalities (Ploux et al.

2007; Krsko et al. 2009; Katsikogianni and Missirlis 2010). Some particular yet sometimes

contradictory trends have been revealed (Ploux et al. 2010). However, investigations fail

so far to provide a general, integrative view of the already available results. Aside from an

obvious role of the large variety of properties that are revealed by bacteria and the large

diversity of experimental approaches used to realize the studies, an important cause of this

scienti�c hurdle might be arise from an insu�cient consideration of the material surface

properties at the molecular scale. In other words, while e�ects are usually attributed to

macroscopic, hydrophobic/hydrophilic or charge characters of the surface, chemical het-

erogeneities of the surface and accessibility of the chemical functional groups are likely to

govern the interface between bacteria and the surface.

Only a few publications have addressed the in�uence of chemical heterogeneities of surfaces

on bacterial adhesion (Wiencek and Fletcher 1995; Wiencek and Fletcher 1997; Qian et

al. 2002; Barth et al. 2008; Burton et al. 2009). The in�uence of various mixtures of

functional groups was considered by using self-assembled-monolayers (SAMs)-based model

surfaces that allowed to control the relative amounts of each functional group at the surface.

Despite the undisputable interest of the results reported by these studies, SAMs-coated
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surfaces su�ered from incomplete descriptions. Moreover, a common limitation was due

to a weak yet real, and potentially essential, di�erence of length of the di�erent molecules

that constituted the molecular layers. As evoked by Wiencek and Fletcher (Wiencek and

Fletcher 1997), the resulting molecular topography may make accessible to bacteria some

chemical functionalities of the side-chain, di�erent from the terminal functional groups.

Side-chain e�ects may also be induced by additional molecules like PEG that are sometimes

used as a linker between substrate and molecules of interest, and may be accessible to

bacteria, as reported by Barth et al. (Barth et al. 2008). Chemical surface properties and

therefore molecular accessibility are then incompletely controlled. Consequently, e�ects due

to terminal functional groups, side-chain groups and molecular topographical properties

cannot be clearly decoupled.

Aware of the di�culty to perfectly control the accessibility of chemical functionalities on

SAMs-coated surfaces (Böhmler et al. 2011), we recently demonstrated the relevance of

well-controlled and, importantly, well-described SAMs-based platforms for bacterial adhe-

sion studies (Böhmler et al.). Made of mixed SAMs of two silanes with methyl and bromine

end groups respectively (Figure 4.12 a), these surfaces provide smooth (topography-free)

platforms that are further transformed to amino/methyl groups (Figure 4.12 b). These

surfaces were thoroughly analyzed to provide a comprehensive description of their chem-

ical composition, layer structure and molecular organization. The comparison of bacte-

rial adhesion on NH2-terminated surfaces obtained by this Br-organosilane approach on

the one hand, and the direct grafting of 3-Aminopropyl-triethoxysilane (APTES) or N-

(6-Aminohexyl)-3-aminopropyltrimethoxysilane (AHAPS) on the other hand showed the

quantity of adhered bacteria on Br-organosilane-based approach was much less dispersed.

This shows the need of "controlled" surfaces to prevent potential unexpected side-e�ects

of surface properties on bacterial adhesion or retention by conducting biointerface investi-

gations on substrates with perfectly controlled and described accessibility of the functional

groups.

In the present work, we exploited the well-structured and well-described Br-organosilane-

based mixed monolayers for studying the impact of chemical heterogeneities of surfaces on

the behavior of bacteria during and following their adhesion to these surfaces. In order to

address the variety of chemical composition of bacterial outer membrane, especially owing

to the gram negative or gram positive class, two di�erent bacteria species (Escherichia coli

and Staphylococcus epidermidis) were considered. Moreover, we investigated the potential,

additional impact resulting from speci�c, surrounding culture conditions. Two parameters

were varied, both likely to interfere with the physical and chemical interactions between

surface and bacteria: the liquid medium (selective growth medium versus NaCl 9 g/L

solution) and the hydrodynamic �ow (dynamic versus static condition) used during the

adhesion experiment. Microbiological investigations were conducted with real time obser-

vations.
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Figure 4.12: Description and characteristics of the chemically mixed model sur-

faces. (a) Simpli�ed representation of a mixed monolayer. Three molecules of 11-Br-

undecyltrichlorosilane and one of trichloroundecylsilane are grafted on silicon wafer. (b)

Simpli�ed top view of the �ve mixed monolayers revealing various densities of Br or NH2

back�lled with CH3. Initial Br / CH3 surfaces are converted in NH2 / CH3 surfaces via

N3 / CH3 surfaces. (c) Characteristics of the �ve �nal NH2 / CH3 surfaces in terms of

NH2 % content, water contact angle and thickness.
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Material and Methods

Mixed monolayer preparation.

Preparation of the model surfaces was done as previously described (Böhmler et al.), by

following protocols adapted from Heise et al (Heise et al. 1997), Balachander and Sudenik

(Balachander and Sukenik 1990) and Brzoska et al (Brzoska et al. 1994). Brie�y, silicon

wafers (100), purchased from Mat Technology (France), one side polished, were cut into

1 cm x 1 cm pieces and cleaned by 10 min immersion in CHCl3 (Sigma-Aldrich) and

ultrasound treatment (frequency 45 kHz). Such cleaned, non-functionalized silicon wafers

were used as internal control. For further mixed monolayer preparation, samples were

then immersed in Piranha (1:3 H2O2:H2SO4, both purchased by Sigma-Aldrich) solution

for 30 min at 50 ◦C, thoroughly rinsed with MilliQ water, dried under nitrogen stream and

immediately immersed in silane solutions. Various ratios of 11-Br-undecyltrichlorosilane

and trichloroundecylsilane (ABCR, Germany) in 30 % CHCl3 in n-heptane (n-C7H16, Carlo

Erba) were used to create SAMs-coated surfaces of �ve di�erent Br/CH3 coverage ratio

(0, 25, 50, 75 and 100 %). Final concentration of silane in solution was constant and

equal to 1 mM. Samples were rinsed in chloroform and shortly immersed in hot MilliQ

water. They were post-treated by annealing (1 h at 105 ◦C) and further rinsing for 15 min

in chloroform under ultrasonic treatment to remove non-grafted silane molecules. The

terminal bromine groups were commuted into azide by nucleophilic substitution reaction

in a (0.7 M) NaN3/DMF solution (NaN3 and DMF purchased by Fluka and Sigma-Aldrich

respectively). Azide-terminated samples were rinsed and dried under nitrogen stream.

Subsequently, azide-to-amine reduction was performed by immersing samples in a (0.3 mM)

LiAlH4 (Sigma-Aldrich) in tetrahydrofuran solution (THF, Carlo Erba) before further

immersion in THF over 12 h at room temperature. Lithium-complexes on the surface

were removed by hydrolysis by immersion for 1 h in 10 % solution of hydrochloric acid

(HCl , 37 %, Sigma-Aldrich) before rinsing in MilliQ water and ethanol (C2H5OH, 99.9 %

absolute anhydrous, Carlo Erba) and drying under nitrogen stream. Positively charged

amine groups (NH+
3 ) were converted in NH2 groups by immersion in triethylamine (TEA,

Sigma-Aldrich) during 24 h at room temperature. Samples were �nally rinsed with MilliQ

water (pH between 5.0-5.8) and ethanol before drying under nitrogen stream. Before

microbiological experiments, grafted surfaces were sterilized by immersing for 30 min in

70 % ethanol in MilliQ water solution, before rinsing sterile MilliQ water.

Mixed monolayer characterization.

The mixed monolayers were thoroughly characterized and analyzed elsewhere [Böhmlera et

al., in preparation]. The characterization aimed at providing the comprehensive description

and knowledge of the mixed monolayers. Brie�y, surface coverages with both functional

groups grafted on the surface, layer structures and molecular organization in the grafted

layer were evaluated at each grafting and chemical conversion step. For that purpose, XPS

(survey and high resolution spectra) measurements and analysis using CasaXPS 2.3.12

software (Casa Software Ltd., Teignmouth, UK, www.casaxps.com) were done to deter-

mine atomic concentrations and chemical environments. A DSA100 geniometer was used
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for static and dynamic water contact angle measurements. Ellipsometry (M-O33K001)

at 532 nm provided thickness measurements of the grafted layers in both air and liquid

conditions.

Bacteria species and culture.

Bacterial experiments were conducted with two bacteria species: the �uorescent, slime-

and GFP-producing Escherichia coli (E. coli) SCC1 (Miao et al. 2009) and the slime-

producing Staphylococcus epidermidis (S. epidermidis) ATCC35984 (purchased by Prof I.

Spilioupoulo, Patras, Greece). -80 ◦C frozen bacteria were cultured overnight at 30 ◦C on

Luria Bertani (LB purchased from Sigma-Aldrich) agar plate and at 37 ◦C on Brain-Heart-

Infusion (BHI purchased from Sigma- Aldrich) agar plate for E. coli and S. epidermidis

respectively. First pre-cultures were prepared with one colony of E. coli and S. epidermidis

in LB or BHI respectively and incubated overnight (about 18 h) at 30 ◦C and 37 ◦C

respectively. Second cultures were prepared with 10 % of the overnight cultures in LB or

BHI for E. coli and S. epidermidis respectively. Bacteria were harvested by centrifugation.

According to experiment (see the next session), bacteria pellets were re-suspended either

in NaCl (150 mM) solution or in the so-called M63G-B1 E. coli -selective medium (Vidal

et al. 1998). Bacterial suspensions were adjusted to an absorbance at 600 nm (A600nm) of

0.01 and 0.1 for static and dynamic experiments respectively

Microbiological experiments in batch conditions.

Two surfaces with various NH2 / CH3 coverage ratio (0, 25, 50, 75 and 100 %) were im-

mersed in 0.1 A600nm E.coli suspensions, prepared in NaCl 9 g/L or M63G-B1 medium,

or a 0.1 A600nm S. epidermidis suspension, prepared in NaCl 9 g/L. As internal control, a

cleaned, non-functionalized silicon wafer was used (20 min immersion in CHCl3, ultrasound

treatment at 45 kHz frequency, and sterilization by 30 min UV exposure). Surfaces were

incubated for 2 h at 30 ◦C and 37 ◦C for E. coli and S. epidermidis respectively. Sur-

faces were thoroughly and carefully rinsed six times with NaCl 9 g/L solution to remove

non-attached bacteria without creating air-surface interface. S. epidermidis adhered on

substrates were �uorescently stained by adding 1 µL.mL−1 of a 5.10−3 M Syto9 R© (Invit-

rogen) stock solution to the last NaCl rinsing solution. Surfaces were directly observed in

the last rinsing solution by using a �uorescence/re�ection mode upright confocal micro-

scope (LSM700, Carl ZEISS) equipped with a long working distance objective (9.1 mm).

On each surface, micrographs were randomly taken on 10 di�erent locations. Micrographs

were analyzed by CellC (Selinummi et al. 2005) and ImageJ V.1.44d software with LSM-

toolbox V4.0g plugins (Rasband 1997) for determining the quantity of adhered bacteria.

Results were normalized to the internal control surfaces (i.e., cleaned, non-functionalized

silicon wafers). Experiments were repeated three times. Relationships between number of

adherent bacteria (NAdhBact) and NH2 / CH3 surface coverage (NH2 / CH3 ratio) were

�tted by using SciDAVis 0.2.4 software (http://scidavis.sourceforge.net/).

Microbiological experiments in real-time conditions.

A speci�c �ow cell was designed for experiments conducted under a Zeiss LSM700 confocal
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microscope (laminar �ow at sample surface was tested on 1 mm thick silicon wafer with

polystyrene particles of ø 2-3 µm), as described elsewhere (Cottenye et al. 2012). Flow

cells were made with the support of the Technical University of Denmark, Lyngby, Den-

mark (Coico et al. 2005). Flow cell and accessories were sterilized by overnight immersion

in 10 %-v/v NaOCl, thorough rinsing with MilliQ water and autoclaving. Flow chamber,

Tygonr tubings (ø 1.52 mm), bubble trap (Technical University of Denmark, Lyngby, Den-

mark (Coico et al. 2005)), peristaltic pump (Ismatech IP multichannel peristaltic pump),

medium and trash bottles closed with auto-cleavable caps equipped with �lters (0.2 µm,

Millipore), and connectors including one three ways connector allowing injections were

connected together in sterile conditions to form a closed �ow setup (see Supporting Infor-

mation, Figure 4.12). The complete setup was placed under the confocal microscope in a

thermoregulated chamber (Okolab, Germany) allowing a constant temperature of 30 ◦C

for E.coli and 37 ◦C for S. epidermidis.

A �ow rate of 2.6 mL.min−1 (i.e., shear rate of 0.47 s−1) was used throughout the experi-

ment (�lling and stability test, injection and bacteria adhesion, rinsing, bacteria prolifera-

tion). The pump was run for at least 1 h to �ll the system with NaCl 9 g/L solution and

ensure �ow and temperature stability. 10 mL of bacteria suspension (A600nm of 0.1) were

injected during 3.8 min before closing the system for 5 min. Non-adhered bacteria were

rinsed twice during 4.6 min with NaCl 9 g/L solution under open system (see Supporting

Information, Figure 4.12). The system was then closed and pictures were taken every 2 min

during 150 min. The �uorescence and re�ection microscopic modes were used to visualize

E. coli and S. epidermidis respectively (see Supporting Information, Figure 4.21 for exam-

ple of corresponding micrographs). Resulting images were analyzed by the Particle Tracker

of ImageJ V.1.44d software with LSMtoolbox V4.0g (Rasband 1997) and particle track-

ing (Sbalzarini and Koumoutsakos 2005) plugins. Since study in dynamic conditions needs

long-lived experiments for each individual material surface sample, statistical reproduction

has been �xed at 2 replicates per condition.

Results & Discussion

Well-described mixed monolayer model surfaces.

The mixed monolayers were obtained by mixing two silanes with methyl and bromine

end groups respectively (Figure 4.12 a), and by further in situ transformation including

SN2 reaction to convert bromine to amino nucleophilic groups (Figure 4.12 b) (Böhmler

et al.). Their thorough analysis was mainly based on the determination of Br / SiOx,

Br / CH3 and NH2 / CH3 surface coverage rates, layer thickness, layer compactness and

wettability. As previously reported (Böhmler et al.), High-Resolution XPS analysis of the

elaborated surfaces revealed a good correlation between the Br-organosilane content of the

solution used for the surface elaboration, and the Br concentration detected on the surface.

Similar XPS analysis conducted on the azide and amine surfaces after SN2 bromine-to-

azide and azide-to-amine conversions respectively showed a similar relationship between

Br-organosilane solution content and azide or amine concentration detected on the surface,

showing the control of the conversion. This �nally demonstrates the possibility to control
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the NH2 / CH3 surface coverage rate by simply controlling the initial Br-organosilane

solution content as showed in Figure 4.12 c.

Thickness of the grafted layers was measured by ellipsometry in a range of 1.3-1.8 nm in

liquid (Figure 4.12 c) and 1.3-1.7 nm in air, in very good agreement with the expected thick-

ness (1.6 nm). This result demonstrates the monolayer structure of the coating whatever

the NH2 / CH3 coverage of the surface. The monolayer structure was further con�rmed by

the low Br3d / SiOx surface coverage that was determined by High-Resolution XPS anal-

ysis (0.15 ± 0.02 compared to 0.42 ± 0.05 for a typical multilayer (Böhmler et al.)), with

SiOx signal coming from the native silicon oxide layer present under ambiant conditions

at the surface of all silicon substrates. Moreover, the good agreement between wettability

measurements (59 ± 2 ◦ and 108 ± 1 ◦ for NH2 100 % and NH2 0 %, respectively) (Fig-

ure 4.12 c) and expected values (Aswal et al. 2006) demonstrated that silane molecules

were densely packed and organized as expected for SAMs, which was also indicated by the

similarity of thickness measured in air and liquid. Finally, a comprehensive description of

layer structure, molecular organization and chemical composition of the extreme surface of

the chemically mixed coating could be provided on the basis of these results. It allows to

assure, �rst, that NH2 and CH3 groups were the only, accessible functional groups at the

extreme surface, and secondly, that NH2 and CH3 groups were present at the surface in

the quantity that are expected due to the Br-silane solution used for surface elaboration.

Relationship between bacteria adhesion and chemical surface content in batch conditions of

culture.

E. coli and S. epidermidis bacteria strains were cultured in static conditions i.e., without

any hydrodynamic stress, on mixed monolayer model surfaces of �ve di�erent NH2 / CH3

surface coverages. When experiments were carried out in NaCl 9 g/L (Ionic Strength, IS

= 0.15 M), E. coli and S. epidermidis bacteria strains both signi�cantly and preferentially

adhered on NH2 0 % (i.e., CH3 100 %) than on NH2 100 % surfaces. Furthermore, CH3-rich

surfaces were in general more colonized than surfaces revealing less quantity of CH3 groups

(Figures 4.13 a and 4.13 b). Such general, direct decreasing trend of relationship between

number of adherent bacteria (NAdhBact) and NH2 / CH3 ratio is in agreement with already

reported results. In particular, Wiencek and Fletcher (Wiencek and Fletcher 1995) and

Burton et al. (Burton et al. 2009) observed higher adhesion on CH3-rich surfaces than

on more hydrophilic surfaces (OH-rich surfaces in both studies) by using mixed OH/CH3

monolayers. However, di�erences in bacteria strains (Pseudomonas sp. and E. coli RP437

respectively) and medium (Instant Ocean Marine salts, IS = 0.48 M, and Luria-Bertani

medium, IS = 0.18 M, respectively) compared to the present study prevents to come

to a conclusion about common phenomenon. Using identical S. epidermidis bacteria as

in the present study but chemically homogeneous yet non model surfaces, Katsikogianni

et al. (Katsikogianni and Missirlis 2010) also reported similar general trend of surface

colonization: surfaces that mainly revealed CH3- , NH2- and OH-groups were respectively

colonized with decreasing bacteria amounts, in phosphate-bu�ered saline (PBS) of various
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ionic strength (0.01 M, IS = 0.17 M, and 0.1 M, IS = 1.7 M). This general trend is usually

interpreted as the result of the hydrophobic/hydrophilic and apolar/polar characters of

the surfaces that may favor van der Waals interactions between CH3-rich surface and

bacterium, which may be on the contrary prevented on NH2-rich surfaces due to a layer

of adsorbed water (Wiencek and Fletcher 1995; Hermansson 1999; Hori and Matsumoto

2010). However, attractive electrostatic interactions between negatively-charged bacteria

(Poortinga et al. 2002; Roy et al. 2009) and positively-charged NH2-rich mixed surfaces

are expected to compete with repulsive electrostatic interactions between some positive

charged NH+
3 on the bacteria envelope and the quantity of NH+

3 -groups present at the

surface. Therefore, a reduction or even a cancellation of the di�erences in colonization

between NH2-poor and NH2-rich surfaces is expected.

Figure 4.13: Number of E. coli (a) and S. epidermidis (b) bacteria adhered on mixed

monolayers in NaCl 9 g/L medium and batch culture conditions. §: Signi�cant di�erence
(p > 99.9 %) compared to NH2 0 %; #: Signi�cant di�erence (p > 99.5 %) compared

to NH2 100 %. Number of bacteria was compared to the colonization on internal control

(i.e., cleaned, ungrafted silicon wafers; E. coli : 100 = 6.1x105 ± 5.3x104 bacteria/cm2

and S. epidermidis: 100 = 6.1x105 ± 5.3x104 bacteria/cm2).

Yet, the present study shows for the �rst time a non-linear relationship between NAdhBact
and NH2 / CH3 ratio. In contrast to the linear relationships reported by Burton et al.

(Burton et al. 2009) and Wiencek and Fletcher (Wiencek and Fletcher 1995) in static and

dynamic conditions respectively, NAdhBact versus NH2 / CH3 ratio relationships possess

"plateaus" and transition zones (Figure 4.13). These zones are related to di�erent ranges

of NH2/CH3 surface coverage and are di�erently marked for both E. coli (Figure 4.13 a)

and S. epidermidis (Figure 4.13 b). As shown in Figure 4.13, experimental curves for

both bacteria strains can be �tted by functions similar to those describing acid/base titra-

tions, clearly highlighting zones of stability besides transition zones. As noted above, this

original result does not scale gradually with the modi�cation of the surface property (i.e.,
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surface charge, hydrophilicity/hydrophobicity or surface energy) which is expected to vary

depend on the microscopic scale with the surface content in CH3- or/and NH2 groups. In

other words, the simple addition of the contribution of the chemical heterogeneities of the

material surface would induce a straight evolution of NAdhBact with the NH2 / CH3 ratio.

The non-linear relationship rather suggests that interactions occurring between bacterium

and surface at the scale of the chemical heterogeneities may signi�cantly and non-linearly

contribute to the overall bacterium/surface interaction. The transition zones evidence the

existence of speci�c, threshold-like values (ca. 60 % of NH2 / CH3 for E. coli, ca. 12 %

for S. epidermidis) of the surface content in chemical groups that delimitate two di�erent

behaviors of bacteria in term of their adhesion to the surface. For both bacteria species,

adhered bacteria amounts were reduced to about 20 % for NH2 / CH3 surface content

higher than the critical thresholds mentioned above.

The most probable hypothesis is schematized in Figure 4.14. On NH2 0 % i.e., CH3 100 %

surfaces (Figure 4.14 b), only hydrophobic and van der Waals attractive interactions exist

between the bacterium membrane and the hydrophobic, apolar and uncharged material

surface. Nontheless, competition for the surface between bacterium membrane and aqueous

medium is favorable to close bacterium/surface contact, although the compound layers of

adsorbed water and counter-ions surrounding the charged, hydrophilic membranes of both

bacteria strains used in this study (Ploux et al. 2007; Katsikogianni and Missirlis 2010)

and (Poortinga et al. 2002) may induce sterical hindrance and consequently, slightly limit

this contact. Close bacterium/surface contact leads to stronger van der Waals interactions,

and therefore to stable adhesion of bacterium to 100 % CH3 (NH2 0 %) surfaces in static

culture conditions, i.e. in absence of any external constraints on the bacterium/surface

contact other than Brownian forces (Basu et al. 1997). On NH2 X % (X 6= 0) surfaces,

electrostatic interactions between the commonly negatively-charged bacterial membrane at

physiological pH (Poortinga et al. 2002) and positively-charged NH+
3 surface groups lead to

additional attractive electrostatic interactions between bacterium and surface. Adhesion of

bacterium to NH2 X % (X 6= 0) surfaces is therefore expected to be stronger in comparison

to NH2 0 % (CH3 100 %) surfaces. However, close bacterium/surface contact is limited by

the presence at the surface of a layer of adsorbed water molecules due to the hydrophilic

and polar characters of the NH2-rich surfaces.
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Figure 4.14: Scheme depicting interactions between the bacterial membrane and the ma-

terial surface in batch conditions. A membrane of gram-negative bacteria is schematized

by only depicting the phospholipid bilayer (negative charge in green) and two membrane

proteins (positive charge in red).
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Layers of counter-ions (due to electrostatic interactions between the positively-charged

surface - NH+
3 at pH ∼ 7 - and ions present in the surrounding liquid) (Hermansson 1999;

Poortinga et al. 2002) also limit close bacterium/surface contact by sterical hindrance.

More importantly, they may be the cause of an e�cient screening of the material surface

and bacterial membrane charges, reducing the attractive electrostatic bacterium/surface

interactions by increasing the distance between both objects. However, these e�ects of

sterical hindrance, osmotic pressure and screening of attractive electrostatic interactions

due to the compouud layers of hydration and counter-ions, which reduce the bacterial

adhesion on NH2 X % (X 6= 0) surfaces compared to NH2 0 % surfaces should lead to a

reduction of NAdhBact when the NH2 /CH3 surface content increases. Therefore, additional

interactions which are probably repulsive since they enhance the decrease in NAdhBact with

NH2 / CH3 surface content are suspected to non-linearly impact the bacterium/surface

interface.

The intrinsic chemical heterogeneity of the bacteria outer membrane is certainly involved

in this process (see Supporting Information, Figure 4.22). Whatever the species of bac-

teria, the main components of the outer wall of gram-negative bacteria like E. coli are

phospholipids that provide, through phosphate groups, the most important contribution

to the total negative charge of the bacterial outer membrane at physiological pH (Harkes

et al. 1991; Poortinga et al. 2002). Besides other negatively charged groups like carboxylic

acids, amino groups resulting from the proteins of the cell envelope are also present at the

bacterial surface, and are responsible for the positive charges at the membranes surface at

physiological pH. Cell wall of gram-positive bacteria like S. epidermidis is composed of a

peptidoglycan macromolecule containing a large quantity of attached molecules like teichoic

acids, teichuronic acids and polyphosphates (Navarre and Schneewind 1999). Therefore,

whatever the gram-class of the bacteria, phosphate groups of the membrane provide at

physiological pH a quasi-continuous distribution of negative charges since they represent

the largest amount (highest density) of accessible groups on bacteria membranes. On the

contrary, positive charges, originated from the sparse, peptidic structures in both gram-

negative and gram-positive bacteria membranes, result in a discrete distribution of positive

charges on the envelope at physiological pH. We therefore assume that speci�c conditions

of bacterium/surface contact exist in which these positive (amino) envelope charges, and

the ammonium (NH+
3 ) of the supporting surface can create, beyond a certain surface frac-

tion of NH2/CH3, repulsive electrostatic interactions which increase in intensity and start

to balance the attractive and stable bacterium/surface contact.

This hypothesis is depicted in Figure 4.14 c,d,e. Electrostatic interactions at the bacterium

/ material surface are the result of the competition between (i) the overall, attractive in-

teraction between the continuous distribution of negative charges of the bacterial envelope

and the positively charged, amino groups of the material surface, and (ii) local and discrete,

repulsive interactions between positively-charged chemical groups, sparsely distributed at

the bacterium surface, and the positively charged amino groups of the material surface.
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Due to the decreasing intensity of the repulsive Coulomb force with the inverse square of

the distance between the interacting charges, only positively charged groups of the mate-

rial surface that are within a �nite lateral size r around the normal distance (d0) to the

positive charge of the bacterial surface (d ≤ d0, r = r ρ , Figure 4.14 b) may interact with

the positive charge of bacterium, and contribute to the repulsive electrostatic interaction

(Figure 4.14 f). The distance r de�nes a critical area on the material surface facing a

positive charge of the bacterial surface, and a critical interaction distance d ≤ d0, through

the solid angle ρ, r = r ρ . We propose therefore that, due to the discrete distribution

of the positive charge in a quasi-negatively charged continuum at the bacterium surface,

a critical density of positive charges on the material surface (X0) exists, above which at

least one positive charge of the material surface is located within the interacting area of

each positive charge of the bacterial envelope. This speci�c situation where the density of

interacting positive charges on material and bacterium surfaces (X ∼ X0, Figure 4.14 d) in-

creases and becomes important can lead to a repulsive contribution that is able to compete

with the overall attractive electrostatic interaction between bacterium and material sur-

face. Up to X0 (Figure 4.14 c), only very rare positive charges of the material surface may

be located close to positive charges of the bacterium surface. Therefore, the overall, result-

ing, repulsive interaction at bacterium scale does not signi�cantly contribute to the overall

bacterium/material surface interaction. As soon as the surface density of positive charges

on material surface allows at least one or more of these charges to be within the interacting

area with the positive charges of the bacterial envelope (X ∼ X0, Figure 4.14 d) on bac-

teria/material contact, the overall, attractive interaction between bacterium and material

surface is signi�cantly reduced. For X > X0 (Figure 4.14 e), the repulsive interaction in-

tensity that involves one bacterial positive charge at X∼X0 increases proportionally to the

number of positive charge of the material surface involved in the interaction. However, due

to the probably small dimension of the critical area matching with the interaction range

of the positive charge of bacterial surface, the quantity of positive charges of the material

surface that contributes an increase of the electrostatic repulsive force between bacterium

and material surface is therefore �nite. The quantity of adhered bacteria observed on sur-

faces with di�erent NH2 coverage ratios, all higher than X0, is consequently found to be

roughly constant for both bacteria (Figure 4.14 e). Obviously, additional e�ect should be

expected from the layers of counter-ions formed on positively charged material surfaces.

The thickness of these layers increases with the density of positive surface charges, and

hence might a�ect the distance between the bacteria envelope and the surface. This might

therefore result in a shifting of the range of the transition zone as observed for the two

bacterial species (Figure 4.14 f).

Indeed, although "plateaus" and transition zones were observed for both E. coli and S.

epidermidis bacteria, some di�erences were observed. In particular, the transition zones

correspond to di�erent ranges of NH2 / CH3 coverage (Figure 4.13 a and 4.13 b). This

might be related to the di�erences in distribution and quantity of positive charges that

exist on the bacterial outer membranes of both bacterial species. In particular, higher N/C
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ratios have been reported for gram-positive microorganisms, especially for Staphylococci

compared to E.coli (Harkes et al. 1991). Although nitrogen of Staphylococci also results

from amide bonds of peptidoglycan (Harkes et al. 1992), the presence of a high quantity of

amino residues, i.e. peptides linked to the glycan chains (Navarre and Schneewind 1999),

in probable higher quantity than proteins at the E.coli surface, may explain that X0 (∼
12 %) of S. epidermidis is signi�cantly smaller than of X0 (∼ 60 %) of E.coli.

Figure 4.15: Number of E.coli bacteria adhered on mixed monolayers in NaCl 9 g/L

and M63G culture medium (Vidal, Longin et al. 1998), and batch culture conditions.

Number of bacteria were compared to the colonization on an internal control (i.e. clean

silicon wafer. E. coli in NaCl: 100 = 6.1x105 ± 5.3x104 bacteria/cm2, E. coli in M63G-

B1: 100 = 6.1x105 ± 5.3x104 bacteria/cm2 ) : Signi�cant di�erence (p > 99.9 %) between

M63G and NaCl 9 g/L conditions.

So far, no published work has reported, or even addressed, evidence of a critical density of

(or critical distance between) surface functional groups that may be involved in non-speci�c

bacterium/surface interactions. More generally, very little is known regarding the critical

density of (or distance between) grafted molecules that may govern speci�c or unspeci�c

adhesion of bacteria at the molecular scale. On the contrary, distance between ligand

molecules grafted on surfaces has been highlighted as controlling binding force of adherent

eukaryotic cells (Walter et al. 2006). The distance between Arginine-Glycine-Aspartic

acid peptides (RGD peptides), well-known to be involved in cell adhesion to surfaces, was

shown to determine the separation of individual integrins and thus the assembly of the

integrin clusters that were only stable when ligands were spaced below a critical value

(Deeg et al. 2011). Finally, the development of stable focal adhesions, their number, and

size as well as the cellular adhesion strength was proved to be in�uenced by the local more
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than the global ligand density. The ability of bacteria to bind single molecules at the

surface of biological tissues through ligand/receptor interaction (Casadevall and Pirofski

2000) leads to expect similar involvement of the individual functional groups of a material

surface: Variations at the molecular scale in the surface distribution of grafted molecules

like carbohydrate residues may in�uence bacterial adhesion. The multivalence character

of bacteria/mannose speci�c interactions, involving FimH adhesins located on E. coli pili

(Disney et al. 2004), is an example of bacteria/host interactions in which the binding

strength is probably highly impacted by the distance between mannose residues. This is

also suggested by the higher a�nity of bacteria for branched oligomannosides of speci�c

size (Barth et al. 2008).

E�ect of the culture medium on the relationship between bacteria adhesion and chemical

surface content.

The number of adhered E. coli bacteria on mixed monolayer model surfaces of �ve di�erent

NH2 / CH3 surface coverage were compared in static conditions in two di�erent liquid media

(NaCl 9 g/L, IS = 0.15 M; M63G, IS = 0.20 M). A signi�cant di�erence in the NAdhBact vs.

NH2/CH3 coverage relationships was observed. Contrary to what was observed in NaCl

9 g/L, NAdhBact increases regularly, though only slightly, with NH2 / CH3 coverage in

M63G medium (Figure 4.15). Interestingly, NAdhBact measured on surfaces with high NH2

/ CH3 coverage (X ≤ 60 %) were similar in NaCl 9 g/L and M63G media, while NAdhBact
on low NH2 / CH3 coverage surfaces (X < 60 %) was signi�cantly lower in M63G medium

than in NaCl 9 g/L.

Three phenomena may be involved in this result. Firstly, as depicted in Figure 4.16 a and

Figure 4.16 b, counter-ion layers at the bacterium and charged material surfaces should

have various thickness in NaCl 9 g/L and M63G mainly due to the size of the ions present in

the media (100 mM of K+ and NH+
4 , and 10 mM of PO3−

4 and SO2−
4 in M63G), since valence

of the main ions and IS were similar. Adhesion of bacteria was probably a�ected by this

di�erence in thickness, which reduced the close contact between bacterium and material

surface in M63G compared to NaCl 9 g/L. On surfaces containing NH2 groups (NH2

X %, X 6= 0), electrostatic interactions were therefore probably slightly reduced, which

should a priori a�ect both attractive and repulsive interactions in a similar way, leading to

insigni�cant modi�cation of adhered bacteria number on changing the liquid medium. On

CH3 100 % surfaces (0 % NH2), the increase of bacterium/material surface distance should

have reduced close contact, resulting by the absence of attractive electrostatic between

bacterium and material surface. It thus appears that a bacterium approaching a surface is

highly sensitive to tiny external perturbations, resulting here in less stability of the bacterial

adhesion, and �nally to less immobilization of bacteria in M63G than in NaCl 9 g/L.

Secondly, the mobility or �exibility of the macromolecular, polymeric substances that are

present at the bacterial surface (�mbriae, lipopolysaccharide, etc) probably play a role in

the bacterium / surface interaction. Their conformation, and thereby length, �exibility
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Figure 4.16: Scheme depicting interactions between the bacterial membrane and the

material surface in batch conditions: Comparison between NaCl 9 g/L and M63G (Vidal

et al. 1998). A membrane of gram-negative bacteria is schematized by only depicting

the phospholipid bilayer (negative charge in green) and two membrane proteins (positive

charge in red).

and the physico-chemical properties in potential contact with the material surface, may

vary with the chemical, especially ionic, composition of the medium. Moreover, their

synthesis by bacteria may vary according to medium and its nutrition- or starvation-

favorable properties leading to di�erent quantity of such structure at the bacterium surface.
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Consequently, due to changes in their conformation or in their quantity, their interaction

with the material surface is probably a�ected by the medium. Caused by di�erences in

nutrition/starvation properties, ions transport through bacterial envelope is signi�cantly

di�erent in M63G compared to NaCl 9 g/L mediun. Especially, changes of the overall

bacterial surface charge induced by the adaptation of bacteria to environment have been

reported (Briandet et al. 1999; Roy et al. 2009), which can be supposed to signi�cantly

a�ect further adhesion to a surface. Aiming at determining whether NaCl 9 g/L and M63G

media di�erently a�ected conformation or mobility of the polymeric membrane structure,

or bacterial surface charge related to ion transport, electrophoretic mobility of the used E.

coli bacteria was determined in both media as described by (Dague et al. 2006). However,

these preliminary experiments failed so far to account for any of these observed di�erences

in bacterial behavior (data not shown).

Table 4.8: Hydrodynamic conditions of the bacterial experiments performed in the main

reference studies, compared to the present work.

Burton Wiencek Kasikogianni

et al. and Fletcher et al.

(Burton, Simon (Wiencek and (Kasikogianni Present work

et al.) Fletcher 1995) and Missirlis

2010)

Culture static Dynamic Dynamic Static/Dynamic

conditions

Flow rate � 2.0 from 1.0 to 40.0 2.6

(mL/min) �

Shear rate � 57 from 50 to 2000 0.47

s−1 �

Reynolds � 2.3 from 1.0 to 40.0 1.6

number �

Relationship between bacteria adhesion and chemical surface content in real-time conditions

of culture.

As shown in Table 4.8, hydrodynamic conditions used in published studies mentioned

above (Wiencek and Fletcher 1995; Burton et al. 2009; Katsikogianni and Missirlis 2010)

highly di�ered from a study to another. When hydrodynamic �ow was applied (Wiencek

and Fletcher 1995; Katsikogianni and Missirlis 2010), the shear stress was high enough to

signi�cantly a�ect the bacterial metabolism through direct �ow-related stress (Liu and Tay

2001). In the present study, the �ow chamber was designed to produce low, yet laminar and

well-controlled shear stress on the surface. This prevents from �ow-related modi�cations

of the bacterial metabolism and therefore allows to study the unique e�ect of shear stress
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on the adhesion and proliferation of bacteria to surfaces. This methodological precaution

is rendered essential by the potentially strong sensitivity of bacterial behavior to very weak

changes that are expected to arise from slight variations of the material surface chemical

composition. E. coli and S. epidermidis bacteria strains were cultured in NaCl 9 g/L under

a shear rate of 0.47 s−1 on the mixed monolayer model surfaces of the �ve di�erent NH2

/CH3 coverages.

Bacterial adhesion rate and colonization rate were chosen as indicators for comparing

bacterial behavior on surfaces of di�erent NH2 /CH3 contents, rather than the absolute

value of adhered bacteria as for static condition experiments. Adhesion rate was calculated

for the �rst 20 min of experiment (Figure 4.17 a) which is a time range with quasi-linear

evolution of the adhered bacteria number. Adhesion rate is therefore proportional to the

number of adhered bacteria at a given time. This �nally allows to compare trends obtained

in dynamic and static conditions.

Figures 4.17 b and 4.17 c show that adhesion rate, versus NH2 /CH3 surface content rela-

tionships do not have identical transition zones in the dynamic and static conditions, both

for E. coli and S. epidermidis bacterial species. Nevertheless, two common particularities

of these relationships deserve being underscored:

(i) Some ranges of NH2 /CH3 surface content are related to sharper variations of the bac-

terial adhesion rate, similarly to the transition zone observed in static culture conditions.

This supports the general results and conclusion of the experiments that were conducted

in static culture conditions, showing that chemical heterogeneities of material surface af-

fect and modify in a rather complex way the bacterial adhesion. In particular, while high

concentrations of the density of chemical groups are unable under certain conditions to

signi�cantly a�ect bacterial adhesion, other but low concentrations of this density can lead

to sharp and drastic modi�cations of the adhesion rate.

(ii) Although these relationships are far from linear, the general trend of the adhesion

rates versus NH2 /CH3 surface content is a positive attachment which globally increases

with NH2 /CH3 surface content, contrary to the behavior observed under static culture

conditions. These two opposite trends can be explained as follows. The behavior of an

adhering or already attached particle, and in particular, of a bacterium under shear-�ow

can be accounted for essentially by two competing forces: (i) an attaching or resisting force

arising from the (bacterium/substrate) attractive forces, or the establissed adhesion of the

bacterium to the underlying substrate and, (ii) a shear force arising from the hydrody-

namic �ow (Mougin et al. 2001). On pure CH3 surface (0 %NH2), the resisting adhesive

force is provided only by the VDW and hydrophobic interactions between the bacterium

and the support. Moreover, it is not the whole adhesion force that resists the hydrody-

namic shear, but only its tangential component, the adhesive frictional force Ff , which is

related to the normal adhesion force Fadh.n through the apparent frictional coe�cient µ∗

of the interface, Ff∼µ ∗ (Fnadh. + Lbact.), Lbact. being the load of the bacterium in the
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Figure 4.17: (a) De�nition of the so-named "adhesion rate" parameter that was calcu-

lated for the 20 �rst minutes of experiment; (b) Adhesion rate of E. coli bacteria in NaCl

9 g/L medium ; (c) Adhesion rate of S. epidermidis bacteria in NaCl 9 g/L medium.

culture medium (Mougin et al. 2001). Dimensionally, when reported to the square of the

bacterium/surface contact area (C.A), this is equivalent to a tangential resisting adhesive

pressure (stress), Padh. ∼ Ff (C.A)2, which directly compares with the driving hydrody-

namic shear (Mougin et al. 2001). And one can reasonnably imagine that the adhesion

arising from these attractive but low strength physical forces may be insu�cient to resist

the driving (detaching) shear force produced by the hydrodynamic �ow. Therefore, the

probability for the bacterium to be detached and forced to slide (or roll o�) at the surface
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Figure 4.18: Scheme depicting interactions between the bacterial membrane and the ma-

terial surface in real-time conditions. A membrane of gram-negative bacteria is schema-

tized by only depicting the phospholipid bilayer (negative charge in green) and two

membrane proteins (positive charge in red).

is high, leading consequently to a low probability of immobilization and low adhesion rate

of the bacterium on the material surface (Figure 4.18 a). On NH2 X % (X 6= 0) sur-

faces, attractive electrostatic interactions additionally contribute to increase the attractive

and resisting forces, achievin,g a level that can balance the driving/detaching shear-force.

The overall result in this case is a decreased probability for bacterium detachment and

its sliding (or rolling) entrainement in the �ow (Figure 4.18 b). Therefore, one expects

bacterium to be more easily immobilized on such surfaces, and their adhesion to be more

stable against �ow. This is well-con�rmed by the high attachment and detachment rates

(frequency), and the high total number of bacteria that were mobile throughout the ex-

periment on CH3-rich surfaces (Figures 4.19 a and 4.19 b). This result demonstrates that

the mobility of bacteria was higher, and stability of their adhesion much less on CH3-rich

surfaces, compared to NH2-rich surfaces. Finally, due to dynamic conditions that hamper

the formation of counter-ion layers contrary to static culture conditions, electrostatic in-

teractions may be stronger here than in static culture conditions. Dynamic conditions can

be therefore considered as more (resp. less) favorable to bacteria adhesion on NH2-rich

(resp. CH3-rich) surfaces than static conditions, which may explain the slightly opposite

trend of adhesion rate vs. NH2 / CH3 surface content observed under hydrodynamic �ow,

compared to static conditions. Surfaces with attractive, electrostatic properties for glob-
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ally, negatively charged objects may be therefore more colonized by bacteria compared to

CH3 and CH3-rich surfaces, on the contrary to what happens in static culture conditions.

Figure 4.19: Attachment and detachment of bacteria on �ve surfaces of di�erent

NH2/CH3 % contents. Injection of bacteria in the �ow experimental system is per-

formed during the 3.8 �rst minutes of experiment. The experimental system is closed

20 min after starting of injection. (a) Rate of attachment and detachment from 20 to

150 min after the experiment began. (b) Total number of attached and detached bacte-

ria throughout the experiment duration (i.e., cumulated attached and detached bacteria

number after 150 min of experiment).

Conclusion

Using well-organized and well-controlled model surfaces providing various surface ratios

of NH2 in CH3 end groups, we demonstrated that E. coli and S. epidermidis behaviors

on surfaces with chemical heterogeneities at the molecular scale do not follow a straight

evolution with the density of functional groups. Rather, our results show that the abil-

ity of bacteria to sense chemical heterogeneities may vary according to ranges of surface

concentrations in chemical groups, depending on bacteria species. Transition zones are

highlighted, that may be related to the ability of bacteria to distinguish di�erences in the

nature and surface concentrations of functional groups through their own envelope chemi-

cal composition. An optimal concentration of the positive charges on the material surface

exists, that matches with the concentration of the positively charged molecular groups on

the bacterial envelope, leading to a threshold of chemical heterogeneities concentration up

to which bacterial adhesion is maximal. Surfaces with concentrations in a range in which

bacteria may be unable to distinguish weak di�erences in concentration may allow more

stable adhesion, leading to "plateaus" in the relationship between bacterial adhesion and

NH2 /CH3 surface content. Nevertheless, in dynamic culture conditions too, the abrupt

variations of bacterial behavior observed for slight variations of the chemical composition

of the surface also demonstrates that chemical surfaces heterogeneities at the molecular

scale can strongly a�ect adhesion and proliferation rates of bacteria on surfaces.
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Figure 4.20: Scheme of the �ow set-up used for bacterial adhesion and proliferation ex-

periments under hydrodynamic conditions, in closed mode (A). The three way connector

(1) allows to inject bacteria or rinsing medium (2) and to close the system. Solutions are

pumped (3) with a constant �ow rate (depending on pump speed and tubing diameters).

To remove bubbles from the system, a bubble trap (4) is inserted between pump and �ow

cell (5). The �ow chamber is placed under the confocal microscope equipped with a long

working distance objective (6). Just before connector "1", another three way connector

(7) allows to open the �ow system in injection mode (B). To keep the volume constant

during the rinsing steps for example, this connector allows to eliminate liquid into a trash

container (8).

Figure 4.21: Example of micrographs taken during real-time experiments in �uorescence

mode (a) and re�ection mode (b) to observe E. coli and S. epidermidis, respectively.
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Figure 4.22: Bacterial membrane of gram-negative (like E.coli) and gram-positive (like

S.epidermidis) bacteria. (a) Schematic representation of a gram-positive bacteria mem-

brane adapted from (Poortinga 2002). (b) Schematic representation of a gram-negative

bacteria membrane adapted from (Poortinga 2002). (c) Example of peptidoglycan struc-

ture (Staphylococcus aureus) in which glycan chains are composed of a repeating disac-

charide, GlcNAc and MurNAc, that are linked to short peptides (adapted from (Navarre

1999).
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4.6 Supplementary Information: Part 1

4.6.1 Flow cell

For the real-time experiment a �ow cell (dimensions: 4.0 x 2.2 x 0.5 cm) was designed in IS2M [250],

with the purpose to examine experiments in situ on a large variety of substrates and in a large

variety of experimental conditions. The Technical University of Denmark (Lyngby, Denmark)

fabricated the �ow cell according to the �nal design depicted in �gure 4.23 from polycarbonate.

The �ow cell is autoclavable at 150 ◦C for 30 min. Various substrates with thicknesses up to 3 mm

can be placed inside the �ow cell. For the experiment, the lid is glued onto the upper part and

autoclaved. Afterwards the substrate is posed into the �ow cell, and a sterile glass cover lid is

glued over the cut-out in the cover lid and sterile tubes are connecting pump, �ow cell bubble trap

and trash. Finally, the entire system was placed in a thermostatic box (Okolab, Germany) under

the confocal laser scanning microscope (CLSM, Zeiss LSM700).

Figure 4.23: Design of the �ow cell with the dimension 4.0 x 2.2 x 0.5 cm. The total

volume (4.78 cm3) is suitable for substrates of various sizes. The cut-out in the lid allows

for the examination of the experiment in situ, when installed under microscope.

Velocity pro�les of �ow chambers used for bacterial adhesion studies can be easily compared by

their Reynolds number (Re) and possible shear shear rates [255]. The Re number is given in the

following equation 4.1:

Re =
ρ ·Qpp

(w0 + h0)η
, (4.1)

whereρ is the �uid density, Qpp is the volumetric �ow rate, η is the absolute viscosity, w0 and

h0 are the width and the height (distance between the parallel plates) [255]. The absolute η for

diluted bacteria suspension is thereby assumed to be 1 · 10−3 m−1s−1 at room temperature.

The shear rate of laminar �ow is given in equation 4.2:

σ =
3 ·Qpp

2(h0

/2 )2 · w0

(4.2)
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The used shear rate and Re used in the real-time studies of this work are compared to one example

from literature (see table 4.9). The dimensions of the �ow cell used in the �rst part of this

Table 4.9: Comparison of Re and shear rate.

Wieneck et al. part1 part2

[10,49] this work this work, on page 195

Flow rate 2.0 2.6 0.5

(mL/min) 5.0

Shear rate 57 0.47 27

(s−1 270

Re 2.3 1.6 3.25

32.5

chapter, allow a laminar �ow for real-time bacterial adhesion experiments, at the used �ow rate of

2.6 mL/min. The laminar �ow was expected through calculation of the Reynold's number (Re =

1.6) that should be inferior to 1400 [255]. It was further con�rmed by experiments performed with

polystyrene particles (ø 2-3 µm), installed under a phase contrast microscope. Figure 4.24 shows

particles moving forward in one direction and at a certain height. Additional �ow cell experiments

were performed to con�rm the laminar �ow at a shear rate of 0.47 s−1 with E. coli and installed

under CLSM. Thereby, z-stacks were taken at the beginning, the middle, the sides and the end of

the substrate. Bacteria were well distributed in the �ow cell and the substrate (thickness of 380

µm) did not cause turbulences in the �ow cell.

Nevertheless, to avoid possible border e�ects, images are captured in an area of about 1 cm2 located

in the middle of the �ow chamber.

Figure 4.24: The laminar �ow was investigated with polystyrene particles observed by

light microscopy. The particles moved in �ow direction staying at the same height. The

laminar �ow is demonstrated by following a well-visible particle (red circle), while its

starting point is marked by a black circle.
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4.6.2 Starvation of bacteria during the real-time experiments

Preliminary bacterial adhesion experiments of E. coli SCC1 were performed during 6-18 h at 30 ◦C

in 0.09 % NaCl solution and a shear rate of 0.47 s−1. The examination of the data obtained in

re�exion mode after 6 h indicate that more bacteria were attached to the surface than encounter

on images taken with �uorescence mode. This demonstrates a weak production of GFP by the

bacteria in NaCl solution, probably due to the lack of nutrition. Moreover, there was a fairly small

amount of bacteria attached on the surfaces, after 18 h of experiment compared to experiment

conducted in M63g-B1, probably also due to the leaking nutrition that did not allow bacteria to

grow on the surface. However, �gure 4.25 shows that less than 1 % of the attached bacteria, stained

with live/deadr, were detected as �dead� after 18 h.

Figure 4.25: After an 18 h of real-time experiment in saline solution, the bacteria in

the �ow cell were stained with the same �ow rate and 3 µL of live/dead staining over

30 min. Pictures were captured, every 2.5 min and the staining seems to be complete

after 30 min.

The di�erences in the actually attached bacteria after 6 h can be explained by the fact that saline

solution is not a nutritive medium, therefore no proliferation is expected. In the minimal media,

bacteria are still able to reproduce themselves. Consequently, by experiments conducted in saline

solution, the bacteria change their metabolism, as con�rmed by the decrease in GFP production,

and do not proliferate, as con�rmed by the number of attached bacteria after 6 h. The �uorescent

bacteria were enumerated with CellC and plotted versus time (see �gure 4.26a), the �uorescent

signal of bacteria being con�rmed by CLSM re�exion mode examination of the surface. At the

beginning of the experiment, the behavior of the bacterial adhesion was similar. Nevertheless,

the number of attached bacteria decreased with time (see �gure 4.26b). Analysis of the captured

images show that bacteria adhere but did not �uoresce. Thus less GFP was produced and less

bacteria were counted (see �gure 4.26c). The GFP production started to be a�ected by the used

medium after about 2 h.

To avoid heavy starving e�ects resulting in potential unexpected changes in bacteria behavior,

the following bacterial adhesion experiments were performed for 2 h in either saline solution or in

minimal medium.
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Figure 4.26: The intensity of the �uorescent signals of attached bacteria starts to sig-

ni�cantly di�er after 2 h. This di�erence is due to the absent nutrition, the lack of

proliferation and the decrease in GFP production of bacteria in saline solution. (a)

shows the number of bacteria plotted versus the time, (b) shows adherent bacteria cap-

tured after 2 and 6 h, and (c) shows the number of bacteria after 20 min and at the end

of the experiment.

4.6.3 Analysis of real-time experiments

For the analysis of real-time bacterial adhesion experiments, the number of bacteria was plotted

versus the time. In all cases, a similar shape is obtained for the bacterial adhesion curve. Two

linear slopes were used to compare the di�erent experiments (see �gure 4.27). The �rst linear slope

is obtained during the bacteria injection and the rinsing procedure and it is hence considered as

the bacterial adhesion rate. The second linear part is considered as the proliferation rate of the

adherent bacteria population on the surface. Proliferation of the population can be the result of

both bacterial growing and positive balance of attachment/detachment events, since the real-time

experimental set-up is used in the closed mode as described in paragraph 4.3.3.

Figure 4.27: The number of bacteria attached on the surface plotted versus the time.

The �gure shows an experimentally obtained bacterial adhesion curve and the schematic

description. Two typical linear slopes, which represent the bacterial adhesion rate and

the proliferation rate, were used to compare the bacterial behavior on di�erent substrates.
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4.6.4 Proliferation rate in real-time experiments

The proliferation rates of E. coli SCC1 and S. epidermidis ATCC35984, for di�erent surfaces are

depicted in �gure 4.28. In contrast to the bacterial adhesion rate (see article 3, on page 169),

the proliferation rate is almost similar between the two bacteria strains and onto the di�erent

surfaces. Further, the proliferation rate is signi�cantly lower than the adhesion rate. The low

proliferation rate and its similarity between used bacteria species may be due to the saline medium.

As already evoked above, saline does not provide nutrition and hence low proliferation is therefore

expected. However, the experiment is performed for 2 h and as shown above the starving e�ect

seems to be negligible within the �rst 2 h. Aside from the actual proliferation, the proliferation

rate also considers detached and newly attached bacteria. Although, the quantity of planktonic

bacteria freely moving in the experimental system is expected to be low, they probably, signi�cantly

contribute to the measured low proliferation rate.

In summary, the global proliferation rate of bacteria is (i) similar on surfaces with di�erent amount

of NH2 and (ii) similar between the two strains. The impact of di�erent surface and thus the

di�erent density of NH2 on bacterial behavior seems to be more important in the �rst step (the

bacterial adhesion rate) than in the second step (the proliferation rate).

However, as shown in the article (see paragraph 4.5) some di�erences exist for E. coli, when

data are thoroughly analyzed. The obtained values that represent the proliferation rate are not

actually related to proliferation of bacteria, but rather to attachment/detachment events. Thereby,

number of bacteria which attach on and detach from the surface, were highest on the two surfaces

with highest concentration of CH3 (0 %NH2, 25 %NH2). Hence, those surfaces seems to attract

bacteria in the �rst time but most of bacteria detach, further demonstrating that bacteria are not

irreversibly attached to those surfaces. In contrast, on surfaces with a high concentration of NH2,

the attachment/detachement behavior of the bacteria was comparable but signi�cant lower that

on the two other surfaces. Most bacterial attachment and detachment �activity� was obtained on

the surfaces with about 25 %NH2.

Figure 4.28: The number of attached bacteria plotted for di�erent surfaces. (a) shows

the proliferation rate of S. epidermidis and (b) shows the proliferation rate of E. coli. The

proliferation rates are similar for the two bacteria strains and for the di�erent surfaces.
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4.7 Results and Discussion: Part 2

4.7.1 The impact of surface chemistry on adhesion of S. epidermidis

ATCC35984

4.7.1.1 In�uence of the bacteria concentration on the PIA production

S. epidermidis ATCC35984 strain is known to produce polysaccharide intercellular adhesin (PIA).

However, in the batch and real-time experiments which were performed in the �rst part of this chap-

ter, no exopolysaccharide was detected. The concentration of bacteria that were inoculated was

suspected to potentially control the time at which adherent bacteria start to produce PIA. There-

fore, the production of exopolysaccharide substances, mainly PIA was investigated by performing

real-time experiments over 2 h with di�erent concentrations of bacteria. Except the concentration

of bacteria, the same conditions were used for the real-time experiments. After 2 h in the �ow cell

system bacteria/bio�lms adhered on the reference silicon wafer substrate were stained with a EPS

marker TexasRedr. The results are depicted in �gure 4.29. Low concentration of adherent bacte-

ria was shown to lead to the absence of PIA (see �gure 4.29 a). With the increase of the bacteria

concentration, the bacteria form little aggregates on the surface, and a signi�cant production of

PIA (see �gure 4.29b). As expected PIA is located in aggregates of bacteria.

Figure 4.29: The production of PIA in bacteria cultivated in the same conditions (real-

time conditions, saline solution, 37 ◦C) depends on the concentration of inoculated bac-

teria. (a) shows adherent S. epidermidis after 2 h stained with an injection concentration

of Abs600 = 0.1, stained with Syto9r and TexasRedr. There are single bacteria adherent

on the surfaces and no PIA (red color) could be detected (b) shows the same experiment

with an injection concentration of Abs600 = 1.0. S. epidermidis formed aggregates on

the surface and in these aggregates, the bacteria started to produce PIA.
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This preliminary experiment leads to the assumption that a critical concentration of bacteria

(CBC) is necessary for bacteria to produce the exopolysaccharide substances (EPS), which, to

our knowledge, has never been proposed in literature. This may be governed by quorum sensing

signal. Therefore, at a low bacterial concentration, EPS does not play a crucial role in bacterial

adhesion, contrary to at high concentration of bacteria. In this process, one can imagine that

surface chemistry or other stresses such as shear stress, media and nutrition etc., may shift the CBC

to smaller concentration to provide to bacteria the protection o�ered by bio�lms. Supplementary

experiments and comprehensive study should be done to further investigate this aspect. However,

this result already allow to expect di�erent behavior of bacteria regarding PIA production, between

experiments realized in the �rst and second part of this chapter.

4.7.1.2 Observation with inverse confocal laser scanning microscopy

Observations of bacteria adherent on surfaces with di�erent densities of NH2, after 2 h of real-time

experiments, show single, adherent bacteria and bacteria aggregates on all surfaces, independently

on the shear stresses of 27 s−1 and 270 s−1. Figure 4.30 shows images of the di�erent surfaces

captured by inverse confocal microscopy in both, high shear rate of 270 s−1 (�gure 4.30 a) and a low

shear rate of 27 s−1 (�gure 4.30 b) conditions. The bacterial adhesion (green) and the production of

PIA (red) seem to be independent of the surface chemistry, when experiments are performed with a

high �ow rate. The attached bacteria are mostly gathered in de�ned aggregates and a high amount

of PIA is observed in and around this aggregates. In contrast, bacterial adhesion and production

of PIA on surfaces under low shear rate are in�uenced by the surface chemistry on surfaces with

high amount of CH3 groups. Attached bacteria are mostly single bacteria and almost no PIA was

detected. With the increase of the NH2 groups the behavior of attached bacteria resembles the

surfaces obtained under high shear rates. Finally, the aggregates seem denser under a high shear

rate than under a low shear rate.

Figure 4.30: S. epidermidis (green) and PIA (red) on the surfaces with di�erent densi-

ties of NH2 were stained and analyzed by CLSM. The experiments were performed under

high �ow conditions (a) and low �ow conditions (b).
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4.7.1.3 RT-PCR

Aside from the analysis by confocal microscopy, the over-expression of icaA and icaD, which are

involved in the PIA production, were investigated via RT-PCR of the attached and planktonic

bacteria cells cultured as in paragraph 4.7.1.2.

4.7.1.3.1 Isolation of mRNA

The production of PIA was investigated after experiments in a parallel plate �ow chamber (PPFC)

as previously described in paragraph 4.4.1.1. In these experiments, the concentration was increased

up to Abs550 = 1.7 to reach the quantity of cells su�cient for RT-PCR detection. Bacteria cells

were detached from the surface and used for RT-PCR experiments. In the �rst step the mRNA was

isolated. The purity of the isolated mRNA solution was �rst tested for residual DNA by a PCR for

the housekeeping gene lin. An agarose-gel was charged with the PCR products and stained with

EtBr. Figure 4.31 shows an example of the obtained agarose-gel. The samples are free of DNA,

when the PCR is negative, hence no lin replicate is visible in the agarose-gel. Most samples show

a bulk of mRNA, but no signal of the PCR product, of the lin gene. Consequently, these samples

contain only RNA. Samples, for which the PCR product of the lin gene was obtained, were treated

for 1 h with DNase at 37 ◦C. After this additional treatment with DNase, no more PCR product

was detected.

Figure 4.31: The isolation of mRNA and the destruction of DNA were tested by a PCR

with primers for the housekeeping gene of S. epidermidis. Extraction samples without

residual DNA were called �N�, while samples, in which lin was detected were called �L�.

�L� samples were retreated with DNase to destroy residual DNA. The - and the + on

the agarose-gel indicates the negative and the positive control.

4.7.1.3.2 Synthesis of cDNA

The absorbance of the DNA-free mRNA were measured at two di�erent wavelengths, 260 nm and

280 nm. The ratio of both absorbances gives information about proteins impurity. A ratio of A260

A280
>

1.7 indicates a good purity of RNA. The concentration of the mRNA samples were calculated based

on the absorbance values at 260 nm. For the following cDNA synthesis, a mRNA concentration of

0.5 ng/10µL is necessary. The successful synthesis of cDNA was con�rmed by another PCR test

for the housekeeping gene lin (see �gure 4.32).

4.7.1.3.3 qPCR of icaAD of attached and planktonic bacteria cells

The synthesized cDNA was used for the quantitative PCR. The values obtained for icaA and icaD

were normalized with the values obtained for the housekeeping gene lin.

The analysis of the planktonic bacteria showed that they over-express icaA and icaD. As expected,

this expression was not dependent on the surface chemistry (see �gure 4.33). This is not surprising,
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Figure 4.32: The isolated mRNA was used as template for the cDNA synthesis. After

the synthesis, all extracted samples showed the PCR product (lin: �L�), + shows the

positive control and - shows the negative control.

since bacteria were cultivated before experiments until high concentration was reached. Between

the cultivation and cell harvesting, and the real-time experiment, bacteria aggregates probably

remain, and were not destroyed by a sonication step. In these aggregates, PIA is present, which

provides intercellular adhesion and stabilizes bacteria aggregates (see paragraph 4.2.1.4).

Figure 4.33: Beside the analysis of the expression of icaA and icaD in adherent bacteria,

the expression of icaA and icaD in planktonic bacteria was examined. (a) shows the

over-expression of icaA and icaD after experiment with a shear stress of 272 s−1 and (b)

with a shear stress of 27 s−1. Both genes are expressed in the planktonic cells, and the

expression seems to be not in�uenced by the surface chemistry or the shear stress.

Figure 4.34 shows the normalized values for icaA and icaD, of adherent bacteria under high �ow

rates (�gure 4.34 a) and low �ow rates (�gure 4.34 b).

On the contrary, the adherent bacteria seem to sense the surface chemistry in experiments per-

formed under a shear stress of 27 s−1 (low �ow rate). Indeed, bacteria present di�erent expression

of icaA and icaD compared to the planktonic cells, on some of the model surfaces. The bacteria

attached on surfaces with a high amount of CH3, produce signi�cantly less PIA than on surfaces

with 50 % NH2/CH3 ratio or more.

In general, attached and planktonic bacteria with an elevated expression of icaA and icaD show a

high standard deviation. This indicates that there are several di�erent states of bacteria together:

bacteria that do and that do not over-express icaA and icaD. However, on surfaces with high

amounts of CH3 groups, the adherent bacterial population seems to be composed of bacteria in
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Figure 4.34: The over-expression of the icaA and icaD genes, involved in the PIA pro-

duction, were examined by RT-PCR and normalized with the expression of the house-

keeping gene lin. The �gure shows the ratios of normalized over-expression of icaA/lin

and icaD/lin obtained after real-time experiments (a) under a shear stress of 272 s−1

and (b) under a shear stress of 27 s−1. The over-expression of icaA and icaD under the

higher �ow rate shows no signi�cant di�erences according to surface chemistry. Adherent

bacteria on surfaces with a high amount of CH3 and under a lower shear stress express

less icaA and icaD compared to bacteria adhered on surfaces with a high amount of NH2.

similar states. Moreover, on these surfaces, bacteria produce PIA in small quantity, suggesting that

bacteria are single rather than in aggregates. This is con�rmed by confocal micrographs that show

that CH3 rich surfaces are colonized by a large proportion of single bacteria, while NH2-rich ones

are covered by rare single bacteria but frequent bacteria aggregates, rich in PIA (see �gure 4.30).

Our hypothesis is that the hydrophilic character of the PIA polysaccharide is more favorable to

the adhesion on CH3-rich surfaces of aggregates. They probably immediately detach from the

surfaces. In contrast, surfaces with a higher amount of NH2 does not seem to be selective for single

PIA-free bacteria or aggregates of bacteria embedded in PIA (see �gure 4.35). Finally, we believe

that these results do not re�ect the response of bacteria to properties of the surface. Rather, they

may indicate a selection of certain states of bacteria (single PIA free bacteria or aggregates) due

to the physico-chemical properties of the surface.

Beside the impact of the surface properties, the bacterial adhesion is also in�uenced by the state of

bacteria, whether there are single bacteria or bacteria aggregates. Therefore, for the investigation

of the surface impact on single bacterial adhesion and to avoid strong in�uences of �neighboring�

bacteria cells, a lower concentration of bacteria cells is required for the experiment. However, such

reduction of the bacteria concentration may lead to problems with the detection limit of the �rst

steps of the RT-PCR process.
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Figure 4.35: Single planktonic bacteria and planktonic bacteria aggregates approach

the surface and interact with it. It seems that the neutral and hydrophobic surfaces

with a high amount of CH3 are unfavorable for the aggregates or PIA. Therefore, these

surfaces are selective for bacteria producing less PIA, while surfaces with a high amount

of NH2 do not show any selectivity.

4.7.2 The impact of the surface chemistry on membrane proteins of

adherent bacteria

The �rst experiments done with the objective to analyze membrane proteins of adherent bacteria

showed that an Abs600 of 0.1 is necessary to obtain enough strong signals of the SDS-gel and to

be able to compare two gels with each other. In �gure 4.36 two SDS gels charged with samples of

bacteria detached from 0 % NH2 (�gure 4.36 a) and 100 % NH2 (�gure 4.36 b) surfaces are shown.

The two samples may present di�erent proteins caused by the surface chemistry. Nevertheless,

comparison cannot be done. Indeed, the same concentration of Abs600=0.1 of detached bacteria

cells is needed for all the model surfaces to compare di�erent samples.

However, di�culty to harvest bacteria on CH3-rich surfaces occurred. Indeed, attached bacteria

were detached from the surfaces after an inoculation time of 2 h. In this process, the substrate

with the attached bacteria was transferred into a new petri dish for further detachment treatment.

However, surfaces with a high amount of CH3 have a highly hydrophobic character. Hence, when

substrates are transferred into the new petri dish, the surfaces was immediately dewatered and

consequently, the quantity of attached bacteria was signi�cantly reduced. Therefore, di�erent

alternatives of the protocol were envisaged. The most promising consists in the following: The

transferring step of the substrate into a new petri dish, will be removed to avoid dewatering of

bacteria adhered on hydrophobic substrates. However, a certain quantity of bacteria, which are

attached onto the petri dish will be also gathered with the attached bacteria from the surface.

These additional bacteria will in�uence the results, but this background will be present in all

samples and may be negligible. Tests will be therefore necessary to study this aspect.
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.

Figure 4.36: The proteins of detached bacteria were extracted and a 2D electrophoresis

was performed. (a) represents the gel with separated proteins of bacteria detached from

0 % NH2 surfaces and (b) of bacteria detached from 100 % NH2 surfaces. The two

gels may indicate some di�erences. Nevertheless the detached and gathered quantity of

bacteria attached on 0 % NH2 was fairly low. Hence, for a �rm interpretation of the gels,

a minimal concentration of Abs600=0.1 is required.
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4.8 Conclusion

The fourth chapter was separated in two parts: The �rst part dealt with bacterial adhesion studies

on MML substrates, which were developed in the frame of the work and described before. The

second part dealt with possible changes of the metabolism, thus di�erences in gene expression

and protein production, of bacteria interacting with surfaces. Both parts required for a part the

development of methodologies.

Bacterial adhesion studies were performed under static and dynamic conditions. There are already

well-established protocol to study bacteria adhesion under static conditions. However, for the

direct study of bacteria adhesion, a dynamic system had to be established. The experimental

system is now operational and can be used for other projects (co-cultures for example). For the

analysis of the metabolism of attached bacteria, bacteria were �rst detached and subsequently their

metabolism was investigated. Since the used techniques (PCR and proteomic analysis) requires an

adequate number of attached bacteria, the protocols used for the bacterial adhesion experiments

and for harvesting the sessile bacteria had to be adapted. Due to the adoption, quantities of

gathered bacteria cells, and hence the obtained proteins or nucleic acids, higher than the detection

limit were reached.

For the investigation of the interaction between bacteria (E. coli and S. epidermidis) and well-

de�ned surfaces, static bacterial adhesion experiments were performed in saline and for E. coli

additionally in a minimal media with a similar ionic strength but di�erent valency of ions. Sur-

prising bacterial adhesion results were obtained. The behavior of both bacteria strains, could be

described by acid-base like titration curves, for experiments performed in saline solution. There is

no linear correlation, but in function of the amount of NH2 on the surface, there are plateaus and

sharp transitions zones. The number of adherent bacteria is stable in a certain range of % NH2

until the number of bacteria changed drastically. We propose therefore, that certain features of the

bacterial membrane may play a crucial role for the interaction of bacteria and the surfaces with

di�erent densities of NH2.

These features may be the positively charged structures like membrane proteins and, especially for

gram-positive bacteria, peptides linked to glycan chains of peptidoglycan. Their distribution on the

membrane may govern the range of NH2 % of MMLs leading to the transition zones. Furthermore,

experiments with E. coli in two media reveal a conversely bacterial adhesion behavior on the same

surfaces. The crucial parameter that in�uences bacterial adhesion may be the double ion layer

on the bacteria and the substrate surfaces, which might have an impact on bacteria adhesion by

hinderancing surface chemistry e�ects. Despite similar absence of linear correlation between bac-

terial adhesion and NH2/CH3 surface content and the presence of sharp transition zones, trends

in dynamic conditions were signi�cantly di�erent compared to static conditions. However, the

analysis of the attachment and detachment rates of bacteria revealed NH2/CH3 ranges leading to

more stability of sessile bacteria than others, similarly to the static conditions.

Aside from the obvious interaction between bacteria and surfaces that results in bacterial adhesion,

the question arise whether bacteria sense the surface, as indicated in some articles [54,237]. Hence,

the impact of surfaces with di�erent densities of NH2 were used to study a possible impact of the

surface on the production of the intercellular adhesin PIA of S. epidermidis, in collaboration with

the laboratories of Prof. Spiliopoulous and Prof. Missirlis in Greece. Within this investigation, we

could con�rm that PIA is present in cell aggregates of S. epidermidis. However, bacterial behavior

was probably in�uenced by the high concentration of bacteria in solution, which is required for RT-
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PCR analysis. It could be shown that there is a di�erence in the colonization of surfaces according

to NH2/CH3-content range: more single bacteria and rare PIA containing aggregates were observed

on NH2-rich surfaces, while only aggregates colonized CH3-rich surfaces. Nevertheless, this was

attributed to the physical-chemical properties of the PIA and no direct surface-sensing by bacteria

could be highlighted. This points out that the di�culty to distinguish bacterial, own response

from the global behavior of bacteria resulting from speci�c properties of the surface.

Since compositions of bacterial membrane proteins might vary due to the di�erent surfaces on

which bacteria adhered, change of the protein composition could be indicating if bacteria are able

to sense subtle surface properties. Therefore, a protocol was established to harvest the necessary

quantity of sessile bacteria, and a concentration limit of detached bacteria was determined within

this work and in collaboration with the laboratory of Thierry Jouenne. This will allow to further

investigate �surface sensing� of bacteria in the future.
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Chapter 5

Conclusion and Perspectives

The main objective of the thesis was to develop adequate (amine) terminated surfaces for studying

the e�ect of heterogeneities of the material surfaces on bacterial adhesion and bio�lm formation.

Characterization methodology for a comprehensive description of SAMs

For that purpose, a characterization methodology was established, dedicated to model substrates

based on SAMs on silicon wafer. APTES and AHAPS amine terminated surfaces were chosen for

proving the e�ciency of this methodology. The combination of various techniques (XPS, static and

dynamic contact angle measurements and ellipsometry measurements in air and in liquid, AFM

imaging and zeta potential measurements) has revealed that APTES and AHAPS SAM structure

was not controlled enough. It allowed to con�rm the non-ideal structure of APTES, as already

mentioned in literature and a description of a non-ideal organization of AHAPS molecules on the

substrate. Thereby, we could highlight the problem of the grafting control during assembly of

amine terminated silanes on silicon wafer.

Through the use of this combination of techniques, the SAMs and the MMLs model surfaces, which

were used for the rest of this work, could be su�ciently described in terms of surface structure and

organization. Nevertheless, several techniques might still improve the description by con�rming the

results. This is the case of zeta potential measurements on solid surfaces. Such measurements were

performed in this work but the results suggest that the detection sensitivity is too low for the well-

controlled SAMs. Potential improvements of the detection sensitivity should be �rst envisaged.

Furthermore, particular surfaces features of MMLs might be e�ciently investigated with AFM

by using functionalized AFM tips, which are able to sense and locate the di�erent functional

groups [256] For example, electrostatic interactions involving NH2 groups on the surface could be

studied.

In addition, such chemical surface features of SAMs could be investigated by X-photoemission

electron microscopy (XPEEM) to con�rm the organization and the control of the molecular layer.

XPEEM provides micron-scale elemental and chemical information with core-level electrons, while

complementary information in the 5-40 nm scale is available using secondary electrons. This

technique complements surface imaging techniques and electron microscopy [257].

Well-controlled mixed monolayers

In a second part, well-controlled model surfaces were achieved, mainly by the adequate choice of

the type of silane. The terminal group (Br) of the chosen silane does not interact with the substrate

and its length leads to an increase in Van der Waals interactions, compared to the shorter amine

terminated APTES and AHAPS layers. Therefore, the organization of the monolayer could be

improved. Furthermore, control of the assembling process was improved by changing the reaction
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conditions like temperature or solvent. Good control of composition, structure and organization

of the bromine terminated silanes was demonstrated by using the previously established charac-

terization methodology. To obtain amine terminated monolayers, the bromine terminal groups

were converted into amine via azide functional groups. This conversion was shown not to de-

grade the control of the layer properties. The importance of controlling the organization of grafted

monolayer for bacterial adhesion studies was highlighted in a bacterial adhesion experiment on the

following amine-terminated SAMs: APTES, AHAPS and Br based NH2 terminated SAMs. The

reproducibility of the experiment increased signi�cantly with the increase of the organization of

the grafted layer.

By dilution of one silane, i.e. the bromine terminated silane, a surface with a fairly low concentra-

tion of active groups could be obtained and thus are ideal substrates to graft single (bio)molecules.

Studies of single molecules are an important and attractive tool to investigate speci�c acceptor-

receptor interactions without bulk e�ects [258].

Furthermore, MMLs could provide a large variety of substrates for biointerface studies, if di�erent

chemical reagents are used in the conversion reaction, thus various functional groups back�lled

with CH3 surfaces could be achieved.

To further study the impact of chemical heterogeneity of surfaces on bacterial adhesion, MMLs

were needed. They were realized on the basis of the well-controlled bromine terminated SAMs.

Another silane that is methyl terminated was combined with the bromine terminated silane. Thus,

di�erent concentrations of Br functionalities in CH3 were achieved. After the conversion of bromine

into amine, MMLs of NH2 back�lled with CH3 surfaces were obtained. These MMLs provide

ideal, well-controlled and well-characterized model surfaces, which were demonstrated by previously

established characterization methodology. Furthermore, they hold a huge potential as a platform

for diverse chemical derivatization processes for various applications.

Such MMLs could serve as substrates to graft biomolecules in di�erent densities. Hence, prelim-

inary experiments were conducted to graft an amino acid on homogeneous fully covered amine

surfaces, indirectly via homobifunctional linker molecules and directly via activation of the amino

acid. The potential of monitoring and calculating the reaction yield of the grafting process by

XPS could be highlighted. However, the grafting yield via homobifunctional linker molecules re-

mained beyond 50 %, and the reaction via activation of the amino acid resulted in uncontrolled

side reactions between reagents and the surface.

The amino acid grafting protocol should be optimized to reach a maximal loading capacity and to

be able to graft di�erent densities of biomolecules on the surfaces. Another strategy than those

already tested is to immobilize biomolecules via "click chemistry" on azide functionalized surfaces

to obtain immobilized biomolecules in di�erent densities on a solid support. Finally, short peptides

could be achieved by using a bottom-up strategy of successively grafting several amino acids, as

already reported on APTES surfaces [259].

Immobilized short sequences of amino acids or biomolecules in di�erent densities could be further

used as model surfaces to investigate the accessibility of functional groups on bacterial adhesion

on more complex substrates. The density of grafted biomolecules could be an important feature

of the organization of biomolecules. Especially, low densities of biomolecules may be more �exible

or may more collapse on the surface. Hence di�erent functionalities of the biomolecules would be

exposed to bacteria.
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Impact of chemical heterogeneities on bacterial adhesion and bio�lm formation

Finally, NH2 back�lled with CH3 MMLs presented well-controlled and well-characterized model

surfaces with chemical heterogeneities for biointerface studies. In a �rst approach, the e�ect of

these chemical heterogeneities, or amine concentration on adhesion of E. coli and S. epidermidis

bacteria was investigated.

The bacterial adhesion behavior could be described in acid-base like titration curves when ex-

periments were performed in saline solution. Certain concentrations of NH2 seem to represent

a threshold that separates a plateau (stable zone) from a sharp transition zone. Such plateaus

are zones including surfaces with a certain range of NH2 concentration, on which the number of

adherent bacteria is quasi-constant. In contrast, in the sharp transition zones, a small variation

in the concentration of NH2 leads to a signi�cant change in the number of adherent bacteria, thus

in bacterial adhesion. We assumed that repulsive interactions between a small amount of positive

charges, distributed on the bacterial membrane, and positive charges on the surfaces play a cru-

cial role in the bacterial adhesion process and hence result in the typical acid-base titration curve

behavior.

The hypothesis of the importance of repulsive interactions between bacterial membrane and surface

was supported by further bacterial adhesion experiments of E. coli in another culture medium,

M63G-B1. The bacteria adhesion tendency in M63G-B1 was inverse to the tendency in saline

solution. This is attributed to larger ions with higher valencies contained in M63G-B1 culture

medium compared to saline solution. The change of the medium, from saline solution to M63G-

B1, increases the ion double layer on the bacterial and substrate surfaces and might lead to a

concealment of the chemical surface e�ects and to an increase of the distance between the bacterium

and the surface. This may result in the converse tendency of bacterial adhesion behavior and in

less di�erentiation in the attachment of bacteria on surfaces with di�erent densities of NH2.

Dynamic bacterial adhesion experiments performed in saline solution showed signi�cant di�erences

between the bacterial adhesion rate and the number of adherent bacteria obtained under static

culture conditions. However, the thorough analysis of the attachment and detachment rates of E.

coli reveals di�erent zones in which sessile bacteria are more of less stable depending on the NH2

concentration, similarly to that as observed in static conditions.

Finally, bacterial adhesion experiments under static and dynamic culture conditions clearly high-

lighted that bacteria are a�ected by subtle modi�cations of the chemical heterogeneities on surfaces.

In a second approach, the impact of surfaces with such chemical heterogeneities on the metabolism

of bacteria was investigated. Therefore, the production of the polysaccharide intracellular adhesion

(PIA) in sessile and planktonic S. epidermidis was investigated after bacterial adhesion experiments

under dynamic conditions. CLSM observations highlighted that bacteria with less PIA adhered

on surfaces with high concentration of CH3, when experiments were performed under moderate

�ow rate. On surfaces with high concentration of NH2 under moderate �ow rate and on all sur-

faces under high �ow rate, bacteria produced PIA similarly to bacteria in planktonic state showing

furthermore no di�erences between surfaces with di�erent densities of NH2. RT-PCR con�rmed

that under moderate shear rate the over-expression of icaA and icaD were notably lower in sessile

bacteria on surfaces with high concentration of CH3 than in sessile bacteria on surfaces with a

high concentration of NH2, in sessile bacteria of high shear rates and in general than in planktonic

bacteria. The chemical heterogeneities on the surface in�uenced �nally the attachment behavior

of single and bacteria aggregates under moderate shear rate, probably due to the hydrophilic char-
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acter of PIA.

Another possibility to investigate changes in the bacterial metabolism in�uenced by the surface

chemistry is the analysis of proteins, in particular the membrane proteins of sessile bacteria. In this

frame, a detachment protocol of sessile bacteria was established to reach bacteria concentration

within the detection limit of the used 2D gel-electrophoresis. However, further speci�c investi-

gations have now to be done to study with this approach the possible in�uence of the chemical

surface heterogeneity on the bacteria metabolism.

In the future, we propose to con�rm our hypothesis regarding the acid-base titration curve like

behavior of the bacterial adhesion, schematizing the bacterial membrane with a functionalized AFM

tip. Diverse functionalizations of the tips should be considered for mimicking and understanding

the in vitro experiments: NH2, CH3, NH2 back�lled with CH3 and NH2 back�lled with PO43−
(mimicking E. coli outer wall). If the hypothesis that the positive charge on the bacterial membrane

is the (main) cause of the bacterial attachment behavior, acid-base titration curves like results

might be obtained by using AFM and functionalized tips on surfaces of various NH2/CH3 densities.

Further, the possible concealing e�ect of the minimal nutriment culture media (M63G-B1) could

be investigated by the use of phosphate bu�ered saline (PBS) bu�er. As saline solution, PBS

bu�er contains neither glucose nor vitamin like M63G-B1, but the size and the valencies of the

ions is similar to M63G-B1. Since the ions are similar to M63G-B1 a comparable ion double layer

on the bacteria and substrate surfaces should be obtained, hence the number of adherent bacteria

is expected to be also similar.

For a thorough analysis of the attachment and detachment rate of S. epidermidis under dynamic

culture conditions, a GFP expressing strain could signi�cantly improve the analysis and image

processing of the dynamic behavior. Creation of GFP-expressing S. epidermidis is currently under

investigation in our laboratory.

RT-PCR is a powerful technique, however, the high concentration of bacteria in culture solution

and the possibility of aggregation may be a critical feature of the use of this technique. Hence,

the optimization of the protocol is necessary to investigate the over-expression in one adherent

bacterium instead to bacteria aggregates.

Furthermore, genes that are known to be involved in the bacterial adhesion or in the bio�lm

formation could be analyzed. For E. coli such genes are genes that are involved in the curli and

pili expression and in colonic acid, a typical exopolysaccharide of the used E. coli bacteria. Since

PCR experiments is now available in our laboratory, preliminary test about relevant primers have

been conducted to allow the investigation on E. coli adherent on modi�ed silicon wafers in the

future.

As mentioned in literature bacteria are able to sense the surface, which results in a change of the

metabolism, and thus the production of speci�c proteins. Aside from the proteomic approach, we

propose to investigate possible changes in proteins composition by Raman spectroscopy. Bacteria

should be detached from the surface after bacterial adhesion experiment on surfaces with di�erent

chemical heterogeneities before analysis by Raman spectroscopy that allow to determine changes

in the conformation and composition of proteins [260, 261]. An advantage of this method is that

it can be performed in solution, therefore without dehydration process of bacteria. However,

experimental set-up has to be �rstly adapted. Further information of changes would be obtained,

but the location in the metabolism would remain unknown.
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Finally, the potential of the presented thesis will serve as basement of several possible further

investigations in di�erent topics and with objects in physical/chemistry, like optimization of thin

layers with low concentrations of a functional groups, the realization of various well-controlled

MMLs with di�erent functional groups (amine, azide, etc.), the grafting of biomolecules and the

investigation of loading capacity of such substrates. Furthermore, the realized substrates or their

possible modi�cations will be used to study more characteristic features of bacterial adhesion in

response to molecular heterogeneities and accessibility of the surface, in di�erent culture media and

at various shear rates for example. The bacterial adhesion process on MMLs could be imitated by

AFM measurements with functionalized tips representing special features of bacterial membrane.
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